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Abstract

Environmental chemical (EC) exposures and our interactions with them has significantly increased 

in the recent decades. Toxicity associated biological characterization of these chemicals is 

challenging and inefficient, even with available high-throughput technologies. In this report, 

we describe a novel computational method for characterizing toxicity, associated biological 
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perturbations and disease outcome, called the Chemo-Phenotypic Based Toxicity Measurement 

(CPTM). CPTM is used to quantify the EC “toxicity score” (Zts), which serves as a holistic 

metric of potential toxicity and disease outcome. CPTM quantitative toxicity is the measure of 

chemical features, biological phenotypic effects, and toxicokinetic properties of the ECs. For 

proof-of-concept, we subject ECs obtained from the Environmental Protection Agency’s (EPA) 

database to the CPTM. We validated the CPTM toxicity predictions by correlating ‘Zts’ scores 

with known toxicity effects. We also confirmed the CPTM predictions with in-vitro, and in-vivo 

experiments. In in-vitro and zebrafish models, we showed that, mixtures of the motor oil and 

food additive ‘Salpn’ with endogenous nuclear receptor ligands such as Vitamin D3, dysregulated 

the nuclear receptors and key transcription pathways involved in Colorectal Cancer. Further, in a 

human patient derived cell organoid model, we found that a mixture of the widely used pesticides 

‘Tetramethrin’ and ‘Fenpropathrin’ significantly impacts the population of patient derived 

pancreatic cancer cells and 3D organoid models to support rapid PDAC disease progression. 

The CPTM method is, to our knowledge, the first comprehensive toxico-physicochemical, and 

phenotypic bionetwork-based platform for efficient high-throughput screening of environmental 

chemical toxicity, mechanisms of action, and connection to disease outcomes.
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1. Introduction

Environmental Chemical (EC) exposures due to social and general living conditions, 

including air pollution, occupation, travel, and proximity to industrial byproducts, is 

ubiquitous and implicated in human pathology. More than 100,000 ECs exist and act 

dynamically with the human body resulting in multiple phenotypic effects. Understanding 

the biological interplay between these exposures and diseases is crucial for public health. 

To better understand the biological and clinical effects of the myriad of chemicals released 

into the environment, the U.S. Environmental Protection Agency (EPA) initiated the ToxCast 

program for high-throughput in vitro screening of chemicals across hundreds of phenotypic 

assays (Dix et al., 2007). Since the inception of ToxCast, thousands of ECs have been 

screened and characterized by the molecular and cellular pathways they affect. This 

mechanistic understanding helps elucidate the pathophysiology underlying exposure to these 

chemicals (Kleinstreuer et al., 2014; Rotroff et al., 2014; Wambaugh et al., 2013).

While this rich in vitro data can be leveraged to create in vivo toxicity models (Judson 

et al., 2014), full coverage of all potential ECs remains expensive and time-consuming. In 

addition, currently available high-throughput biochemical and cellular assays are limited in 

their modeling of phenotypes relevant to human health as they are devoid of mechanistic 

information. Computational methods help to address these issues and streamline toxicologic 

studies (Raunio, 2011; Modi et al., 2012). In silico tools borne out of bioinformatics 

and chemo-informatics have been widely employed in the drug development sector and 

can be valuable predictive tools in toxicology (Valerio, 2011). The Food and Drug 

Administration (FDA) developed the Critical Path Initiative for improving the assessment 
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of the environmental impact of drugs, with in silico toxicology models providing a core 

set of tools (〈http://www.fda.gov/ScienceResearch/SpecialTopics/CriticalPathInitiative 〉; 

McRobb et al., 2014; Contrera, 2011; Honorio et al., 2013; Cronin and Dearden, 1995). 

Such in silico tools have been successful in identifying novel endocrine disruptors (McRobb 

et al., 2014), predicting carcinogenic potential (Contrera, 2011), and determining structure-

activity relationships (Cronin and Dearden, 1995), as well as improving the modeling 

of toxicokinetic absorption, distribution, metabolism, and excretion (ADME) properties 

(Honorio et al., 2013).

Computational tools in toxicology are invaluable for the mechanistic understanding of 

toxicity and prediction of the impact of new chemicals released into the environment. 

Information derived from computational models is critical for regulatory agencies 

and healthcare providers for policy-making and clinical interventions. To date, most 

computational models are QSAR-based and derived from limited chemical sets (Schultz 

and Seward, 2000). Though these models may be accurate with respect to chemicals that are 

similar to the training set, this imposes a limitation on the applicability domain of the model 

(Cronin, 2002). A generalized model that can incorporate any chemical would have greater 

utility.

In addition, most models are built from structural, topological, and chemical properties 

of ECs. To date, no model exists that integrates the phenotypic and mechanistic aspects 

of EC toxicity. Here, we present an integrative computational platform called Chemo-

Phenotypic Based Toxicity Measurement (CPTM) for the predictive toxicity and biological 

assessment of ECs obtained from public data sets including the EPA ToxCast chemicals. 

CPTM uniquely considers EC-target and other higher-order biological interactions along 

with EC chemical reactivity, toxico-physicochemical properties, absorption, and metabolism 

parameters for toxico-kinetics.

We applied the CPTM method to quantify the “toxicity potential” of ECs and validated the 

method in cytotoxicity assays of cultured cells and zebrafish, along with nuclear receptor 

and transcriptional pathway activation assays by correlating ‘Zts’ scores with toxicity 

effects documented in the Hazardous Substance Data Bank (HSDB). We validated the 

EC-molecular signatures predicted by our Tox-TMFS method (Dakshanamurthy et al., 2012; 

Issa et al., 2015), an integral portion of CPTM, in vitro, and against the Comparative 

Toxicogenomics Database (CTD) (Davis et al., 2013). Using our systems bionetwork 

platform GenEx-Net (Issa et al., 2016; Wathieu et al., 2017) built into CPTM, we further 

assessed systems-level effects of EC-protein signatures and validated them through higher-

order network analysis of pathway and functional effects resulting in clinical phenotypes 

both in vitro, and against the CTD database. Lastly, we investigated diseases that are 

causally linked to perturbations of gene products/pathways such as Wnt and vitamin D 

receptor signaling to hypothesize EC exposure links to colorectal cancer (CRC). We showed 

that a food and motor oil additive ‘salpn’ in concert with vitamin D3 (colecalciferol) 

dysregulates vitamin D receptor (VDR) signaling, important in CRC. We also proposed 

a model of the salpn plus D3 mixture interaction with nuclear receptors, that provides a 

mechanistic explanation of the dysregulation of signaling pathways important in CRC.
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Unlike current computational methods that attempt to predict lethal doses, CPTM provides 

a guideline for assessing an EC’s toxicity and disease outcome. In its current form, it 

makes no links to lethal dosages, but we intend to integrate the CPTM model with machine-

learning algorithms to include lethal dosages. The CPTM method is the first platform of its 

kind in the toxicological sciences that is rooted in physicochemical parameters, chemical 

reactivity, toxico-kinetics, and biological networks. As the EC space grows exponentially 

with environmental pollutants, new commercial chemicals, environmental waste products 

and pharmaceuticals, our platform will be useful to streamline the assessment of ECs 

for prioritization in subsequent toxicology assays, predictions of associated diseases, 

mechanisms, and health monitoring.

2. Results and discussion

2.1. Chemo-phenotypic based toxicity measurement (CPTM): a novel quantitative method 
to determine EC toxicity, disease connection and mechanisms

The CPTM method provides a metric defining potential toxicity for a given EC that 

is derived from predicted EC-protein interactions, and biological network perturbation 

signatures along with relevant toxicology related toxico-physicochemical parameters, 

reactivity, and ADME properties. CPTM integrates four major modules: (1) empirical EC-

protein associations predicted by our tuned proteochemometric method (herein referred to 

as Tox-TMFS (Dakshanamurthy et al., 2012; Issa et al., 2015)), (2) systems gene network 

analysis using GenEx-Net modeled after our previous work (Issa et al., 2016; Wathieu et al., 

2017), (3) EC-target biological effects with toxico-kinetic, and intrinsic chemical reactivity 

properties, and (4) normalized perturbation scores combined into a quantifiable rank ordered 

“toxicity score” denoted by ‘Zts’ (Fig. 1). Examples of values generated for all potential 

EC biological, physicochemical, and metabolism-related parameters are shown in Fig. S1, 

wherein colored headings correspond to the components ultimately used for the CPTM Zts

calculation. Table S1 depicts the CPTM-calculated Zts, a quantitation of an EC’s potential 

biological effects, chemical reactivity, bioavailability, and metabolism (see Methods; Eqs. 

(1)–(8)). Zts reflects the overall toxicity score for the prioritization of the top toxic ECs.

3. Validation of CPTM toxicity predictions

The Hazardous Substance Data Bank (HSDB) 〈http://www.fda.gov/ScienceResearch/

SpecialTopics/CriticalPathInitiative 〉, was queri ed to obtain published toxicity data. To 

validate predictions derived from the CPTM method, HSDB data from the “Animal Toxicity 

Studies” section was curated and a quantification procedure for measuring toxicity was 

devised. The following subsections used: (1) subchronic exposure, (2) chronic exposure, 

(3) carcinogenicity, (4) developmental or reproductive toxicity, and (5) genotoxicity. Within 

each subsection, each unique pathological phenotype occurrence counted to give a tabulated 

total for that subsection. If a given pathology occurred in more than one subsection, it is 

considered to occur only once. The totals for each subsection were then summed to provide 

a final value for toxicity quantification, which was then paired with the ‘Zts’ toxicity score 

for a given EC. As an example, the pesticide zoxamide has a Zts score 1.354. Under subacute 

exposure, it causes irritation at the sites of application (skin and eyes), erythema and 
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conjunctivitis (total = 3). Chronic exposure resulted in cases of polyarteritis syndrome (total 

= 1). Decreased extra medullary hematopoiesis was found in reproductive and development 

studies (total = 1). No adverse outcomes were reported for under carcinogenicity or 

genotoxicity. Thus, the grand total of adverse pathological outcomes for zoxamide is 5. 

This process was manually performed for 35 random ECs to generate toxicity scores (Zts) 

plotted, against their total number of documented toxicity effects.

The plant derived molecules that yielded one of the top Zts are daidzein and genistein (Fig. 

S2a; Table S1). Daidzein and genistein are isoflavones typified as endocrine disruptors and 

found in soy-based products. These isoflavones have been shown can regulate the activity 

of many proteins and are thought to elicit multiple effects. The molecules with the lowest 

two Zts are fenaminosulf, a fungicide, and benoxacor, a pesticide safener, implying that 

they are relatively safe for human use. To validate CPTM, we queried the HSDB 〈http://

www.fda.gov/ScienceResearch/SpecialTopics/CriticalPathInitiative〉 for a subset of ECs to 

obtain relevant toxicological data (see Methods). A direct correlation between an EC’s Zts

score and the total number of observed toxic effects was found (Fig. S2b and Fig. S3). ‘Zts’ 

is, therefore, a reliable quantitative metric for predicting the extent of EC toxic effects.

