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Abstract

:

Difenoconazole is a chemical entity containing two chiral centers and having four stereoisomers: (2R,4R)-, (2R,4S)-, (2S,4R)- and (2S,4S)-difenoconazole, the marketed product containing a mixture of these isomers. Residues of difenoconazole have been identified in many agricultural products and drinking water. A computational approach has been used to evaluate the toxicological effects of the difenoconazole stereoisomers on humans. It integrates predictions of absorption, distribution, metabolism, excretion and toxicity (ADMET) profiles, prediction of metabolism sites, and assessment of the interactions of the difenoconazole stereoisomers with human cytochromes, nuclear receptors and plasma proteins by molecular docking. Several toxicological effects have been identified for all the difenoconazole stereoisomers: high plasma protein binding, inhibition of cytochromes, possible hepatotoxicity, neurotoxicity, mutagenicity, skin sensitization potential, moderate potential to produce endocrine disrupting effects. There were small differences in the predicted probabilities of producing various biological effects between the distinct stereoisomers of difenoconazole. Furthermore, there were significant differences between the interacting energies of the difenoconazole stereoisomers with plasma proteins and human cytochromes, the spectra of the hydrogen bonds and aromatic donor–acceptor interactions being quite distinct. Some distinguishing results have been obtained for the (2S,4S)-difenoconazole: it registered the highest value for clearance, exposed reasonable probabilities to produce cardiotoxicity and carcinogenicity and negatively affected numerous nuclear receptors.
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1. Introduction


Pesticides are chemicals largely used in agriculture for increasing crop production. Fungicides are a type of pesticide used worldwide in agriculture for preventive and curative purposes [1]. The excessive use of pesticides can lead to the accumulation of their residues in many agricultural products. Specific literature emphasizes evidence that fungicide residues are identified in fruits and/or vegetables [2,3,4,5]. Consequently, fungicides would exert human health risks in all situations of occupational, residential and environmental exposure and especially in the case of chronic exposure: negative effect on gut microbiota and metabolism disorders [6], neurotoxicity, carcinogenicity, reproductive and developmental toxicity [3,7,8].



This study focuses on difenoconazole, a commonly used triazole fungicide for grain crops, vegetables and fruits, and other crops [9]. Residues of the triazole fungicides were identified in numerous agricultural products [10] and were found to have adverse effects on both humans [11,12] and the environment [13]. A computational study exposed that several triazole fungicides showed good oral bioavailability, can penetrate the blood–brain barrier, impair the activity of hepatic cytochromes and reveal potential of cardiotoxicity, and skin sensitization and endocrine disruption [12]. Animal studies also emphasized that triazole fungicides may affect the endocrine system [11,14], and the central nervous system and produce hyperactivity [15].



Regarding difenoconazole, no negligible residues were identified in numerous fruits and vegetables, including grapes and sugar beets [9], watermelon (0.04–0.1 mg/kg) [16], apples [17], guava fruit (81.5 mg/kg), eggplant (5.62 mg/kg), round gourds (61.53 mg/kg) [18], leafy brassica [19], passionfruit [4], wolfberry [20], tomatoes and lettuce [21], but also in drinking water [22]. To the best of our knowledge, there are no experimental studies on humans regarding the toxicity of -difenoconazole and/or of its stereoisomers. Still, there are several studies regarding the toxicity of this fungicide on laboratory animals and the environment. Animal studies on the toxic effects of difenoconazole showed slightly acute toxicity when ingested and low acute toxicity produced by dermal and inhalation exposure, but at high doses, this fungicide produced liver tumors [23], developmental toxicity [24] and significant alterations in the different biochemical parameters [25]. Studies regarding the toxic effects of difenoconazole on fish showed that the exposure could produce cardiotoxicity, growth inhibition, developmental abnormalities and endocrine disrupting effects [26,27,28,29].



Regarding the toxicological effects of the stereoisomers of triazole fungicides, literature data showed that both their antifungal activity and the environmental toxicity were stereoselective [30,31,32,33,34], but there has not been focused research on their potential risks to human health. The last edition of the European Food Safety Authority (EFSA) report regarding the possible human toxicity of DFC did not consider the toxic properties of its isomers [19]. Difenoconazole has two chiral centers and, consequently, four stereoisomers: (2R,4R)-, (2R,4S)-, (2S,4R)- and (2S,4S)-difenoconazole. The marketed product usually contains a ratio of about 60:40 cis:trans diastereomers, with a ratio of 1:1 between cis and trans racemates, meaning 30% of (2S,4R)-, 30% of (2R,4S)-, 20% of (2R,4R)- and 20% of (2S,4S)-difenoconazole [35]. Due to their distinct molecular configurations, they may interact differently with molecular targets, but little is known regarding the bioactivity and toxicity (both for humans and the environment) of every isomer. The literature data contain only studies concerning the distinct bioactivity and the environmental toxicity of the difenoconazole stereoisomers. It was shown that these stereoisomers had distinct activity against fungi and the degradation rates of the stereoisomers in vegetables and soil were different; the (2S,4S)-isomer showed the highest toxicity and lowest bioactivity [36]. A study made using mice as model organisms showed that (2R,4R)-DFC disrupted hepatic lipid metabolism and (2S,4R)-, (2R,4R)-, and (2R,4S)-difenoconazole affected intestinal permeability and gut microbiota [34].



As the literature data informs us about several toxicological effects of difenoconazole on laboratory animals and the environment, and that the bioactivity and toxicological effects of difenoconazole were stereoselective, this study addresses possible human health risks resulting from exposure to this fungicide via food and drinking water, and the stereoselectivity of the toxicological effects on humans. To obtain this information, a computational approach was considered. In the last years, in silico methods have been used to assess the ADMET profiles and to predict the toxicological endpoints of numerous drugs and drug-related chemicals [37,38,39,40,41,42,43], but also of other xenobiotics, such as phthalates [44], pesticides [12], artificial sweeteners [45], and industrial chemicals [46]. It emphasizes the applicability of these methods for assessing the biological activity of chemicals.