As the Zts of genistein, a frequently encountered molecule is among the highest, this 

EC was further assessed considering all predicted genistein-target associations, enriched 

pathways, and functions including those involved in cancers and cardiovascular illnesses 

(Table S2). Pathways include peroxisome proliferator-activating receptor (PPAR) signaling, 

T cell receptor signaling, and pathways in cancer. Functions include negative regulation 

of cholesterol storage, lipid storage, and foam cell differentiation, all of which promote 

cardiovascular health, as well as regulation of apoptosis and cell proliferation, which are 

cancer-mediating functions. These predicted associations are also supported by experimental 

evidence (Amado et al., 2011; Messing et al., 2012; Squadrito et al., 2013; de Pascual-Teresa 

et al., 2010).

In addition to validating the CPTM method, we sought to deconstruct the EC chemical space 

to see if there are any structural correlations. The EC-chemical scaffold bipartite network 

reveals a diverse chemical structure space with ECs clustering around particular scaffolds 

(Fig. S4). This is expected, as the ToxCast dataset is a broad collection of ECs comprising 

many chemical classes. However, ECs that clustered by scaffolds exhibited similar ‘Zts’ 

scores. For example, ECs containing a pyranose scaffold (DSSTox_RIDs: 72627, 71887, 

72127) have similarly low predicted Zts of 1.179, 1.039 and 1.254, respectively (Fig. S4). 

This is strengthened by the fact that carbohydrate-based molecules generally tend to exhibit 

low toxicity in humans.

4. ECOTOX validation of CPTM

Next, we validated the CPTM predicted toxicity using biological data from the 

ECOTOXicology knowledgebase (ECOTOX). Lethal concentration data for the adult 

fathead minnow (Pimephales promelas), a canonical model organism for aquatic toxicity, 

were curated and all chemicals were categorized by level of toxic concern in accordance 

with established EPA thresholds based on either molar or mass-based median lethal 
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concentration (LC50). The scheme used is identical to that used by Judson et al. (2014), 

with EPA standard categories of “low”, “moderate”, and “high” concern, and an added “no 

concern” category. Exact LC50 cutoffs are, respectively, 100–500 mg/L, 1–100 mg/L, < 1 

mg/L, and > 500 mg/L (Fig. 2). It is important to note here that “biological perturbation” 

refers to both the “P” (promiscuity) and “N” (cellular network perturbation) terms of the 

CPTM equation. For the purposes of this biological analysis, Log P is considered as the 

primary constituent of the “bioavailability” index, and not as part of the chemical reactivity 

index. Our findings indicate that each biological, intrinsic and kinetic chemical parameter 

follows an expected and acceptable trend with regard to differences between categories of 

aquatic toxicity in the fathead minnow (Fig. 2). In particular, of the 11 included parameters, 

six of them have non-overlapping error bars for nonadjacent levels of toxic concern and 

three of those six have non-overlapping error bars for adjacent levels of toxic concern. 

These three categories of particularly strong concordance are normalized electron affinity, 

normalized hardness, and normalized bioavailability (Log P). The chemical reactivity, 

ADME-T, and bioavailability indices all exhibit non-overlapping error bars for nonadjacent 

levels of toxic concern (Fig. 2). The results of our ECOTOX-based biological validation 

revealed that the CPTM model correctly predicts toxicity concern levels of environmental 

chemicals in terms of low to high concern.

In the case of normalized biological perturbation, we hypothesized that toxic chemicals 

would have a higher overall perturbation score than non-toxic chemicals (LC50 > 500 mg/L). 

Consistent with this, we found a statistically significant difference in perturbation score 

between the two groups (Fig. 2). This finding validates the inclusion of protein binding 

promiscuity as predicted by CPTM as a useful parameter in assessing general toxicity. It 

also suggests that considering such promiscuity as a whole and promiscuity with respect 

to specific protein families and cellular functions, such as in the activity of endocrine 

disruptors, would be a worthwhile endeavor. The overall CPTM score (Zts), because 

it incorporates every calculated index equally, reflects in some part the unpredictable 

distribution of values in each of the pro-toxic (“low”, “moderate”, and “high”) concern 

levels, but nevertheless has a consistently increasing trend.

5. EC-protein network and disease signatures

Next, we analyzed the association of high-scoring ECs with diseases and their mechanisms 

of action. We started by analyzing predicted EC-proteins and their bionetwork interaction 

signatures. The EC-protein signature space predicted by CPTM is large and highly 

interconnected (Fig. S5a, Table S2). Many ECs were predicted to interact with more 

than one protein, likely explaining the often-multi-phenotypic manifestations of toxicities. 

Apparent in our predicted interactions that the presence of some false positives and 

false negatives, which are expected, however that does not diminish the validity or the 

performance of our method (Fig. S6). Additionally, using a subset of nuclear receptors 

which have homologous domains does not represent a broad class of proteins and therefore 

cannot accurately reflect the performance of our binary classification predictive platform. 

We addressed this limitation by utilizing PubChem database-derived biological assays 

(protein binding activity assays) to verify both positive (active binding) and negative 

(inactive non-binding) interactions that were predicted using CPTM. Only proteins for 
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which 10 positive binders exist that were also assessed computationally were included, 

and EC binding activity classified only as either active or inactive were kept, resulting in 

14 proteins (Fig. S6). Receiving Operating Characteristic (ROC) curves were developed to 

compare the false positive rate and true positive rate and whether the area under the curve 

(AUC) is significantly greater than it would occur by chance (at the line y = x). The average 

AUC for assessed proteins was 0.65 (Fig. S6). A two-tiered validation of EC-target and 

EC-function signatures was performed using the CTD (Davis et al., 2013). 898 (~ 14%) 

EC-protein interactions and 14,461 EC-function signatures were validated (Table S3). While 

the absolute quantity of validations is less than the total prediction space, this is expected 

as many of these EC associations have yet to be tested experimentally. This global approach 

to validating our EC-protein binding interactions validates current attempts to predict such 

interactions with the integrated proteochemometric methodology in the CPTM.

As the protein dataset is large and diverse, we first sought to delineate which protein 

classes were represented through EC-protein class bipartite network (Fig. S3b). Protein 

classes that are most peripheral include flavoproteins, metalloproteases, ligases, and gyrases. 

These proteins share the least number of ECs with the other protein classes, which 

is expected as these proteins exhibit highly specific functions requiring more specific 

binding site properties. Protein classes found more central in the network include kinases, 

transferases, transcription factors (e.g. estrogen receptor), and hydrolases, among others. 

Targets within these classes share many ECs, reflecting potentially similar binding site 

properties. Conversely, the central clustering of ECs reflects their promiscuity across protein 

classes and potential to broadly perturb physiology through many pathways and functions.

Next, we established molecular-level EC effects and related them to clinical phenotypes. 

ECs were linked to cell signaling pathways and molecular functions through their predicted 

and known proteins as well as the interacting proteins (protein-protein interactions) of 

those protein targets (Fig. S7 and Table S4). Networks reveal that EC promiscuity is due 

to their binding to various proteins/protein classes (Fig. S7). The “one EC-many protein 

targets” outcome results in simultaneous perturbation of pathways and functions leading 

to multi-phenotypic diseases. The predicted EC-target signatures result in a clustering of 

pathways involved in cell communication, transport and catabolism, cell growth and death, 

signal transduction, cancers, as well as endocrine, immune and nervous system functions 

(Fig. S7a). Pathways found peripherally, such as xenobiotic degradation and metabolism, 

are those that have the least number of associated ECs. Such pathways usually consist of a 

few proteins with highly specialized catalytic sites and functions. The EC-protein-function 

space, on the other hand, reveals the redundancy of molecular functions across protein 

targets as evident by the spherical structure of the network (Fig. S7b).

As proteins seldom act in isolation but rather through interacting with one another, 

protein-protein interactions (PPIs) were integrated into the EC network analysis (Fig. S7c). 

Since PPIs greatly expand the analytical space, for proof-of-concept we highlight here 

only cancer-associated PPIs (Fig. S7c) as they are shared among other diseases and may 

highlight interesting EC-disease associations (Fig. S7d). Inclusion of PPIs also revealed 

connections underlying unexpected EC-disease associations (Fig. S7c and d; Table S4). 

For example, bisphenol derivatives were linked to peripheral arterial disease, particularly 
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vascular intimal thickness. CPTM predicted that these ECs bind to estrogen receptor alpha 

(ESR1), which is confirmed by an available crystal structure (Delfosse et al., 2012). ESR1 

is known to interact with PPARγ, a pro-inflammatory protein involved in multiple pathogenic 

mechanisms (Bonofiglio et al., 2005). Thus, through the ESR1‐PPARγ interaction, CPTM 

infers an indirect link between bisphenols and PPARγ as well as cardiovascular illness. The 

association between bisphenols and PPARγ activity has been confirmed (Kwintkiewicz et 

al., 2010) and circulating bisphenols have been correlated with carotid atherosclerosis and 

type 2 diabetes (Lind and Lind, 2011; Shankar and Teppala, 2011). Furthermore, ECs are 

linked to diseases if their protein targets and PPIs have annotations in the Online Mendelian 

Inheritance in Man (OMIM) database (Goh et al., 2007). Table S4 contains predicted EC-

protein target-biological effect associations that may explain EC mechanisms of action for 

known toxicity phenotypes as well as suggest new phenotypes.

6. Investigation of EC-disease associations

CPTM predicted EC-target network signatures were related to diseases to obtain a cursory 

perspective of the potential EC-disease signature space (Fig. S7d; Table S4). Clusters are 

evident among endocrine, hematological and immunological disease categories, implying 

shared pathophysiologic mechanisms among those categories but are collectively unique 

relative to the other disease categories. Neoplastic and neurological illnesses exhibit the least 

amount of clustering, indicating diverse yet overlapping pathophysiology. Retrospective 

clinical validations for some EC-disease associations pertinent to public health are described 

below for CRC, and other disease validations.

6.1. Autism spectrum disorder (ASD)

ASD is a complex neurodevelopmental disorder diagnosed early in life that has become 

a public health concern. We first identified putative ASD-associated pathways that may 

be perturbed by EC exposures. As the KEGG database does not currently identify ASD-

relevant pathways, we obtained pathways from Skafidas et al. (2014). An EC-pathway 

bipartite network and waterfall plot showing ECs predicted to affect the greatest number of 

those pathways (Fig. S8). These ECs (apigenin, bifenazate, monobenzyl phthalate, daidzein, 

boscalid and aspartame) are assumed to more strongly associate with ASD than those 

predicted to disrupt fewer pathways. Daidzein was predicted to be a potential contributor to 

ASD. Epilepsy is strongly associated with ASD (Spence and Schneider, 2009) and daidzein 

is a soy estrogen that increases seizure propensity (Westmark, 2014). In addition, daidzein is 

a component of soy infant formula, which is implicated in autistic behaviors and seizures in 

children with ASD (Westmark et al., 2013). The ubiquity of soy infant formula in western 

post-natal diets merits a deeper investigation of the potential link between daidzein and 

ASD. Monobenzyl phthalate, a plasticizer found in many products such as children’s toys, is 

implicated in childhood social impairment as an endocrine disruptor (Ejaredar et al., 2015). 