2. Results and Discussions


2.1. ADMET Profiles of the Stereoisomers of Difenoconazole


The predictions obtained using ADMETlab 2.0 online tool [47,48] regarding the medicinal chemistry of the stereoisomers of difenoconazole showed that these compounds fulfilled the Lipinski Rule of Five [49] and had good bioavailability. Still, they did not pass the Pfizer [50] and GSK [51] rules and, consequently, were considered potentially toxic compounds (Table 1). Predictions obtained using both ADMETlab 2.0 and admetSAR 2.0 [52,53] online facilities regarding the absorption, distribution and excretion of the stereoisomers of difenoconazole are shown in Table 2.



It must be highlighted that the major limiting point of these outcomes is the reliability of the predictions, as computational models have limited domains of applicability (AD, areas of the physicochemical, structural, or biological space where the model is expected to be exploitable and the predictions are assumed to be trustable) [54]. In the case of the admetSAR 2.0 and ADMETLab 2.0 online tools, the AD approaches allow for estimating the prediction accuracy for every compound individually and, consequently, to make discriminating predictions with an accuracy close to that of the experimental measurements used for building the models. In the particular case of difenoconazole and its stereoisomers, the predictions were within the applicability domain.



The data presented in Table 2 showed small differences between the values of probabilities computed using ADMETlab 2.0 for the same biological activity of the stereoisomers. No differences were obtained between the values of the probabilities computed for the stereoisomers when using the admetSAR 2.0 online prediction tool. Nevertheless, these outcomes showed that all the difenoconazole stereoisomers had high intestinal absorption—this prediction correlates well with the fulfilment of Lipinski’s rule. Furthermore, good absorption was underlined by the fact that none of the isomers were considered a substrate or inhibitor of the permeability glycoprotein, a cell membrane protein whose role is to pump foreign substances out of cells.Another computational study showed good oral bioavailability for other triazole fungicides [12]. All the difenoconazole stereoisomers showed high plasma protein binding limiting their partitioning from the blood into the tissues where they might be metabolized, thus extending their half-life. This last prediction was in good agreement with the values of clearance, indicating a moderate clearance for every stereoisomer, the highest value for the clearance being registered for (2S,4S)-difenoconazole. The outcomes of the ADMETlab 2.0 online tool did not predict that the stereoisomers of difenoconazole could penetrate the blood–brain barrier; however, the admetSAR 2.0 online tool predicted a high probability for the permeation of all the stereoisomers of difenoconazole across the blood–brain barrier. Due to this mismatch, another online prediction tool, SwissADME [55], has been considered and its outcome also emphasized the ability of the difenoconazole stereoisomers to penetrate the blood–brain barrier. Difenoconazole is a small (MW = 406 g/mol) and hydrophobic molecule (logP = 4.36), and, taking into account these properties, it is expected to cross the blood–brain barrier by transmembrane diffusion [56].



Furthermore, the molecular lipophilicity potential (MLP), generated using Molinspiration Galaxy 3D Structure Generator v2021.01 (Slovensky Grob, Slovak Republic, Available online: https://www.molinspiration.com/cgi-bin/galaxy (accessed on 18 July 2022) showed that a larger region of every stereoisomer is highly hydrophobic (blue and violet regions in Figure 1). Consequently, the stereoisomers of difenoconazole are expected to penetrate the blood–brain barrier and potentially produce neurotoxicity. Furthermore, there are published data exemplifying the in vitro neurotoxic effects of propiconazole and tebuconazole, which are other triazole fungicides [57].



The predictions regarding the metabolism of the stereoisomers of difenoconazole are presented in Table 3, and the predictions of their toxicological endpoints are provided in Table 4.



The data presented in Table 3 show that the probabilities of the interactions of difenoconazole stereoisomers and every of the human cytochromes obtained using the ADMETlab2.0 (Zhejiang, China) online tool were usually not significantly different. There were no registered differences between the values computed using admetSAR 2.0 (Shanghai, China) for the ability of the four DFC stereoisomers to be substrates/inhibitors of cytochromes. The results obtained using ADMETlab 2.0 showed that for all the difenoconazole stereoisomers, there were high values for the probabilities of inhibiting CYP1A2, CYP2C19, CYP2C9 and CYP3A4 and reasonable probabilities from inhibiting CYP2D6. Every one of the stereoisomers showed a high value for the probability of being a substrate for CYP3A4, and (2S,4S)-difenoconazole exposed a reasonable probability of being a substrate for CYP1A2. The results obtained using the admetSAR 2.0 online tool showed that the probability of difenoconazole stereoisomers being substrates/inhibitors of CYPs were usually lower than those computed using ADMETlab 2.0.



Moreover, there were predictions made by the two online tools that were not in good correlation: (i) ADMETlab 2.0 predicted high values of the probabilities that difenoconazole stereoisomers were inhibitors of CYP1A2, whereas admetSAR 2.0 predicted a low probability of CYP1A2 inhibition; (ii) the predictions made using ADMETlab 2.0 showed that difenoconazole stereoisomers were not considered as substrates for CYP2C9, but those obtained using admetSAR 2.0 were conducive to the high values of the probabilities for these stereoisomers to be substrates for CYP2C9. These contradictory predictions may be due to the distinct models used by the two online tools when predicting the interactions of chemicals with human cytochromes. Impairment of the activity of hepatic cytochromes has been computationally predicted for several triazole fungicides [12]. The interactions of difenoconazole stereoisomers and human CYP are addressed further by using the molecular docking approach and by predicting the metabolism sites.