Furthermore, maternal pesticide exposure during gestation is implicated in ASD in children 

(Roberts et al., 2007). Although no reports link bifenazate and boscalid pesticides to ASD, 

it may be important to monitor for this association. In summary, CPTM has linked a diverse 

EC space to the disruption of putative ASD-associated pathways with epidemiological 

findings substantiating these predictions.
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6.2. Headache/migraine

Many ECs cause headaches or migraines in an acute setting. Such pathology is important 

because it is typically one of the first clinical signs indicating exposure. CPTM was used 

to predict ECs that may be associated with headaches/migraines (Fig. S9; Table S5). The 

Hazardous Substance Data Bank (HSDB) was used to validate ~ 49% (33 out of 67) of 

the EC-headache/migraine predictions. These results not only validate CPTM as a platform 

for determining EC-protein-disease interactions but also suggest other EC exposures that 

toxicologists and health care professionals should consider when patients present acutely 

with headaches or migraines.

6.3. Metabolic diseases

Metabolic diseases, such as obesity, metabolic syndrome and type 2 diabetes, have 

complex etiologies arising from genetics and gene-environment interactions. Endocrine 

dysregulation is an important contributor to these diseases (Swedenborg et al., 2009), 

and many ECs have the potential to interact with endocrine signaling regulators (e.g., 

hormone and nuclear receptors). CPTM predicted EC associations for many such regulators 

(Table S6). One example is octylparaben interacting with PPARγ, an association that has 

been experimentally determined and shown to affect adipocyte differentiation (Hu et al., 

2013). Association of phthalates with both androgen receptor (AR) and PPARγ were also 

predicted, which may explain the obesogenic link of phthalates and their major metabolites 

(Kim and Park, 2014).

The ability of CPTM to recapitulate known EC interactions allows for its use in 

classifying new ECs as metabolic disruptors as well as providing mechanistic insight into 

observed effects. For example, the pesticide bifenazate causes increased body weight and 

hyperglycemia in animal models (Thayer et al., 2012). CPTM predicted that bifenazate 

would interact with multiple metabolism-associated receptors (Table S6). Furthermore, 

reports have linked bisphenol A (BPA) with metabolic disorders (Ben-Jonathan et al., 

2009). CPTM makes a similar association for the analog bisphenol AF due to its predicted 

interaction with the progesterone receptor even though it contains trifluoromethyl groups. 

The associations mentioned here are just a few among many notable potential interactions.

6.4. Colorectal cancer (CRC)

CRC is a solid malignancy generally diagnosed in late adulthood although in recent years 

there has been a remarkable increase in its incidence in younger individuals (Goh et al., 

2007). EC exposures over many years and/or exposure at younger ages may contribute to 

a subset of sporadic CRCs. A CRC EC-biological effect network was generated through 

CPTM predicted CRC-related protein signatures (Fig. S10a; Table S7). ECs were associated 

with CRC if their protein targets were annotated with CRC in the OMIM database (Goh 

et al., 2007). Centrally clustered ECs include butyl benzyl phthalate, oxazepam, bifenazate, 

sulfaquinoxaline, and genistein. The uses of these compounds vary, and they are found 

in distinct environment spaces (e.g., plasticizers, pesticides, etc.). However, their chemical 

structures are similar in that they contain two substituted benzyl groups that are consistently 

spaced apart (Fig. S10b). This structure is similar to polychlorinated biphenyls, which are 

pesticides that correlate with CRC. As molecules with structural similarities tend to exhibit 
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similar biological properties, these molecules may be associated with CRC through similar 

mechanisms. Alternatively, molecules such as oleic acid and progesterone are less clustered 

and found peripherally in the network. These molecules are of distinct chemical structure 

classes (fatty acid and steroidal hormone, respectively; Fig. S10c) that tend to bind to more 

specific protein targets.

Of the predicted CRC-associated ECs, literature validation revealed some to be harmful. 

A CRC-promoting association was found for the laxative phenolphthalein (Coogan et al., 

2000). However, there is no consensus yet on this association as epidemiological data is 

limited (Anon, 2022a). However, the validated space is small as many of the predicted ECs 

have not been studied for CRC. Moreover, CRC is usually a late-onset adult cancer with an 

important time-course consideration for human epidemiological evaluation of ECs. Overall, 

the CPTM platform provides biologically plausible hypotheses for ECs to focus toxicology 

studies for CRC as well as investigate environmental molecules such as phytoestrogens to 

prevent or treat CRC.

7. Salpn induced disruption of key pathways involved in CRC

The CPTM model predicted that the motor oil additive salpn, is toxic. Salpn is a salen-type 

ligand used as fuel additive in motor and jet fuels; meta deactivating agent; as a lubricant; as 

a chelating agent; as an antioxidant in food contact rubber articles for repeated use and as an 

indirect additive used in food contact substances (〈https://gcomply.decernis.com/reference/

document/indirects_2011nov.pdf 〉, 〈https://www.cfsanappsexternal.fda.gov/scripts/

fdcc/index.cfm?set=IndirectAdditives&id=DISALICYLIDENEPROPYLENEDIAMINE〉, 

〈https://pubchem.ncbi.nlm.nih.gov/compound/N_N_-Disalicylidene-1_2-diamin 

opropane#section=Use-and-Manufacturing〉). Salpn exposure has been linked to 

autoimmune diseases such as rheumatoid arthritis (Sverdrup et al., 2005), pro-inflammatory 

skin conditions (Wolf et al., 1996), skin cancers (Mehlman, 1992), and other diseases. 

Occupations such as automobile mechanics, deployed military personnel, aerospace 

workers, and consumers who frequently use food packed with plastic or rubber articles 

are exposure increased levels of salpn. Exposure usually occurs via direct contact, orally 

or through inhalation. The increase in the prevalence of certain pathologies-lung cancer 

and malignant melanoma in aerospace workers (Zhao et al., 2005) and rectal cancer in 

automobile manufacturing workers (Malloy et al., 2007) may be attributed to multiple 

effects from salpn - induced dysregulation of cancer regulating signaling.

The CPTM model predicted the binding of salpn to a number of proteins including nuclear 

receptors such as the Vitamin D receptor (VDR) (Table S8). Dysregulation caused by 

agonism or antagonism of nuclear receptors by chemical agents can lead to acute and 

chronic toxic effects such as those associated with CRC and other cancers. Some of the 

nuclear receptors are related in some way to the VDR and Wnt mediated pathways, and 

others affect cell death, cell proliferation, hormone signaling, or metabolic response to toxic 

substances (Kwintkiewicz et al., 2010). Binding of the active form of vitamin D3 (calcitriol) 

activates VDR and typically has pleiotropic beneficial health effects (Byers et al., 2012; 

Lai and Fang, 2013). However excess activation results in increased expression of catabolic 

enzymes such as CYP24A1. Consequently, exposure to certain environmental chemicals 
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may pathologically dysregulate VDR signaling, which is highly complex and implicated in 

many diseases processes (Froicu and Cantorna, 2007; Laragione et al., 2012; Tremezaygues 

and Reichrath, 2011). Perturbation of the VDR network or decreased VDR protein activation 

through inappropriate antagonism or excessive agonism is pathological. CPTM links the 

toxic effects of some ECs through their potential to disrupt VDR signaling. CPTM predicted 

that salpn, and a structurally similar natural compound nordihydroguaiaretic acid (NDGA, 

with high Zts), can bind VDR (Teske et al., 2014). Moreover, medicinal use of NDGA is 

controversial as NDGA exhibits pro-oxidant activity resulting in hepato- and renal toxicity 

(Lambert et al., 2004; Sahu et al., 2006).

We hypothesize that at high concentrations, salpn binds to the secondary binding site of the 

nuclear receptors (NRs), stabilizes helix 12 (H12), and enhances the activation of VDR and 

cooperate with D3, by recruiting coactivators. Alternate binding sites for salpn exist in other 

NRs and, in combination with their native or synthetic ligands, could potentially contribute 

to regulation of these transcription factors and their pathways. We tested the ability of salpn 

to bind VDR and activate a responsive reporter (CYP24A1) in human embryonic kidney 

293 cells (HEK293) and human liver carcinoma cells (HepG2 cells). Salpn weakly activates 

VDR, alone at 25 μM in HEK293 cells (Fig. 3a, b) and up to 1 μM in HepG2 cells (Fig. 3c). 

However, at 1 μM salpn super activates VDR in combination with the endogenous vitamin 

D3 ligand at 500 nM in HepG2 cells (Fig. 3d), and at 25 μM of salpn with vitamin D3 at 

10−7 M in HEK293 cells (Fig. 3b). This super activation results in increased expression of 

the catabolic enzyme CYP24A1. Salpn induces CYP24A1 expression in a dose-dependent 

manner in the presence of vitamin D3, presenting an additive effect over vitamin D3 alone. 

It is likely that salpn binds at the allosteric second site at low affinity, and in the presence of 

endogenous D3, it super activates the VDR. Our molecular modeling studies show that the 

salpn docks at the VDR allosteric lithocholic acid (LCA) binding site (Fig. 4a; VDR-LCA 

binding complex PDB: 4Q0A). This alternate allosteric site binding of salpn, can provide 

additional stabilization of the VDR AF-2 surface and significantly enhance coregulator 

recruitment.

Additionally, several studies have been reported the existence of allosteric ligand binding 

sites for VDR (Mizwicki et al., 2004, 2007, 2005; Mizwicki and Norman, 2009; Menegaz 

et al., 2011). Anna et al. showed that the recognition of two molecules of lithocholic 

acid (LCA), a promoter of colon carcinogenesis in mammals is crucial for VDR agonism 

(Belorusova et al., 2014). They showed that one LCA molecule binds at the canonical VDR 

ligand binding domain (LBD) site and a second LCA molecule at the allosteric surface site. 

Despite the low affinity of the LCA at the allosteric site, the binding of the second LCA 

molecule promotes stabilization of the VDR active conformation (Belorusova et al., 2014). 

This finding is consistent with our data that salpn binds to VDR with low affinity and by 

itself does not activate VDR well (Fig. 3, and Fig. 4a). However, in the presence of the 

endogenous ligand D3 it results in excessive agoniztic activity. The super-agoniztic effect of 

salpn plus vitamin D3, influences the beneficial effects of vitamin D3. Perturbation of the 

VDR network through excessive agonism is pathological. Consequently, exposure to salpn 

may pathologically dysregulate VDR signaling (Fig. 4b). In real-life, as sunlight provides 

abundant vitamin D3-synthetic activity and D3 supplementation is also common, mixtures 
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of vitamin D3 plus salpn, may super activate VDR, thereby increasing its catabolism by 

increasing CYP24 and causing toxicity.

The CPTM method predicted that salpn effects may also contribute to the dysregulation of 

other important signaling pathways related to CRC development such as those mediated 

downstream of VDR response elements (VDRE), TGFβ/Wnt, HIF1, and TCF/β‐catenin
(Table S8, Fig. 4b, c). We show that salpn exhibits similar super-activation of 46 other 

nuclear receptors in combination with their endogenous ligands. In the nuclear receptor 

transcriptional pathway assay, as predicted by CPTM, at 1 μM in HepG2 cells, salpn 

dysregulates several pathways including VDRE, TGFβ, TCF/β‐catenin, NFkB and HIF1 

(Table S8, Fig. 4d). NRs cross-talk directly (Fig. 5a) or indirectly (Fig. 5b), and interaction 

with other protein family targets could also act as CRC driver pathways (Table S8, Fig. 

5a, b). Nonetheless, for salpn alone, we noticed a significant transcriptional pathway 

upregulation of VDRE, RORE, MRE, HIF1a, Oct-MLP, MRE, TAL and down regulation 

of ERE, TGFβ/Wnt, TCF/β‐cat (Table S8, Fig. 4d). Notably, compared to salpn alone, 

the combination of 1 μM of salpn and 500 nM of D3 in HepG2 cells, enhanced the 

dysregulation of several pathways including VDRE, ERE, Ahr, TGFβ/Wnt, Tcf/β‐catenin, 

NFkB and, RORE, MRE, HIF1a, Oct-MLP, MRE, TAL (Fig. 5c). In addition to the effect 

of the salpn plus D3 combination on VDR super activation, salpn may also interact with 

other NRs and enhance cross-talk directly (Fig. 5a) or indirectly (Fig. 5b) to drive multiple 

adverse outcome pathways in CRC (Fig. 5a–c).

To further confirm the CPTM model Wnt signaling marker predictions, and transcriptional 

pathway assay results, we tested salpn in a zebrafish transgenic Wnt reporter assay. In 

transgenic Wnt reporter zebrafish embryos,Tg(TOP:GFP)w25, Wnt signaling is markedly 

decreased by 5 μM salpn. Interestingly, at 8 μM, localized Wnt signaling appears to be 

increased, however, this may reflect the rather severe developmental delay in these embryos 

(Fig. 5d). Taken together, salpn in concert with D3, likely contributes to dysregulation of key 

CRC signaling pathways. These results also suggest that an extended time-course (chronic) 

exposure study with higher concentration is needed to confirm the toxicity of salpn in the 

dysregulation of Wnt and VDR signaling and its association with CRC prevalence.

8. Structural basis of salpn mediated super-activation of VDR

To explore the binding modes of the salpn, docking studies were performed with the VDR 

LBD crystal structure using Glide software (Schrodinger Inc). Several binding sites were 

located and their binding modes are shown (Fig. S11a) with salpn and D3 occupying a 

similar overall orientation and binding location within the LBD (Fig. S11b; (Hughes et al., 

2016, 2014; Mosure et al., 2018)). The existence of allosteric ligand binding sites is reported 

for other nuclear receptors (Moore et al., 2010) including VDR (Mizwicki et al., 2004, 

2007, 2005; Mizwicki and Norman, 2009; Menegaz et al., 2011), ER (Wang et al., 2006; 

Kojetin et al.; Jensen and Khan, 2004), AR (Buzon et al., 2012; Grosdidier et al., 2012; 

Estébanez-Perpiñá et al., 2007), and TR (Estébanez-Perpiñá et al., 2007; Arnold et al., 2005; 

Sadana et al., 2011). We hypothesize that the super-activation characteristics of salpn are 

typical of agonist or partial agonist mixture effects by binding to the VDR LBD or to the 

non-canonical binding site distal to the VDR LBD.
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We propose several hypothetical models for salpn mediated super activation of the VDR. 

In the first model, salpn binds to VDR, either near the conventional orthosteric binding 

site or at the orthosteric binding site, and in the presence of vitamin D3, cooperatively 

activates the VDR (Fig. S11a, b). Given that the VDR ligand binding pocket (LBP) volume 

is large (around 900A3), it is likely that it could accommodate a second molecule. This 

model is supported by the highly dynamic nature of the LBD helices, and also by previous 

studies that showed that the LBPs are flexible enough to adjust their size to adopt different-

sized compounds ((Meijer et al., 2019; Delfosse et al., 2015; Färnegårdh et al., 2003 ), 

PDB: 3K8S, and 4E4K). Delfosse et al showed that the structures of the PXR agonizts 

17α-ethinylestradiol (EE2), and the trans-nonachlor (TNC), that TNC occupies a portion 

of the PXR LBP that is only accessible when EE2 is bound (Delfosse et al., 2015). In the 

second model (Fig. 4a, Fig. S11a, b), salpn binds to the allosteric VDR AF3 surface site 

and interacts with Helix-12 and potentiates vitamin D3 agonist effect. In the third model, 

at high concentrations (25 μM) salpn binds at the VDR orthosteric site and competes with 

the vitamin D3, thus vitamin D3 tends to bind at the allosteric surface site (Fig. S11c). In 

second and third model, it is likely that salpn or vitamin D3 occupies the orthosteric binding 

site and sequentially the vitamin D3 or salpn binds to the low-affinity site (Fig. 4a, Fig. 

S11a–c). In support of the second and third models, Belorusova et al. (2014) showed that 

two molecules of lithocholic acid (LCA, a natural bile acid) bind to VDR, one located in the 

orthosteric site recognized by vitamin D3, and a second site located on the allosteric VDR 

surface site (the same site we located) between loops 1–3, Helix 2, and Helix 3 (Fig. 4a, 

Fig. S11a–c). The binding of LCA to the second binding site by direct interaction with Helix 

12 stabilizes the active agonist conformation of the complex (Belorusova et al., 2014). Our 

VDR-salpn and vitamin D3 structural model showed a similar binding mode at exactly the 

same VDR surface site with Vitamin D3 shares high structural similarity with LCA (Fig. 4a, 

Fig. S11a–c).

9. Salpn activates other nuclear receptors

As predicted by our CPTM model, we showed in vitro in the nuclear receptor (NR) assay, 

that salpn alone activates other NRs such as PPARγ, AR, ERα, and TRα (Fig. 4d). This 

direct agonist activity of salpn serves as an early indicator of the adverse health effects. 

Further, upon analysis of the nuclear receptor ligands including AR, TRα and PPARγ, we 

found that ligands similar in structure to salpn bound at the allosteric surface site of AR 

(PDB: 3ZQT), PPARα (PDB: 4BCR) and TRα (PDB: 4LNW) with low affinity and that 

the endogenous ligand bound at the NR LBP in a two-mode mechanism involving both 

ligands. Previous studies showed that several ligands bind to the allosteric pocket on the NRs 

(Meijer et al., 2019; Bona et al., 1979; Tanenbaum et al., 1998). We also located salpn in 

other NR allosteric sites using docking studies. For example, we found that salpn docked 

to a novel site on the Androgen Receptor (AR) called binding function 3 (BF3) that is 

involved into AR transcriptional activity (PDB: 3ZQT). Salpn is superimposed well with a 

similar AR allosteric BF3 site binding ligand called ‘30Z’ with testosterone binding at the 

AF3 orthosteric site (Fig. S11d). Further, Capelli et al. showed that PPARγ can host two 

molecules of (S)-16 when present at a high concentration (Capelli et al., 2016; Laghezza et 

al., 2018). Consistently, salpn + D3 treatment showed activation of AR and PPARγ in the 
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NR activation and transcription pathway activation assays (Figs. 4d, 5c). These results led us 

to speculate that interaction of two distinct ligands salpn and D3, and/or two salpn ligands 

at high concentrations in the orthosteric and allosteric binding site could super activate 

the VDR and other NRs. This super activation would lead to potential recruitment of the 

co-activators which dysregulate the VDRE, Wnt/β‐Cat, TCF, and other signaling pathways 

important in CRC. Taken together, we hypothesize that salpn has the potential to bind at 

the alternate site with weak affinity but in the presence of orthosteric or allosteric site 

endogenous or synthetic ligands, could super-activate the nuclear receptors. To confirm this 

hypothesis our next step is to perform the salpn plus NR endogenous or synthetic ligands 

combinatory studies.

10. Salpn is toxic to cultured skin cells in vitro, and zebrafish embryos in 

vivo

To assess the ability of the CPTM to predict overall toxicity, we measured cell viability 

using XTT metabolic assays and apoptotic activity using Annexin-PI staining and caspase 

3 activity assays. Humans are readily exposed to motor oil, either topically, orally, or by 

respiration because of its widespread use in industry and for consumer-owned machinery. 

Thus, we assessed salpn cytotoxic effects in normal human skin cells, such as HaCaT 

human keratinocytes. HaCaT cells were chosen as they are spontaneously immortalized skin 

keratinocytes derived from adult human skin, and have been extensively used in diverse cell 

culture experiments.

In vitro cytotoxicity studies revealed that salpn is cytotoxic to HaCaT cells in a dose-

dependent manner (Fig. 6a, b). Dose-response curves show a significant decrease in cell 

viability in HaCaT cells exposed to salpn, with an IC50 value of 84 μM (Fig. 6b). Decreased 

cell viability is due to increased apoptotic cell death (Fig. 6d). Annexin PI staining and 

flow cytometry data show a significant increase in early apoptosis after exposure to salpn, 

as well as a significant increase in total apoptotic death (Fig. 6d). We also showed that 

the activity of the apoptotic cell cysteine proteases recognizing aspartate motifs (esp. 

DEVD), caspase 3, was proteolytically induced dose-dependently with increasing salpn 

concentrations, confirming that the decrease in cell viability is largely due to apoptotic cell 

death (Fig. 6e). Importantly, the result of caspase-3 activity assays directly correlated with 

the Annexin/PI staining assay data, which is dependent on exposure of phosphatidylserine, 

a signal for phagocytosis, on the outer leaflet of the cell membranes of apoptotic cells. 

These results suggest that salpn is a potential environmental toxicant to humans, even at low 

concentrations, through the induction of apoptosis, in normal adult skin keratinocytes.

We then measured dose dependent response toxicity of salpn using a zebrafish embryo 

morphological assay (Fig. 6f). Toxicity is measured as the lowest dose leading to significant 

developmental abnormalities at 2 days post fertilization (2 dpf). Salpn is toxic at 5 μM with 

delayed development displaying morphological characteristics of a 36 h post-fertilization 

(hpf) stage embryo, slight ventral curve of the body axis, and an emaciated phenotype. 

Embryos were dead at 10 μM (Fig. 6f). The terminal deoxynucleotidyl transferase TMR-

dUTP nick end labeling assay (TUNEL TMR), detecting apoptotic DNA breaks, revealed 
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an increase in apoptosis in the head of salpn-exposed embryos, most likely localized to 

olfactory pits, as well as increased apoptosis in the tail (Fig. 6g). Taken together, with the 

effects of salpn on NR and wnt pathways, these data strongly indicate that salpn is toxic in 

cultured human cells and in vivo systems with the potential for increased CRC incidence in 

adults.