When using the ADMETlab 2.0 online prediction tool, there were usually small differences between the predicted probabilities for the difenoconazole stereoisomers to conduct to each of the investigated toxicological endpoints, with the probabilities predicted using the admetSAR 2.0 tool being similar for all stereoisomers. Considering the outcomes of the ADMETlab 2.0 prediction tool, all the difenoconazole stereoisomers showed possible induced liver injuries, mutagenicity and skin sensitization potential. The admetSAR 2.0 online tool showed that difenoconazole may produce skin sensitization, carcinogenicity, respiratory toxicity, eye corrosion and irritation. The possibilities to produce cardiotoxicity and skin sensitization have been observed for other triazole fungicides [12].



There were several distinct predictions made by the ADMETlab 2.0 tool regarding the difenoconazole stereoisomers. The (2S,4S)-difenoconazole exposed reasonable probabilities of producing cardiotoxicity by inhibiting the hERG potassium channel and carcinogenicity. The (2R,4R)-difenoconazole showed a reasonable probability of producing cardiotoxicity. These results were in agreement with published data obtained through animal studies and highlighted that the fungicide produced liver tumors [23] and developmental toxicity [24], respectively, with the data illustrating that the exposure of fish to difenoconazole had several toxicological effects, including cardiotoxicity, growth inhibition and developmental abnormalities [26,27,28].



Similar values were obtained using the admetSAR 2.0 tool for the probabilities of the difenoconazole stereoisomers to produce various biological activities, and usually, minor differences were observed between the predicted values obtained using the ADMETlab 2.0 online tool for the activities of the stereoisomers of difenoconazole were because the models used in these applications did not consider important features, such as the molecule’s isomeric characteristics. It was not an unexpected result, being known that the QSAR prediction models are not usually suitable to predict stereoisomers, being aimed to predict biological activities using descriptors representing intrinsic properties of chemical structures. The QSAR modeling is continuously evolving, and models include more diverse types of chemical descriptors [58]. The models integrated in the ADMETlab 2.0 tool seem to be more suitable for stereoisomers screening the models incorporated by the admetSAR 2.0 tool. It also underlines the necessity to develop structure-based models that incorporate stereochemically aware descriptors for predicting the activity/toxicity of chemicals.




2.2. Endocrine Disrupting Effects on Humans of the Stereoisomers of Difenoconazole


Because there was emphasized that triazole fungicides were able to produce endocrine disruption in mice [11,14] and difenoconazole was able to produce endocrine-disrupting effects in fish [29], the Endocrine Disruptome (Ljubljana, Slovenia) [59] computational tool was also used to predict the possible effects of its stereoisomers on the human endocrine system. The outcomes are shown in Figure 2 and the predictions made by the ADMETlab 2.0 and admetSAR 2.0 online tools regarding the reproductive toxicity and possible damaging effects on the nuclear receptors produced by DFC stereoisomers are presented in Table 5.



Figure 2 emphasizes that the difenoconazole stereoisomers usually showed low probability rates of producing the potential for endocrine disruption. However, all stereoisomers showed a moderate probability of binding to the estrogen receptors α and β and to the thyroid receptor β. Except for (2R,4R)-difenoconazole, the other stereoisomers exposed moderate probability of binding to the androgen and glucocorticoid receptors. (2R,4S)- and (2S,4S)-difenoconazole showed a moderate probability of binding to the thyroid receptor α, and (2S,4S)-difenoconazole also exposed a moderate probability of binding to the liver X receptor α.



The outcomes obtained using the ADMETlab 2.0 and admetSAR 2.0 tools were not concordant. ADMETlab 2.0 predicted that the difenoconazole stereoisomers did not produce damaging effects on the nuclear receptors, except (2S,4S)-difenoconazole that showed a medium probability of affecting the estrogen receptor. admetSAR 2.0 showed high probabilities of difenoconazole affecting the estrogen, androgen, glucocorticoid and thyroid receptors and a reasonable probability of affecting PPAR γ. The results obtained using admetSAR 2.0 and Endocrine Disruptome tools were in good agreement with published data revealing endocrine disrupting effects produced by difenoconazole on several species of fishes [29] and the potential of producing endocrine disruption exposed by other triazole fungicides [12]. Furthermore, stereoselective endocrine disrupting effects have been observed for prothioconazole (another triazole fungicide), with S-enantiomer possessing a higher ability to produce hormonal effects via interfering with ERα and TRβ [60].




2.3. Assessment of the Interactions of the Stereoisomers of Difenoconazole with Human Cytochromes and Plasma Proteins


As some of the outcomes of the ADMETlab 2.0 online tool showed the potential of investigated chemicals to bind to plasma proteins and human cytochromes being mainly involved in the metabolism of xenobiotics, a molecular docking study was also implemented to assess the interactions of the stereoisomers of difenoconazole with these proteins. The result obtained by the molecular docking study and regarding the binding modes corresponding to the highest interaction energies registered for the binding of the ligand 2-phenyl-4h-benzo[h]chromen-4-one (BFH) that is present in the crystallographic structure of the complex with CYP1A2 and respectively of the difenoconazole stereoisomers to the human cytochrome 1A2 are presented in Figure 3. The results regarding the noncovalent interactions between the difenoconazole stereoisomers and CYP2C9, obtained using PLIP online tool [61], are shown in Figure 4.



Figure 3a emphasizes that the docked position of the ligand 2-phenyl-4h-benzo[h]chromen-4-one (BHF, forest green sticks) corresponds to the position of BHF in the crystallographic structure of the complex with CYP1A2 (yellow sticks) and validates the molecular docking outcomes. Figure 3b reveals that (2R,4S)- and (2S,4S)-difenoconazole have almost similar binding positions, but there are distinct orientations of the triazole rings of the (2R,4R)-and especially of (2S,4R)-difenoconazole. The distinct orientation of the triazole ring of (2S,4R)-difenoconazole by comparison with the other stereoisomers results in the lower number of hydrogen bonds made by the nitrogen atoms from this ring with the residues of the protein, as is reflected by the spectra of noncovalent interactions (see further, Table 6).