11. Tetramethrin and fenpropathrin is toxic to Zebrafish embryo in vivo

The CPTM model predicted that Tetramethrin (T) and Fenpropathrin (F), two widely used 

pesticides, are toxic. We measured the dose-dependent response toxicity of Tetramethrin 

and Fenpropathrin using a zebrafish embryo morphological assay (Fig. S12). We used 0.1% 

DMSO and fresh water as vehicle control (Fig. S12). Toxicity was defined as the lowest dose 

leading to significant developmental abnormalities at 2 dpf in a dose-response zebrafish live 

assay. Fenpropathrin was determined to be toxic at 5 μM, with a slight developmental delay 

and variable dorsal arching. Prominent dorsal arching and a distinctive twitching phenotype 

were seen at 10 μM and 15 μM. The twitching phenotype suggests specific neuronal toxicity 

(Fig. S12b). Tetramethrin was determined to be toxic at 5 μM, with a slight developmental 

delay and increased cardiac edema. At 10 μM, development is further delayed, with a 

pronounced dorsal arch and cardiac edema. Exposure to 15 μM, resulted in ventral curvature 

and variable lethality at 2 dpf (Fig. S12c). Exposure to a mixture of 5 μM Tetramethrin and 

5 μM Fenpropathrin resulted in 100% lethality, indicating a potentiating interaction of these 

two compounds in zebrafish embryos.

11.1. Tetramethrin and fenpropathrin mixture promotes pancreatic ductal 
adenocarcinoma (PDAC) progression

CPTM model predicted that several of the cancer pathways including pancreatic cancer are 

dysregulated by T and F. Therefore, we decided to use our patient derived pancreatic ductal 

adenocarcinoma (PDAC) cell model to assess the tumor-promoting effect of the T, F, and T 

plus F mixture. PDAC is a highly aggressive disease, with less than a 10% overall five-year 

survival rate. Using the patient derived PDAC cells that we developed (Parasido et al., 2019), 

we compared the effects of exposure to 3 μM T or 1 μM F, alone or in a combination of 

the two with F at .25 μM and T .75 uM, in both the treatment-naive Parental line 1 (Patient 

1-CR) and the isogenic n-PTX resistant (P1-nPTX-R7) cells in 2-dimensional cultures. T 

or F, alone or in combination only modestly increased cell numbers in the P1 parental 

(Fig. 7a) cells, more substantial increases in cell number were seen in the P1-n-PTX-R7 

cells when exposed to both pesticides in combination (Fig. 7b) despite the significantly 

reduced concentration of the chemicals. Interestingly, while modest increases in cell number 

were seen with Fenpropathrin in the P1-n-PTX-R7, exposure both pesticides in combination 

resulted in increased cell numbers and colony formation despite the significantly reduced 

concentration of the chemicals, when used in combination versus either chemical alone or 

control (Fig. 7a,b).

Next, spheroids were generated from the two-dimensional cultures. Tetramethrin and 

Fenpropathrin were added alone or in combination as described above to 3D media. 

Spheroid volumes were measured at day 4 using ImageJ, and the ellipsoid formula was 
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used to define spheroid volume. The combination treatment significantly enhanced the 

volume of the spheroids (*p = 0.039; Fig. 7c–d). These data clearly show that these two 

frequently used pesticides can act in an additive or synergistic manner to enhance PDAC cell 

proliferation and/or survival. We have previously established that the nab-paclitaxel resistant 

P1-n-PTX-R7 cells exhibit significant and persistent upregulation of C-MYC, which is 

a known cancer stem cell marker and is associated with profound alterations in cellular 

metabolism and cellular function (Parasido et al., 2019). The differential responses of the 

drug sensitive Patient 1 cells in 2D vs 3D cultures may be the result of the more complex 

interactions of the PDAC cells associated with stem cell marker genes such as LDH1A1, 
ALDH1B1, and LRIG1 (Nelson et al., 2020). Finally, the P1-Parental and P1-n-PTX-R7 

cells were exposed to T, F or T + F for one month at the concentrations 3 μM of T, 1 μM of 

F, alone and in a combination of the two with F at .25 μM and T .75 μM. These cells were 

then treated with 1uM nab-Paclitaxel and cell viability was assessed. Long-term exposure 

significantly reduced drug sensitivity in both the P1-Parental and P1-n-PTX-R7 cells (Fig. 

7d). Collectively, our data suggest that exposure to Tetramethrin and Fenpropathrin may 

significantly impact the populations of pancreatic cancer cells that support rapid PDAC 

progression, further complicating treatment and resulting in increased mortality in an 

already difficult to treat disease. Nevertheless, further explorative studies are needed for 

the mechanistic understanding of T + F PDAC tumor promotion potential.

12. Conclusion

In this study, we assessed the ability of CPTM to predict the toxicity of a subset of 

ECs. CPTM integrates systems bionetworks, with the chemical reactivity and toxicokinetic 

properties of ECs to reliably predict toxicity through a quantitative measurement called 

the “toxicity score” (Zts). CPTM predicted other clinically relevant EC toxicity and disease 

associations including for the phytoestrogen daidzein and plasticizer monobenzyl phthalate 

with ASD as well as the obesogenic potential of parabens (Kolatorova et al., 2018). CPTM 

predicted Salpn toxicity was confirmed in human skin cells and in zebrafish embryo model. 

CPTM predicted, and biological studies showed that the salpn would interact with the 

nuclear receptors either at their orthosteric or allosteric site. Consistently, we showed that 

the salpn super activates the VDR in combination with the endogenous vitamin D3. We 

provided the structural basis of this combinatory super activation of the VDR. The super-

agoniztic effect of salpn + D3 mixture may negatively influence the beneficial health effect 

of D3. In the in vitro and in vivo studies, we found that dysregulation of key colorectal 

cancer CRC related signaling pathways, a potential link with the initiation of CRC. This 

is an important finding as there is no established link between salpn exposure and CRC 

prevalence. In real-life, as sunlight provides abundant vitamin D3-synthetic activity and D3 

supplementation is also common, thus mixtures of vitamin D3 plus salpn, may super activate 

VDR, thereby increasing its catabolism by increasing CYP24A1 and causing toxicity. An 

extended time-course (chronic) low-dose salpn co-exposure study is needed to elucidate its 

harmful effects and association with CRC prevalence.

Additionally, our predictive modeling studies followed by in vitro assays showed that salpn 

likely activates other nuclear receptors with a similar allosteric mode of action. Allosteric 

pocket binding ligands are ignored and biased because of the high affinity of the orthosteric 
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ligands. However, this can be of importance from a primarily toxicological perspective, 

and our future studies will focus on this. Our experiments are carried out with low 

micromolar concentrations of salpn. We expect that higher concentrations of salpn would 

lead to more dysregulation of pathways that promote the CRC at a faster rate. On the other 

hand, daily or frequent exposure to salpn such as occurs in motor or jet fuel oil workers 

may contribute to their increased risk towards cancer development. Further, our in-silico 

and in vitro human patient derived cell model data suggest that exposure to the widely 

used pesticides Tetramethrin and Fenpropathrin may significantly impact the populations of 

pancreatic cancer cells that support rapid PDAC progression, further complicating treatment 

and resulting in increased mortality in an already difficult to treat disease. We anticipate 

that the CPTM platform will evolve into a robust computational platform that aids in the 

rapid prioritization of ECs for more extensive toxicological studies, thus reducing costs 

while increasing efficiency of testing as well as identifying putative highly toxic ECs to 

alert clinicians and health policy officials. This further benefits future industrial endeavors 

as prior knowledge of potential toxicity would guide the safety-driven production of new 

chemicals.

12. Limitations of the study

A major assumption in CPTM is that ECs with greater protein target and biological effect 

promiscuity, as well as toxicity-related physicochemical features, would have a greater 

number of overall toxic effects. This was found to be true in our analysis. Unlike other 

models, the CPTM toxicity score is not meant in its current form to correlate with LD50 

values or other endpoint-specific measures, which QSAR models typically strive to do. We 

aimed for a preliminary assessment in which the toxicity scores correlated with the number 

of toxic effects noted in the HSDB as a measure of general toxicity.

While CPTM in its current form is a valid method for general toxicity, makes no links 

to lethal dosages or of dose/potency-relationships with toxicity. Future improvements are 

necessary for biological adverse outcome pathways and full toxicokinetic considerations. 

EC-target-pathway effects are not all equal, with some resulting in different toxic effects 

while others remain benign. It is necessary to account for such Adverse Outcomes Pathways 

(AOPs) (Kleensang et al., 2014). While a central database for AOP study has been created, 

the full scope of such pathways has yet to be realized. Furthermore, as knowledge of 

AOPs increases, it will be integrated in concert with patient gene expression and survival 

data to fine-tune weighting of the biological component of CPTM to more accurately 

reflect biological effects. Furthermore, dose-dependency of EC exposures is a critical 

determinant of target binding and biological effects. Incorporation of binding affinities 

into CPTM will be helpful to differentiate toxic effects between low- and high-exposure 

ECs and model differential downstream biological effects. More detailed consideration 

of toxicokinetic effects will further increase the accuracy of CPTM. This is especially 

important in considering all potential routes of exposure as well as the reactivity of 

metabolites generated. Future iterations of CPTM will integrate all these factors including 

the machine learning algorithms for improved predictions of lethal doses and doses for 

other endpoints. While CPTM can recapitulate EC toxicity and disease associations and help 
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explain the mechanisms behind them, more detailed disease association mechanisms to be 

tested in future prospective in vitro and in vivo experiments.

14. Materials and methods

14.1. Chemo-phenotypic based toxicity measurement (CPTM) method

14.1.1. Reflecting toxicity quantitatively using a “toxicity score” (Zts)—The 

CPTM method (Fig. 1) is a comprehensive integration of biological interactions, reactivity, 

physicochemical, and toxico-kinetic (TK) properties to quantify an EC’s toxicity risk 

through a “toxicity score” (Zts) (Fig. S1). ECs with higher Zts values are predicted to have 

higher overall human toxicity relative to ECs with lower Zts values. An EC’s toxicity score is 

calculated using the following Eq. (1):

Zts σc = ωkP σpct + σact + ωjN σppi, σpy, σpf + ωiR σlogP, σe, σI, σA, ση, σμ, σf, σω
+ ωoPK σM, σABS

(1)

where the “P” term represents the normalized chemical promiscuity score of a given 

EC σc , along with its designated weight (ωk = 2). The promiscuity score is the sum of 

two factors: (1) σpct represents predicted chemical-protein interactions using Tox-TMFS 

(Dakshanamurthy et al., 2012; Issa et al., 2015), and (2) σact represents annotated chemical-

protein interactions, which are obtained from the Comparative Toxicogenomics Database 

( CTD). The “N” term represents the normalized biological network perturbation score of an 

EC, which is derived from the total number of higher-order EC-biological effect associations 

(Fig. 1) at the level of protein-protein interactions (σppi), pathways (σpy), and functions (σpf), 

along with its designated weight (ωj = 1). The “R” term represents the normalized score of 

the EC’s chemical reactive index score containing log P, HOMO-LUMO band gap energy 

(σlogP), ionization potential (σI), electron affinity (σe), chemical hardness (ση), electronic 

chemical potential (σμ), electrophilic (f−) Fukui function, and electrophilicity (σω), along with 

its designated weight (ωj = 1). This index is composed of physicochemical properties related 

to reactivity associated with general mechanisms of toxicity according to the toxicology 

literature (Tsakovska et al., 2008). The “TK” term represents the normalized toxicokinetic 

score containing the number of potential metabolic reactions (σM) that an EC can undergo as 

well as its percent human oral absorption (σABS). A simplified version of the toxicity score 

(Zts) is given below.

14.2. Toxicity score Zts,j  equation

The Toxicity Score (Zts) is a quantitation of the potential toxicity for a given EC molecule 

(Fig. S1). It consists of three terms: (1) biological network perturbation score, (2) chemical 

reactivity index score, and (3) TK score. Eq. (2) represents the mathematical expression of 

the ‘Zts’ for a given EC molecule i:

Toxicity Score Zi = BioPS i + CℎemRIS i + TKi (2)
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14.2.1. Biological perturbation score (BioPSi)—The biological perturbation score 

(BioPSi) is a metric of physiologic disturbance upon exposure to EC. BioPSi is a 

combination of chemical promiscuity score (“P” term) and biological network perturbation 

score (‘N’ term) as given in Eq. (1). To quantify this perturbation, biological network 

analysis was used to contextualize the physiology in terms of protein targets and their 

related biochemical functions, signaling pathways, and clinical diseases. Further refinement 

is achieved by including “unique class” terms that correct for the overrepresentation of the 

aforementioned disease classes. For example, if an EC is hypothetically predicted to bind 

20 proteins, 15 of which are involved in breast cancer, three in ovarian cancer, and the 

remaining in Alzheimer’s disease, then the “unique disease classes” correction term would 

be weighted as “2” to represent the oncologic and neurologic disease classes. The same is 

done for the other two higher-order terms of function and pathway. On the protein level, 

the correction term is determined by the number of predicted protein families hit by that 

molecule. The summation of all these terms and subsequent normalization provides the final 

value for ‘BioPS’ for incorporation into the toxicity score (Zts). The greater the BioPS, the 

greater the predicted physiological perturbation for a given EC. Eq. (3) represents the BioPS 
metric for a given EC i:

BioPSi = ρi + ρ′i + ϕi + ϕ′i + εi + ε′i + ζi + ζ′i (3)

where ρ and ρ′ represent the total number of proteins and unique protein families, 

respectively, Φ and Φ′ represent the total number of diseases and unique disease classes, 

respectively, ε and ε′ represent the total number of pathways and unique pathway classes, 

and ζ and ζ′ represents the total number of functions and unique function classes.

14.2.2. Chemical reactivity index score (ChemRISi)—The chemical reactivity 

index score (ChemRIS) is a purely chemical-based metric. The addition of ChemRIS 

serves to enhance the toxicity score (Zts) by accounting for the potential damage caused 

by the intrinsic reactivity of a molecule irrespective of its protein targets and biological 

associations. Chemicals with high reactivity are generally less stable, thus contributing to 

the formation of deleterious substances, such as reactive oxygen species, that interact with 

cellular and organ components.

In the context of the Toxicity score (Zts), we define chemical reactivity index by the 

following parameters: log P, HOMO-LUMO band gap energy, ionization potential (I), 
electron affinity (A), chemical hardness (η), electronic chemical potential (μ), electrophilic 

(f−) Fukui function, and electrophilicity (ω). Electron affinity (A) and ionization potentials 

(I) were used to calculate the electrophilicity index (ω), chemical hardness (η), and chemical 

potential (μ). We and others, previously described the use of the electrophilic (f−) condensed 

Fukui function, and chemical hardness (Fukui, 1982; Parr and Yang, 1984; Pearson, 1997; 

Subramanian et al., 1998; Sivanesan et al., 1999; Parr and Pearson, 1983) is defined as:

f−(r) = ρN(r) − ρN − 1(r) for electrophilic attack (4)
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Chemical hardness (ση) is a molecule’s propensity for resisting the change of its electron 

cloud as described by us and others (Pearson, 1997; Subramanian et al., 1998). Assuming 

the validity of Koopman’s theorem for closed-shell molecules, chemical hardness (Parr and 

Pearson, 1983) is defined as:

η = 1
2 (I − A) (5)

where I and A are the ionization potential and electron affinity of an EC molecule, 

respectively.

The chemical potential (σμ) is the potential energy of a molecule that can be absorbed or 

released when it undergoes either a physical change or a chemical reaction (Parr et al., 

1978). Again, assuming the validity of Koopman’s theorem for closed-shell molecules, 

chemical potential (σμ) is defined as:

μ = − 1
2 (I + A) (6)

where I and A are the ionization potential and electron affinity of an EC molecule, 

respectively.

The electrophilicity index (σω) is a quantification of a molecule’s likelihood of accepting 

electrons from a nucleophile for bond formation. Electrophilicity index (σω) (Parr et al., 

1999) is defined as:

ω = μ2

2η (7)

where μ is the chemical potential and η is the chemical hardness from Eqs. (5) and (6) above.

Eq. (8) represents the ChemRISi metric for a given EC i:

CℎemRISi = log P + HOMO‐LUMO + I + A + η + μ + f− + ω (8)

The ionization potential (I) and electron affinity (A) for our set of EC molecules were 

calculated using QikProp (Small-Molecule Drug Discovery Suite 2013–3: QikProp, version 

38, 2013). Jaguar (Schrödinger Release 2013–3: Jaguar, version 80, 2013) was used to 

calculate electrophilic Fukui indices and HOMO (Highest Occupied Molecular Orbital), and 

LUMO (Lowest Unoccupied Molecular Orbital) band gap energies.

14.2.3. Toxico-kinetic score (TKSi)—The “TK” score consists of the number of 

potential metabolic reactions (MR) that an EC can undergo as well as its percent human 

oral absorption (OAh). We assume that an EC’s bioavailability is directly correlated with its 

toxicity, and that ECs likely undergo metabolism to more reactive intermediates that give 

rise to toxicity. By way of this toxico-kinetic term, we seek to address the fact that many 

environmental ECs will arrive at the colonic epithelium or other disease-relevant tissue in 

Issa et al. Page 20

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2023 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



an altered state, i.e. as a metabolite. The metabolic reaction term, as detailed in Fig. S1, 

is prospective in predicting the total number of reactions based on chemical structure and 

circumvents the issues arising from animal model genetic backgrounds (e.g., differential 

cytochrome P450 expression levels). While this may lead to some overestimated risks, we 

believe it is prudent to have this overestimation for a few ECs than to underestimate the risk 

of the majority of ECs. Eq. (9) represents the TKSi metric for a given EC i:

TKSi = MR + OAh (9)

Both properties were calculated using QikProp (Small-Molecule Drug Discovery Suite 

2013–3: QikProp, version 38, 2013).

14.2.4. EC-protein target and biological effect predictions—The detailed 

methodological procedure of EC and Protein Target Datasets, Predicting EC-Protein Target 

Signatures and Relating EC-Target Signatures to Biological Effect Endpoints are described 

in the Supplementary information.

14.3. Human nuclear receptors and transcription factor activity assay

We used Attagene Inc. proprietary FACTORIAL TF assay (a.k.a. cis- FACTORIAL™) 

that enables profiling compound-induced changes of activities of multiple transcription 

factors (TFs) within cells and the FACTORIAL NR assay (a.k.a. trans-FACTORIAL™) 

that enables profiling agonist/antagonist activities of a compound across all human nuclear 

receptors (NRs). This is a reporter detection platform; the FACTORIAL™ that allows for a 

simultaneous assessment of multiple reporter constructs in a single well of cells and ensures 

essentially identical detection efficacies for the multiple endpoints. The detailed description 

of the FACTORIAL TF (a.k.a. cis-FACTORIAL™) and the FACTORIAL NR assay (a.k.a. 

trans-FACTORIAL™) assays are reported previously (Medvedev et al., 2018; Romanov et 

al., 2008). The effect of salpn (10 μM, 16 h) on NR Activity in HepG2 cells was determined. 

HepG2 cells were transiently transfected with an optimized trans-FACTORIAL™ library. 

Twenty-four hours after transfection cells were washed and supplied with fresh low serum 

(1% FBS, charcoal stripped) culture medium and treated with inducer for 16 h. Profile 

of the trans-FACTORIAL™ activities was determined as fold of induction values versus 

vehicle-treated (DMSO) control cells. Similarly, the effect of salpn (10 μM, 16 h) on TF 

Activity in HepG2 cells was determined. HepG2 cells were transiently transfected with 

the optimized cis-FACTORIALTM library. Twenty-four hours after transfection cells were 

washed and supplied with fresh low serum (1% FBS, charcoal stripped) culture medium 

and treated with an inducer for 16 h. Profile of the cis-FACTORIALTM activities was 

determined as fold of induction values versus vehicle-treated (DMSO) control cells.

14.4. VDR activation assay

14.4.1. Cell culture—Human embryonic kidney cells, HEK293T cells (available 

through ATCC, Cat#: CRL-3216) were grown in Dulbecco’s modified Eagle’s medium, 

high glucose, pyruvate (DMEM, Gibco, Cat#: 11995065) with 10% fetal bovine serum 
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(FBS), and without antibiotics. Cells were grown under standard cell culture conditions in a 

humidified incubator at 37 °C, with 5% CO2, and tested negative for mycoplasma.

14.4.2. Cell transfection—On day 1, 1 × 105 HEK293T cells were seeded in 1 ml of 

media per well in three 12-well plates. Each condition was run in triplicate. The following 

day, cells were transfected with 100 ng/μl of wild type vitamin D receptor (VDR-WT) 

plasmid and FuGENE 6 Transfection Reagent (Promega, Cat#: E2691).

14.4.3. Cell treatment—On day 3 cells were treated with vitamin D3 ± salpn. The stock 

dilution of vitamin D3 at 10−3 M was prepared in ethanol, and it was further diluted to the 

final concentration of 10−7 M in cell growth media. The stock dilution of salpn at 10−3 M 

was prepared in ethanol and diluted to final concentrations of 0.1 μM, 1 μM or 25 μM. As a 

vehicle control, 40 × dilution of 100% ethanol in cell growth media was used.