The interacting energies corresponding to the best binding modes of the difenoconazole stereoisomers to the human cytochromes involved in the metabolism of xenobiotic and respectively to the plasma proteins are shown in Table 7. The noncovalent interactions between the difenoconazole stereoisomers and the investigated proteins are shown in Table 7.



For comparison purposes, Table 7 also contains the interacting energies between every protein and its ligand found in the crystallographic structure, and Table 6 contains the noncovalent interactions between the ligands and corresponding proteins: 2-phenyl-4h-benzo[h]chromen-4-one (BFH) for CYP1A2, S-warfarin (SWF) for CYP2C9, 4-hydroxy-3,5-dimethylphenyl)(2-methyl-1-benzofuran-3-yl)methanone (OXV) for CYP2C19, quinine (Q19) for CYP2D6, metyrapone (MYT) for CYP3A4, (2R)-2,3-dihydroxypropyl acetate (JIM) for alpha-1-acid glycoprotein, and diclofenac (DIF) for human serum albumin. The data presented in Table 6 showed that, except for the (2R,4S)-difenoconazole that did not bind to the catalytic site of CYP2D6, every one of the stereoisomers of difenoconazole was able to bind to the investigated proteins, the interacting energies being usually higher that those corresponding to the best binding modes of the ligands that are present in the crystallographic structures of these proteins. A t-test applied with ORIGIN 2021 software (OriginLab. Corp, Northampton, MA, USA) for the data presented in each of the rows from Table 6 and corresponding to the difenoconazole stereoisomers illustrated that, at the 0.05 level, there were significant differences in the interacting energies between each of the stereoisomers of difenoconazole and all of the proteins under consideration.



The noncovalent interactions of difenoconazole stereoisomers with the investigated proteins were mainly hydrophobic (in strong correlation with the hydrophobic character of DFC, logP = 4.36), hydrogen bonds and fewer aromatic donor–acceptor interactions or salt bridges. From one isomer to another, the spectra of the interactions made with the residues of the proteins were quite different, emphasizing the specificity of the binding of each stereoisomer to these proteins and, consequently, the distinct biological activity. It may be noticed that the results obtained using the molecular docking approach were significantly distinct for the stereoisomers of difenoconazole. It underlined that incorporating stereochemically aware descriptors would increase the predictive power of the models used in ADMET screening. Another limitation of the computational methods that are used in ADMET prediction does not consider the concentration of the investigated compound.



The (2S,4S)-difenoconazole exposed the highest interacting energies with many of the investigated proteins. All the stereoisomers emphasized strong interactions with human HSA and AGP, in good correlation with the predictions of their high plasma protein binding obtained using the admetSAR 2.0 and ADMETlab 2.0 tools. Among CYPs, all the stereoisomers showed strong interactions with CYP3A4 in correlation with the highest values of the probabilities computed using ADMETlab 2.0 for the ability of difenoconazole stereoisomers to act as inhibitors of CYP3A4. The lowest values for the interacting energies have been registered for the interactions of the difenoconazole stereoisomers with CYP2D6, also in correlation with the lowest vales of the probabilities that difenoconazole stereoisomers to be inhibitors of this cytochrome obtained using the admetLab 2.0 online prediction tool. The outcomes of the molecular docking study were in very good agreement with the predicted ADMET profiles of the difenoconazole stereoisomers underlying the reliability of the predictions obtained using the admetSAR 2.0 and ADMETLab 2.0 tools.




2.4. Prediction of Metabolism Sites


Furthermore, SMARTCyp, a predictive computational tool available online, has been considered to predict the sites of cytochrome P450-mediated metabolism of the stereoisomers of difenoconazole [62]. The outcome of the SMARTCyp online tool is shown in Figure 5 and illustrates that there were at least three carbon atoms predicted as sites of metabolism of difenoconazole by CYP1A2, CYP2C9, CYP2C19, CYp2D6 and CYP3A4. These atoms were ranked by score, with the lowest score revealing the highest probability of being a site of metabolism (Table 8).



The outcome of the SMARTCyp is in good agreement with the results of the molecular docking study. The highest probabilities of the three carbon atoms being sites of CYP metabolism was registered for CYP3A4, in correlation with the highest interacting energies with CYP3A4 registered for all stereoisomers. Similarly, the lowest probabilities of the three carbon atoms being sites of CYP metabolism were registered for CYP2D6, in strong correspondence with the lowest interaction energies registered between the stereoisomers and this cytochrome. These data emphasized that difenoconazole could inactivate the cytochrome P450 enzymes and possibly cause hepatotoxicity as also predicted by ADMET profiles.





3. Materials and Methods


3.1. Stereoisomers of Difenoconazole


Within this study, we have considered the four stereoisomers of the fungicide difenoconazole, [(2R,4S)-, (2R,4R)-, (2S,4R)-, and (2S,4S)-isomers], as shown in Figure 6. The PubChem database (Available online: https://pubchem.ncbi.nlm.nih.gov/ (accessed on 12 April 2022) [63] has been used in order to extract the IUPAC (International Union of Pure and Applied Chemistry) name, the SMILES (Simplified Molecular Input Line Entry System) formula, 2D formula and preliminary information regarding the possible toxicity of every isomer.