14.4.4. RNA extraction, cDNA synthesis and quantitative PCR—RNA was 

extracted using Direct-zol RNA Miniprep Kit (Zymo Research Cat#: R2052). RNA 

concentration and purity was measured by NanoDrop (Thermo Scientific). cDNA was 

synthesized from 1 μg of RNA using TaqMan Reverse Transcription Reagents (Invitrogen, 

Cat#: N8080234). All targets were amplified for 40 cycles using gene specific TaqMan 

primer/probe sets (Applied Biosystems, CYP24A1: Hs00167999_m1, 18S: Hs99999901_s1) 

and TaqMan Fast Universal PCR Master Mix [2x] (Applied Biosystems, Cat#: 4352042) on 

a StepOnePlus Real-Time PCR System (Applied Biosystems). Relative gene expression 

quantification was performed using the ΔΔCt method, and expression levels were 

normalized to 18S rRNA.

14.5. Cell culture and maintenance of HaCaT cells

HaCaT cells, immortalized keratinocytes derived from adult human skin, were maintained 

in Dulbecco’s Modified Eagle Medium (DMEM, Mediatech) supplemented with 10% Fetal 

Bovine Serum (FBS, Mediatech) and 1% Penicillin/Streptomycin (Mediatech). Cells were 

plated in 100 mm dishes and cultured in a humid incubator at 37 °C and 5% CO2. Cells 

were passaged 1:4 (two population doublings) when they reach 70–80% confluency. Cells 

were cryopreserved in DMEM freezing media (DMEM media with 20% FBS and 10% 

DMSO) in liquid N2 tanks.

14.6. Preparation of chemicals

A stock solution (10 mM) of salpn (MW: 282.35 g/mol, Sigma-Aldrich) was prepared 

using DMSO. The working solution of salpn (1 mM) was prepared using DMEM media 

supplemented with 10% FBS and 1% Pen/Strep. Salpn was diluted and dissolved in the 

same final volume of DMSO, with a final concentration of 0.2% DMSO in the culture 

medium.

14.7. Cell viability assay (XTT assay)

Cells were plated at 5000 cells in 100 μl medium per well in 96-well plates and treated 

with 100 μl of different concentrations of salpn (0 μM, 0.1 μM, 1 μM, 10 μM, 100 μM and 

1000 μM). XTT cytotoxicity colorimetric assays (Biotium) were performed after 72 h. XTT 
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reagent was added, and absorbance was measured every hour for 3 h using a Perkin Elmer 

Victor3 plate reader set at 450 nm to obtain a slope of A450/min. Each plate included wells 

with salpn-treated or untreated cells in triplicate, along with six replicates each of increasing 

numbers of cells in medium to generate a standard curve of A450/min vs. cell number, 

which was then used to generate drug dose-response survival curves. Data shown represent 

the mean ± SD of each set of triplicate salpn-treated or untreated cells from a representative 

experiment.

14.8. Annexin/PI staining assay

HaCaT cells were plated at 300,000 cells per well in a 6-well plate for 24 h, and incubated 

with increasing concentrations of either salpn or DMSO alone for 72 h. Both live and dead 

cells were collected by centrifugation at 2000 rpm, 4 °C for 5 min. The cell pellets were then 

resuspended in PBS, washed twice, and resuspended in 100 μl working solution (10 μl of 

10 × Binding Buffer, 7 μl AnnexinV-FITC dye, 5 μl PI dye (BioLegend), and 78 μl dH2O). 

Samples were stained with the Annexin V working solution to distinguish cells that were 

alive (AnnexinV-; PI-), undergoing early primary apoptosis (AnnexinV+; PI-), and those 

undergoing late apoptosis/secondary necrosis (AnnexinV+; PI+). The percentage of cells in 

early or late apoptosis was measured by fluorescence performed on a Cellometer Vision 

cytofluorometer (Nexcelom). Data shown in each figure represent the mean ± SD of each set 

of triplicate salpn-treated or untreated cells from a representative experiment.

14.9. Caspase-3 activity assay

Cells per plated at 500,000 cells per well in 6-well plates, and exposed to different 

concentrations of salpn. After 72 h, both live and detached dead cells were collected, 

resuspended in lysis buffer, and lysed using a –freeze-thaw method. Lysates were 

centrifuged at 5000 rpm, 4 °C for 5 min and supernatants containing cytosolic extracts 

were collected. Protein concentrations of supernatants were measured using a DC/Bradford 

assay (BioRad) to ensure equal protein is added to each well of a 96 well plate. Caspase-3 

assays were performed to measure free 7-amino-4-methylcoumarin (AMC) using 100 μl 

reactions containing caspase-3 fluorogenic substrate Ac-DEVD-AMC (Invitrogen). Free 

AMC fluorescence was measured at excitation/emission of 342 nm/ 441 nm with a Wallac 

Victor3 fluorometer (Perkin-Elmer) in a kinetic assay measured at 3 min intervals for 30 

min. Linear regions of slopes were used to determine and compare caspase-3 activities. 

Data shown in the figure represent the mean ± SD of each set of triplicate salpn-treated or 

untreated cells from a representative experiment.

13. Zebrafish toxicity assay

We used a morphological phenotypic criterion test to determine the EC50, Lowest Observed 

Effective Concentration (LOEC), and No Observed Effective Concentration (NOEC) 

for salpn. Toxicity, as defined here, was measured as the dose resulting in significant 

developmental abnormalities, degree of deformity, morphological changes, and survival of 

the fish embryos with 0.1% DMSO and Fish Water (0.3 g/L sea salt) as controls.
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13.1. Zebrafish Wnt/β-catenin signaling assay

For the Wnt signaling assays, Tg(TOP:GFP) Wnt reporter fish were crossed with EK 

wild-type fish (Dorsky et al., 2002). Embryos were fixed at 2 dpf in 4% paraformaldehyde, 

overnight at 4 °C. Following fixation, the embryos were washed 2 × in PTw (PBS plus 

0.1% Tween 20), and then 2 × in 100% methanol. Embryos were then stored at − 20 °C 

in methanol. Wnt reporter activity was visualized using whole-mount in situ hybridization 

(WISH) for GFP expression.

13.2. Zebrafish WISH assay

Whole-mount In Situ Hybridization (WISH) was performed as we previously described, 

with slight modifications (Eaton et al., 2007). In brief, embryos were incubated in 2% 

hydrogen peroxide in 100% methanol for 20 min at room temperature (RT), rehydrated by 

stepped 5 min washes in 75%, 50%, and 25% MeOH:PTw, and twice in PTw (1 × PBS, 

0.1% Tween-20). Larvae was bleached to remove pigment in 0.5 ml freshly prepared 3% 

hydrogen peroxide, 1% KOH, and then washed twice in PTw. To improve probe penetration, 

the 84 hpf larvae are partially digested in 50 ug/ml Proteinase K for 17 min at RT. The 

120 hpf larvae was treated with collagenase followed by Proteinase K digestion for 20 min 

at 37 °C. The digestion was stopped by fixation in 4% paraformaldehyde for 20 min at 

RT. After five washes in PTw to remove the paraformaldehyde, larvae will be incubated 

in hybridization solution (50% formamide, 5 × SSC, 50 ug/ml heparin, 5 mg/ml torula 

RNA, 0.1% Tween-20) for 2 h at 65 °C. Hybridization solution was replaced with 1 

ng/ml antisense DIG-labeled riboprobe in hybridization solution and incubated at 65 °C 

over-night. Unbound probe was removed by 5 min washes at 65 °C in: 50% formamide, 

2 × SSC, 0.1% Tween 20; 25% formamide, 2 × SSC, 0.1% Tween 20; and 2 × SSC, 

0.1% Tween 20, followed by two 10 min high stringency washes in 0.2 × SSC, 0.1% 

Tween 20. Larvae were then incubated in blocking buffer (10% Roche blocking buffer, 5% 

sheep serum in 1 × PTw) for 30 min at RT, followed by incubation in 1:5000 dilution of 

anti-DIG-AP antibodies in 5% sheep serum in 1 × PTw for 2 h at RT. Unbound antibody 

was removed by six 10 min washes in PTw. Buffer will then be exchanged by two 5 min 

washes in NTMT (100 mM NaCl, 50 mM MgCl2, 100 mM Tris pH 9.0, 0.1% Tween-20 

in dH20). Larvae were then stained in a 1:5 BM purple:NTMT solution at 37 °C for 4–10 

h. Following signal development, larvae were washed twice in PTw, post-fixed for 20 min 

in 4% paraformaldehyde, washed twice again in PTw, and then cleared in 30%, 50%, 70%, 

100% glycerol in PBS. Stained larvae were stored in 100% glycerol at 4 °C until imaging.

13.3. Zebrafish apoptosis assay – TUNEL TMR assays

TUNEL was performed using the in-situ Cell Death Detection Kit- TMR (Roche 

#12156792910, Sigma-Aldrich) using the following procedure. Embryos were incubated 

in ice-cold acetone for 20 min at − 20 °C, followed by rehydration through stepped 

5 min washes in 75%, 50%, and 25% MeOH:PTw, and then twice in PTw (1 × PBS, 

0.1% Tween-20). To improve enzyme penetration, the embryos were partially digested 

in 50 ug/ml Proteinase K for 17 min at RT. The digestion was stopped by fixation in 

4% paraformaldehyde for 20 min at RT, followed by two washes in PTw. The embryos 

were then washed 3 times in PBS + 1% Triton-X100 for 20 min. After two quick PBS 
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washes, the embryos were incubated for 1 h in a 1:9 Enzyme:Label solution (In Situ Cell 

Death Detection Kit-TMR). The reaction was stopped by two washes in PTw. Embryos 

were mounted in 0.8% low melt agarose for imaging. Apoptotic cells in 2 dpf embryos 

were labeled using the in-situ Cell Death Detection Kit-TMR. Control embryos only show 

occasional apoptotic cells scattered about the body and tail. Only at the end of the tail are 

there consistently apoptotic cells.

13.4. PDAC cell cultures

Primary PDAC cultures were established at Georgetown using the primary cell Conditional 

Reprogramming (CR) methodology previously described (Liu et al., 2012, 2017; Pollock et 

al., 2014; Ringer et al., 2014; Parasido et al., 2019; Yuan et al., 2012) For nab-pacitaxel 

sensitivity studies, the cells were carried in conditioned media as described (Pollock et 

al., 2014; Ringer et al., 2014; Parasido et al., 2019; Palechor-Ceron et al., 2013). Briefly, 

irradiated J2 feeder cells were plated in 175 cm2 tissue culture flasks (BD Biosciences, 

Franklin Lakes, NJ) in 30 ml of F media. The media was collected after three days in culture 

and centrifuged at 1000 g for 5 min at 4 °C to remove cellular debris, followed by filtration 

using a 0.22 μm Millex-GP filter unit (Millipore, Billerica, MA). For cell culture, three 

volumes of conditioned F media were mixed with one volume of fresh F medium, and the 

final working conditioned media was supplemented with 5 μM Y-27632.