3.2. Prediction of the Human Health Hazards of Difenoconazole


The ADMElab 2.0 (Zhejiang, China, Available online: https://admetmesh.scbdd.com/service/screening/index (accessed on 18 April 2022)) [47,48] and admetSAR 2.0 ((Shanghai, China, Available online: http://lmmd.ecust.edu.cn/admetsar2 (accessed on 25 April 2022) [52,53] tools have been used in order to obtain quantitative predictions regarding the ADMET profiles and toxicological endpoints of the stereoisomers of difenoconazole. The entry data for these tools were the SMILES formulas of the investigated molecules. The outputs consisted of the predictive values for some properties/activities of the investigated compounds and the prediction probabilities for other activities to be manifested by the investigated compounds, respectively. The classification models used by these tools have an accuracy of at least 0.80 and most of the regression models achieved an R2 above 0.72 [48,52,53]. Qualitative predictions regarding the ADMET properties have been obtained using SwissADME tool [55]. This tool also uses the SMILES formula of the investigated compound to compute the physicochemical descriptors and the ADMET properties in terms of the presence/absence of biological activity, the accuracy of predictions being between 72% and 94% [55].



Endocrine Disruptome [59] is a computational tool that has been used to predict the possible effects of difenoconazole stereoisomers on the human endocrine system. It considers the molecular docking approach based on the AutoDock Vina algorithm [64] implemented for 14 human nuclear receptors: androgen receptor (AR), estrogen receptors α and β (ER α and ER β), progesterone receptor (PR), glucocorticoid receptor (GR), liver X receptors α and β (LXR α and LXR β), mineralocorticoid receptor (MR), peroxisome proliferator activated receptors α (PPAR α), β/δ (PPAR β), and γ (PPAR γ), retinoid X receptor α (RXR α), and thyroid receptors α (TR α) and β (TR β). The investigated compounds were docked to the structures of these human nuclear receptors, and a docking score of the compound on every receptor structure was computed that was further used to classify the binding of investigated ligand to the nuclear receptors [59].




3.3. Molecular Docking Study


This study was performed using the online server SwissDOCK [65] based on the docking software EADock DS [66]. A blind and accurate docking was selected. For comparison and validation purposes, molecular docking was also performed for every investigated protein and its ligand found in the crystallographic structure. The structural files considered for implementing the molecular docking have been selected such as to have a good resolution and to correspond to the complexes between the proteins and inhibitors/substrates. Consequently, the following structural files were extracted from the Protein Data Bank [67]: 2HI4 for CYP1A2, 1OG5 for CYP2C9, 4GQS for CYP2C19, 1W0G for CYP3A4. Similarly, the structural files with the identifiers 3KQ0 and 4Z69 were considered for the α-1-acid glycoprotein (AGP) and for the human serum albumin (HSA), respectively. The preparation of the proteins and ligands for docking and the visualization and analysis of docking results have been performed using Chimera software [68]. The noncovalent interactions between the difenoconazole stereoisomers and the cytochromes and plasma proteins were analyzed using the protein–ligand interaction profiler (PLIP, Dresden, Germany, Available online: https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index (accessed on 8 May 2022) online tool [61].




3.4. Prediction of Metabolism Sites


The prediction of metabolism sites was obtained using the SMARTCyp online tool (Copenhagen, Denmark, Available online: https://smartcyp.sund.ku.dk/mol_to_som (accessed on 25 April 2022)) [62]. This tool is based on the 2D structure of the compound and uses Density Functional Theory (DFT) calculations of fragment activation energies to predict which sites in a molecule are most liable to be metabolized by the cytochrome P450 enzymes, which are the most important in the metabolism of xenobiotics. The accuracy of the predictions is at least 76%. [62].





4. Conclusions


Several pharmacokinetics and toxicological effects were identified for every one of the stereoisomers of difenconazole: high plasma protein binding correlated with moderate clearance, inhibition of cytochromes, potential to induce liver injuries, neurotoxicity, mutagenic effects and skin sensitization potential. In addition to these hazardous effects manifested by all stereoisomers, the (2S,4S)-difenoconazole also displayed a reasonable probability of producing cardiotoxicity, carcinogenicity, and negatively affecting numerous nuclear receptors. These effects of the (2S,4S)-difenoconazole could be enhanced by its moderate clearance. The study's outcome was also in good agreement with literature data emphasizing distinct bioactivity of the difenoconazole stereoisomers and the highest environmental toxicity of the (2S,4S)-isomer [36].



This limiting point of the outcomes of our study is common to in silico predictions and is represented by the reliability of predictions. The predictions were within the applicability domains of the models, and this increased the credibility of the results. This study also highlighted that molecule’s isomeric structural characteristics should be considered when the models are built to provide readily applicable models.



The potential merit of the outcomes of this study is that it emphasized the possible stereoselective effects of difenoconazole on human health. These predictions can be included in experiments with suitable designs to understand the role of stereoselectivity in human and environmental toxicity of difenoconazole and other chiral pesticides. Taking into account that chiral compounds represent more than 30% of agrochemicals [69], their stereoselectivity should be considered in safety assessments and regulatory decisions.
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Figure 1. Visualization of the molecular lipophilicity potential (MLP) on the molecular surface of every of the stereoisomers of difenoconazole. The hydrophobic regions are coloured in violet and blue: (a) (2R,4R)-difenoconazole; (b) (2R,4S)-difenoconazole; (c) (2S,4R)-difenoconazole; (d) (2S,4S)-difenoconazole. 
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Figure 2. Predictions regarding the endocrine disruption potential of the stereoisomers of difenoconazole: green cells—low probability of binding to nuclear receptors; orange cells—moderate probability of binding to nuclear receptors. 
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Figure 3. Illustration of the best binding modes of the: (a) ligand 2-phenyl-4h-benzo[h]chromen-4-one (forest-green sticks for the docked position and yellow sticks for its position in the crystallographic structure of the complex with CYP1A2); (b) stereoisomers (2R,4R)-difenoconazole (red sticks), (2R,4S)-difenoconazole (yellow sticks), (2S,4R)-difenoconazole (green sticks), (2S,4S)-difenoconazole (cyan sticks) to human cytochrome 1A2 (brown ribbon). 
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Figure 4. Illustration of the non-covalent interactions between the cytochrome -2C9 and: (a) (2R,4R)-difenoconazole; (b) (2R,4S)-difenoconazole; (c) (2S,4R)-difenoconazole; (d) (2S,4S)-difenoconazole: blue line—hydrogen bond, grey dashed line—hydrophobic interaction. 






Figure 4. Illustration of the non-covalent interactions between the cytochrome -2C9 and: (a) (2R,4R)-difenoconazole; (b) (2R,4S)-difenoconazole; (c) (2S,4R)-difenoconazole; (d) (2S,4S)-difenoconazole: blue line—hydrogen bond, grey dashed line—hydrophobic interaction.



[image: Molecules 27 04682 g004]







[image: Molecules 27 04682 g005 550] 





Figure 5. Visualization of the three top-ranking atoms considered as sites of metabolism of the difenoconazole by cytochromes: C8, C3 and C2. 
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Figure 6. Stereoisomers of difenoconazole (common name, IUPAC name and SMILES formula): (a) (2R,4R)-difenoconazole; (b) (2R,4S)-difenoconazole; (c) (2S,4S)-difenoconazole; (d) (2S,4R)-difenoconazole. 






Figure 6. Stereoisomers of difenoconazole (common name, IUPAC name and SMILES formula): (a) (2R,4R)-difenoconazole; (b) (2R,4S)-difenoconazole; (c) (2S,4S)-difenoconazole; (d) (2S,4R)-difenoconazole.



[image: Molecules 27 04682 g006]







[image: Table] 





Table 1. Fulfilment of the rules revealing bioavailability (Lipinski) and safety (Pfizer and GSK) of the stereoisomers of difenoconazole.
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	Stereoisomer/Rule
	Lipinski
	Pfizer
	GSK





	(2R,4S)-difenoconazole
	accepted
	rejected
	rejected



	(2S,4R)-difenoconazole
	accepted
	rejected
	rejected



	(2R,4R)-difenoconazole
	accepted
	rejected
	rejected



	(2S,4S)-difenoconazole
	accepted
	rejected
	rejected
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Table 2. Predictions regarding the absorption, distribution, and excretion of the stereoisomers of difenoconazole: HIA—human intestinal absorption, P—gp-permeability glycoprotein, BBBP—blood–brain barrier permeation, CL—clearance, HOBA—human oral bioavailability, PPB—plasma protein binding, s—substrate, i—inhibitor.
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Stereoisomer/Online Tool/

Activity

	
ADMETlab 2.0




	
HIA < 30%

	
P-gp s

	
P-gp i

	
BBBP

	
PPB (%)

	
CL

(mL/min/kg)






	
(2R,4S)-difenoconazole

	
0.003

	
0.001

	
0.013

	
0.021

	
97.54

	
11.720




	
(2S,4R)-difenoconazole

	
0.004

	
0.000

	
0.005

	
0.072

	
97.96

	
11.662




	
(2R,4R)-difenoconazole

	
0.004

	
0.001

	
0.008

	
0.022

	
97.69

	
10.998




	
(2S,4S)-difenoconazole

	
0.003

	
0.000

	
0.009

	
0.064

	
97.62

	
12.327




	

	
admetSAR 2.0




	

	
HOBA

	
P-gp s

	
P-gp i

	
BBBP

	
PPB




	
All stereoisomers

	
0.729

	
−0.699

	
−0.660

	
0.972

	
1.000











[image: Table] 





Table 3. Predictions regarding the metabolism of the stereoisomers of difenoconazole: CYP—cytochrome, s—substrate, i—inhibitor.
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Stereoisomer/

-Online Tool/

Activity

	
ADMETlab 2.0




	
CYP1A2

	
CYP2C19

	
CYP2C9

	
CYP2D6

	
CYP3A4




	
s

	
i

	
s

	
i

	
s

	
i

	
s

	
i

	
s

	
i






	
(2R,4S)-difenoconazole

	
0.493

	
0.921

	
0.255

	
0.922

	
0.413

	
0.912

	
0.268

	
0.710

	
0.885

	
0.945




	
(2S,4R)-difenoconazole

	
0.784

	
0.941

	
0.358

	
0.925

	
0.155

	
0.896

	
0.179

	
0.775

	
0.911

	
0.945




	
(2R,4R)-difenoconazole

	
0.546

	
0.918

	
0.294

	
0.926

	
0.304

	
0.923

	
0.270

	
0.777

	
0.911

	
0.951




	
(2S,4S)-difenoconazole

	
0.735

	
0.938

	
0.322

	
0.924

	
0.195

	
0.881

	
0.164

	
0.696

	
0.888

	
0.934




	

	
admetSAR 2.0




	

	
CYP1A2

	
CYP2C19

	
CYP2C9

	
CYP2D6

	
CYP3A4




	

	
i

	
i

	
s

	
i

	
s

	
i

	
s

	
i




	
all stereoisomers

	
0.634

	
0.792

	
1.000

	
0.730

	
0.895

	
0.804

	
0.679

	
0.864
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Table 4. Predicted toxicological endpoints of the stereoisomers of difenoconazole: hERG—cardiotoxicity, DILI—drug-induced liver injury, HT—hepatotoxicity, NT—nephrotoxicity.
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Stereoisomer/Online Tool/Toxicological Endpoint