13.5. Generation of isogenic nab-paclitaxel-resistant cells

The P1-Parental cells were seeded in 96 well plates in CM. 24 h after seeding, regular CM 

was replaced with CM containing the IC10 concentration of the chemical. CM containing 

media was replaced every two days. The chemical concentration was increased once a week 

from IC10, IC20, IC50, IC80. At IC80, only few cells were left in the wells and regular CM without 

chemical was added in order to allow the resistant cells to proliferate. Once the resistant 

cells reached confluence, they are passed, banked, and further expanded for analysis. A 

chemical sensitivity assessment was performed as above to confirm the acquired resistance 

as previously described (Parasido et al., 2019).

Exome sequence libraries were created using the Illumina TruSeq Exome Library and 

subjected to 2 × 150 paired end sequencing on an Illumina NextSeq 500. The samples 

were aligned to the human genome version GRCh38 using the Burrows-Wheeler Alignment 

(BWA) tool, BWA-MEM and Single nucleotide variants (SNVs) and insertion-deletions 

(indels) were called using the Genome Analyses Tool Kit v3.5 as described (Parasido et al., 

2019). The genetic fidelity of the n-PTX-R cells vs the parental cells was evaluated using 

the WES data. Jaccard Index (JI) analyses were used to define the similarity/dissimilarity 

in the data sets as described (Parasido et al., 2019). All JI values of the CRs remained 

above 0.94, indicating sustained genetic stability despite extended time in culture and 

selection in nab-Paclitaxel. For STR analyses of human PDAC tissue, the parental PDAC, 

and the chemical resistant CR cells, DNA was extracted using a Qiagen DNA extraction 

kit (cat # 69506, Qiagen, Germantown, MD). STR analyses were provided by Genetica 

DNA Laboratories (Cincinnati, OH). 15 independent genetic sites and amelogenin were 

to authenticate and verify the CR cells. Final match profiles were evaluated using the 
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Percentage Match Algorithm (ANSI/ATCC ASN-0002–2011) and established the fidelity of 

the CR cells to the tissue of origin (Parasido et al., 2019).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Schematic of the chemo-phenotypic toxicity measurement (CPTM) for the generation of 
toxicity scores (Zts).

An environmental chemical (EC) is given a toxicity score based on the combination of 

biological, chemical, and toxico-kinetic terms (see Section 14). Tox-TMFS is used to predict 

novel EC-protein target associations in addition to experimentally determined associations 

obtained from the Comparative Toxicogenomics Database (CTD). The chemical promiscuity 

score is the total number of unique known and predicted targets. ECs are then associated 

with higher-order biological effects through those targets, which include protein- protein 

interactions, pathways, and functions. The number of these elements contributes to an 

EC’s biological perturbation score. The toxicokinetic (TK) score is determined by the total 

number of potential reactions that an EC can undergo into metabolites and the predicted 

percent human oral absorption. The chemical reactivity index is composed of physico-toxico 

chemical properties associated with general mechanisms of toxicity, which include: log P, 

electrophilic Fukui index (f−), HOMO-LUMO energy band gap, electron affinity, ionization 

potential, chemical hardness, chemical potential, and electrophilicity index. The individual 

score terms are combined to give a comprehensive toxicity score (Zts) to rank ECs, where 

higher scores denote greater toxicity.
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Fig. 2. 
Graphical representation of CPTM-computed EC biological and chemical parameters for 

each level of toxic concern category derived from ECOTOX fathead minnow (Pimephales 

promelas) LC50 animal aquatic toxicity data. Also, graphically depicted are the CPTM 

parameters, as they vary depending on the level of toxic concern of our assessed ECs. 

Brackets demonstrate the parameters included in the calculation of chemical reactivity 

and ADME-T toxic indices (see Section 14 for description). The other two indices, those 

of biological perturbation and bioavailability, are represented as single parameters. Left 

columns are bar graphs displaying mean values with error bars representing one standard 

Issa et al. Page 33

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2023 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



error from the mean. Right columns are box plots reflecting the distribution of values in each 

category.

Issa et al. Page 34

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2023 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
(A) and (B) Treatment with vitamin D3 in combination with salpn super-activates VDR 

signaling in HEK293T cells. CYP24A1 is induced upon activation of VDR signaling, and 

its expression was assessed in cells with native VDR or cells transfected with wild type 

VDR (VDR-WT). Upon transfection, HEK293T cells were treated for 24 h with vitamin 

D3 with or without salpn at various concentrations. Vitamin D3 at 10− 7 M was used 

unless stated otherwise. 40x diluted 100% ethanol (EtOH) in cell growth media was used 

as vehicle control. The bars represent the mean value of triplicate treatments, and error bars 

represent standard error of the mean. (A) Treatment with 10− 7 M of vitamin D3 induces 

CYP24A1 expression even further when cells are transfected with VDR-WT. Additionally, 

10− 8 M of vitamin D3 increases CYP24A1 expression, showing a dose-dependent effect. 

Control (CTRL) and vehicle (EtOH) treated or VDR-WT transfected cells did not increase 

CYP24A1 expression in the absence of vitamin D3. (B) Salpn induces CYP24A1 expression 
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in a dose-dependent manner when vitamin D3 is present, showing an additive effect 

over vitamin D3 effect by itself. (C) Effect of salpn alone (orange) at 10 μM, 16 h, 

(D) vitamin D3 alone (blue), and (D) salpn + Vitamin D3 mixture (orange) on nuclear 

receptor activity in HepG2 cells. HepG2 cells were transiently transfected with optimized 

trans-FACTORIALTM library. Twenty-four hours after transfection cells were washed and 

supplied with fresh low serum (1% FBS, charcoal stripped) culture medium and treated with 

inducer for 16 h. Profile of the trans- FACTORIALTM activities was determined as fold of 

induction values versus vehicle-treated (DMSO) control cells. Graph shows fold-induction 

data plotted in logarithmic scale.
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Fig. 4. 
(A) Vitamin D3 receptor, VDR (white ribbon) with D3 (magenta) docked at its orthosteric 

site and salpn (green) docked at the LCA (yellow) allosteric binding site. (B) Downstream 

effects of VDR activation by its cognate ligand calcitriol (activated Vitamin D3). Arrows 

denote directionality of biological response. (C) Entire Cellular Network Model for salpn 

with highlighted VDR subnetwork. The green node is salpn, blue nodes are direct protein 

interactions, light pink nodes are PPIs, orange nodes are pathways, and purple nodes are 

molecular functions. Dark pink node is the direct interacting protein VDR, with protruding 

edges in red to signify direct perturbation network of VDR. This network excludes disease 

associations from the OMIM database, instead describing all possible disease-associated 

biological activity perturbed from an EC-centric viewpoint. (D) Effect of salpn (10 μM, 16 

h) on transcription factor activity in HepG2 cells. HepG2 cells were transiently transfected 

with optimized cis-FACTORIALTM library. Twenty-four hours after transfection cells were 

washed and supplied with fresh low serum (1% FBS, charcoal stripped) culture medium and 

treated with inducer for 16 h. Profile of the cis-FACTORIALTM activities was determined 

as fold of induction values versus vehicle-treated (DMSO) control cells. Graph shows fold-
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induction data plotted in logarithmic scale. Insert table is a list of transcriptional pathways 

tested for their activity.
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Fig. 5. 
(A) Protein-protein STRING Interaction map of nuclear receptors cross-talk with each other 

including VDR directly or indirectly (B). (C) Effect of salpn (10 μM, 16 h) in combination 

with D3 (orange) or D3 alone (blue) on transcription factor activity in HepG2 cells. HepG2 

cells were transiently transfected with the optimized cis-FACTORIALTM library. Twenty-

four hours after transfection cells were washed and supplied with fresh low serum (1% 

FBS, charcoal stripped) culture medium and treated with inducer for 16 h. Profile of the cis-

FACTORIALTM activities was determined as fold of induction values versus vehicle-treated 

(DMSO) control cells. The graph shows fold-induction data plotted on a logarithmic scale. 

Insert table is a list of transcriptional pathways tested for their activity. (G) Wnt signaling 

modulation of salpn in zebrafish. (E) Wnt reporter activity was visualized in zebrafish using 

whole-mount in situ hybridization (WISH) for GFP expression.
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Fig. 6. XTT assay of HaCaT Cells treated with increasing concentrations of salpn for 72 h (A & 
B).
(A) Representative images of HaCaT human skin keratinocytes incubated with indicated 

concentrations of salpn for 72 h in 96-well plates. (B) Dose-response for HaCaT skin 

keratinocytes cells after treatment with salpn showing a marked decrease in cell viability 

after exposure to salpn. The IC50 (C) for salpn is 84 μM. Annexin/PI Apoptotic Assay 

of HaCaT cells treated by salpn for 72 h (C & D). (C) Representative images of 

HaCaT human skin keratinocytes in 6-well plates showing effects of exposure to increasing 

concentrations of salpn for 72 h. (D) Annexin-PI staining apoptosis data after treatment 

with salpn showing % of live cells, early, late and total apoptosis, respectively. Caspase-3 
Activity Assay of HaCaT Cells treated with increasing concentrations of salpn for 
72 h (E). Induction of caspase-3 activity in Jurkat positive control cells exposed to 

etoposide (upper panel) and cells treated with different concentrations of salpn (lower 

panel). Zebrafish morphological assay (F). Dose-dependent response toxicity of salpn 

measured as the lowest dose leading to significant developmental abnormalities at 2 days 

after post fertilization (2 dpf). TUNEL TMR apoptosis assay (G) with salpn treated 

embryos, dark dim background staining has either no staining (Negative control) or very few 

apoptotic cells (DMSO control). Arrows on the picture show the positive cells. Apoptotic 

cells in 2 dpf embryos were labeled using the in-situ Cell Death Detection Kit-TMR.
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Fig. 7. 
(A) Patient-1-derived (Patient-1-CR) cells and (B) n-PTX-resistant (P1-n-PTX-R7) cells 

were continuously exposed to fenpropathrin (F) and tetramethrin (T). To evaluate the effect 

of F and T on growth rate, 10,000 cells were seeded for each condition. Cells were counted 

at 4, 8, 11, and 18 days. The chemicals are treated at the following concentrations with F 

(1 μM); T (3 μM) and the mixture F (0.25 μM) + T (0.75 μM). (C) and (D) Patient-1-CR 

cells, continuously exposed to F and T were used to evaluate the spheroid formation. 4000 

cells per condition were seeded in a low adherent 96 well plate. F and T were added alone 

or in combination to 3D media. Spheroids volume was measured at day 4 using ImageJ 

and ellipsoid formula. (D) Representative images of the spheroids shown with control, 

treated F, T, and F + T. The spheroids were originated seeding 1000 cells in a U shape 

low adherent plate, using 3D-conditioned media, as per protocol, with a volume of 50 μL. 

Every 2 days, the medium was replaced with fresh medium containing fresh T, F or T + F. 

Final measurements were taken after 13 days. (E) Patient-1-CR cells and P1-n-PTX-R7 cells 

were continuously exposed to F and T for over a month. To evaluate the effect of F and T 

Issa et al. Page 41

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2023 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exposure on n-PTX resistance, cells were exposed to 1 μM of n-PTX. After 72 h, trypan blue 

exclusion assay was used to evaluate the % of dead cells.
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