	
ADMETlab 2.0




	
hERG

	
DILI

	
AMESToxicity

	
Skin Sensibilization

	
Carcinogenicity

	
Eye Corrosion

	
Eye Irritation

	
Respiratory Toxicity






	
(2R,4S)-difenoconazole

	
0.729

	
0.985

	
0.960

	
0.903

	
0.671

	
0.003

	
0.682

	
0.020




	
(2S,4R)-difenoconazole

	
0.705

	
0.987

	
0.926

	
0.910

	
0.487

	
0.003

	
0.226

	
0.026




	
(2R,4R)-difenoconazole

	
0.627

	
0.988

	
0.957

	
0.916

	
0.396

	
0.003

	
0.503

	
0.026




	
(2S,4S)-difenoconazole

	
0.807

	
0.982

	
0.944

	
0.900

	
0.736

	
0.003

	
0.266

	
0.020




	

	
admetSAR 2.0




	

	
HT

	
AMES

toxicity

	
Skin sensibilization

	
Carcinogenicity

	
Eye corrosion

	
Eye irritation

	
Respiratory toxicity

	
NT




	
all stereoisomers

	
0.600

	
0.600

	
0.846

	
0.900

	
0.986

	
0.967

	
0.800

	
0.620
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Table 5. Prediction regarding the reproductive toxicity and the damaging effects of the stereoisomers of difenoconazole on the nuclear receptors: AR—androgen receptor, AR-LB—androgen receptor ligand binding domain, ER—estrogen receptor, ER-LB—estrogen receptor ligand binding domain, TYR—thyroid receptor, GR—glucocorticoid receptor, PPAR γ—peroxisome proliferator-activated receptor γ.
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Stereoisomer/Nuclear Receptor Inhibition

	
ADMETlab 2.0




	
AR

	
AR-LB

	
ER

	
ER-LB

	
PPAR γ






	
(2R,4S)-difenoconazole

	
0.000

	
0.011

	
0.146

	
0.029

	
0.007




	
(2S,4R)-difenoconazole

	
0.001

	
0.020

	
0.265

	
0.057

	
0.007




	
(2R,4R)-difenoconazole

	
0.001

	
0.014

	
0.251

	
0.086

	
0.010




	
(2S,4S)-difenoconazole

	
0.003

	
0.023

	
0.557

	
0.133

	
0.012




	

	
admetSAR 2.0




	
All stereoisomers

	
Reproductive toxicity

	
AR

	
ER

	
TYR

	
GR

	
PPAR γ




	
All stereoisomers

	
0.878

	
0.869

	
0.932

	
0.806

	
0.897

	
0.764
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Table 6. Noncovalent interactions between stereoisomers of difenoconazole and human cytochromes and plasma proteins, respectively. In parentheses is given the number of the noncovalent interactions when it is higher than 1. For comparative reasons, this table also contains the noncovalent interactions between the investigated proteins and ligands that are present in their crystallographic structures: BFH–2-phenyl-4h-benzo[h]chromen-4-one, OXV–(4-hydroxy-3,5-dimethylphenyl) (2-methyl-1-benzofuran-3-yl)methanone, SWF–S-warfarin, Q19–quinine, MYT–metyrapone, (2R)-2,3-dihydroxypropyl acetate (JIM) for alpha-1-acid glycoprotein, and diclofenac (DIF) for human serum albumin.
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Stereoisomer/Ligand

	
Protein and Types of Interactions






	
CYP1A2




	

	
Hydrophobic

	
Hydrogen bonds

	
aromatic donor–acceptor interactions




	
BFH

	
THR118, PHE125, PHE226, PHE260(2), ALA317, ASP320, THR321, LEU382, ILE386, LEU497, THR498

	
-

	
PHE226




	
(2R,4S)-difenoconazole

	
THR124, VAL227, PHE256, ALA317, ASP320, LEU382, ILE386

	
ARG108, ARG137, ARG456

	
PHE226




	
(2S,4R)-difenoconazole

	
THR124, PHE226, PHE256, PHE260, ALA317, ASP320, THR321, LEU382, ILE386, LEU497

	
ILE386

	
PHE226




	
(2R,4R)-difenoconazole

	
THR124, PHE125 (2), PHE226, ALA317, ASP320, ILE386

	
ARG108, THR124, ARG137, ARG456

	
-




	
(2S,4S)-difenoconazole

	
THR124, PHE226 (3), VAL227, ALA317, ASP320, LEU382, ILE386

	
ARG108, ARG137, ARG456

	
-




	
CYP2C19




	

	
Hydrophobic

	
Hydrogen bonds

	
aromatic donor–acceptor interactions




	
OXV

	
VAL113(2), PHE114, ILE205, VAL208, GLU300(2), THR301, ILE362, LEU366, PHE476(2), ALA477

	
-

	
-




	
(2R,4S)-difenoconazole

	
ALA106, VAL113, VAL208, LEU237, ALA297, THR301, LEU366,

	
LEU201

	
-




	
(2S,4R)-difenoconazole

	
ILE205, ALA297, THR301, ILE362, LEU366 (2)

	
ASN204

	
-




	
(2R,4R)-difenoconazole

	
VAL113, PHE114, VAL208, ALA297, THR301, PHE476 (2)

	
ASN204

	
PHE114




	
(2S,4S)-difenoconazole

	
ILE205, LEU237, ALA292, ALA297, THR301, PHE476

	
-

	
-




	
CYP2C9




	

	
Hydrophobic

	
Hydrogen bonds

	
aromatic donor–acceptor interactions




	
SWF

	
ARG97, PHE100(2), VAL113, LEU208, LEU366(2), PRP367, LEU388, PHE476

	
PHE100, ALA103, ASN217

	
PHE114, PHE476




	
(2R,4S)-difenoconazole

	
ILE205, GLU300, LEU362, ALA477

	
GLY98, PHE100

	
-




	
(2S,4R)-difenoconazole

	
PHE100, LEU201, ASN204, ILE205, LEU208 (2), LEU366, PRO367, PHE476

	
GLY98

	
-




	
(2R,4R)-difenoconazole

	
LEU102, ALA103, PHE114, LEU208, VAL237

	
-

	
-




	
(2S,4S)-difenoconazole

	
VAL113, PHE114 (2), VAL237, PHE476

	
PHE100

	
-




	
CYP2D6




	

	
Hydrophobic

	
Hydrogen bonds

	
aromatic donor–acceptor interactions




	
Q19

	
PHE120(2), LEU121(2), VAL370, VAL374

	
-

	
-




	
(2R,4S)-difenoconazole

	
This stereoisomer does not bind to the active site of CYP2D6




	
(2S,4R)-difenoconazole

	
LEU121, THR309, VAL370, VAL374

	
PHE120

	
-




	
(2R,4R)-difenoconazole

	
PHE120, LEU121, GLU216, THR309, VAL370, VAL374 (2)

	
PHE120

	
GLU216




	
(2S,4S)-difenoconazole

	
PHE120, ALA305, THR309, VAL370, VAL374

	
PRO435

	
-




	
CYP3A4




	

	
Hydrophobic

	
Hydrogen bonds

	
Salt bridges




	
MYT

	
ILE118, PHE137, ILE301(2), PHE302, PHE304, ALA305, THR309, LEU373, PHE435, ILE443

	
SER119, SER437

	
ARG105 (2), ARG130, ARG375, ARG440




	
(2R,4S)-difenoconazole

	
ALA305, THR309, LEU364, ILE369, PHE435, ILE443

	
ARG105(2), ARG130, ILE443

	
-




	
(2S,4R)-difenoconazole

	
ILE301, ALA305, THR309, PHE435

	
ARG105(2), ARG130, ARG440

	
-




	
(2R,4R)-difenoconazole

	
ILE301, ALA305, ALA370

	
ARG105(2), ARG130, ARG440, ILE443

	
-




	
(2S,4S)-difenoconazole

	
ILE301, ALA305, THR309, LEU364, ILE369, PHE435

	
ARG105(2), ARG130, ILE443

	
-




	
AGP




	

	
Hydrophobic

	
Hydrogen bonds

	
aromatic donor–acceptor interactions




	
JIM

	
ARG90

	
ARG90

	




	
(2R,4S)-difenoconazole

	
PHE32, TYR37, VAL41, VAL92 (2)

	
ARG90

	
TYR37




	
(2S,4R)-difenoconazole

	
TYR27, THR47, VAL92, PHE114 (3)

	
ARG90

	
-




	
(2R,4R)-difenoconazole

	
PHE32, TYR37, ILE44, THR47, VAL92 (2), PHE114

	
ARG90

	
-




	
(2S,4S)-difenoconazole

	
TYR27, PHE32 (2), TYR37, PHE114 (3)

	
ARG90

	
-




	
HSA




	

	
Hydrophobic

	
Hydrogen bonds

	
aromatic donor–acceptor interactions/ salt bridges




	
DIF

	
ARG218, LEU219, LEU260

	
LYS199, ARG218

	




	
(2R,4S)-difenoconazole

	
LEU219, PHE223, LEU238, ILE264

	
ARG257

	
salt bridges

LYS199, HIS242




	
(2S,4R)-DFC

	
ARG218, LEU219, ARG222, LEU238

	
LYS199 (2)

	
-




	
(2R,4R)-difenoconazole

	
GLN196, LEU219, PHE223, LEU238, VAL241, ILE290

	
LYS199

	
-




	
(2S,4S)-difenoconazole

	
TYR150, LEU219, PHE223, ILE260, ILE290

	
LYS199

	
aromatic donor–acceptor interactions

ARG257
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Table 7. Interaction energies (ΔG) between the stereoisomers of difenoconazole and human cytochromes (CYP), human serum albumin (HSA), α-1-acid glycoprotein (AGP). For comparative reasons, this table also contains the interacting energies obtained for the docking of the ligands that are present in the crystallographic structures of the investigated proteins: 2-phenyl-4h-benzo[h]chromen-4-one for CYP1A2, S-warfarin for CYP2C9, 4-hydroxy-3,5-dimethylphenyl)(2-methyl-1-benzofuran-3-yl)methanone for CYP2C19, quinine for CYP2D6, metyrapone for CYP3A4, (2R)-2,3-dihydroxypropyl acetate for alpha-1-acid glycoprotein, and diclofenac for human serum albumin.
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Protein/Stereoisomer

	

	
ΔG (kcal/mol)




	
Ligand in Crystallographic Structure

	
(2R,4S)-Difenoconazole

	
(2S,4R)-Difenoconazole

	
(2R,4R)-Difenoconazole

	
(2S,4S)-Difenoconazole






	
CYP1A2

	
−8.62

	
−9.46

	
−10.45

	
−9.69

	
−9.38




	
CYP2C19

	
−7.47

	
−7.64

	
−7.77

	
−7.64

	
−8.83




	
CYP2C9

	
−7.73

	
−8.19

	
−7.81

	
−8.05

	
−8.36




	
CYP2D6

	
−8.71

	
It does not bind in the active site

	
−7.56

	
−7.34

	
−8.06




	
CYP3A4

	
−6.67

	
−11.33

	
−12.18

	
−11.31

	
−11.20




	
HSA

	
−7.37

	
−9.41

	
−9.67

	
−10.50

	
−10.27




	
AGP

	
−6.16

	
−8.48

	
−9.15

	
−8.77

	
−9.18
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Table 8. These atoms of difenoconazole considered as the main sites of cytochrome P450-mediated metabolism ranked by score.
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All Stereoisomers

	
Cytochrome

	
Score/Atoms




	
C8

	
C3

	
C2




	
CYP1A2, CYP3A4

	
49.00

	
53.90

	
54.90




	
CYP2C9, CYP2C19

	
62.30

	
72.60

	
73.50




	
CYP2D6

	
63.10

	
74.20

	
75.10
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