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Abstract

:

Various forms of pesticides have been reported to be among the environmental toxicants, which are detrimental to human health. The active ingredients of these formulations can enter the human body through air, food, or water. Epidemiological studies suggest that these compounds strongly affect the developing brain in fetal and infant stages due to their ability to breach the underdeveloped blood–brain barrier. Since neural progenitor stem cells (NPCs) in the developing brain are the most vulnerable to these compounds, the mechanisms by which NPCs experience toxicity upon exposure to these chemicals must be investigated. Here, we assessed the viability of human fetal NPCs in 2D cultures in the presence of the active ingredients of six widely used pesticides using Live/Dead® and Hoechst staining. The IC50 values ranged from 4.1–201 μM. A significant drop in cell viability with increasing toxicant concentration (p < 0.01) was noted, with the order of toxicity being malathion < 4-aminopyridine < methoprene < prallethrin < temephos < pyriproxyfen. Changes in cellular biomechanical characteristics (Young’s modulus, tether force, membrane tension, and tether radius) were quantified using atomic force microscopy, whereas cell migration was elucidated over 48 h using a customized wound-healing assay. The Young’s modulus of fetal NPCs exposed to IC50/2 doses of these compounds was reduced by 38–70% and that of those exposed to IC50 doses was reduced by 71–80% (p < 0.001 vs. controls for both; p < 0.01 for IC50 vs. IC50/2 for each compound). Similar patterns were noted for tether forces and membrane tension in fetal NPCs. NPC migration was found to be compound type- and dose-dependent. These results attest to the significant detrimental effects of these compounds on various aspects of the human fetal NPC phenotype, and the utility of cell mechanics as a marker to assess developmental neurotoxicity.
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1. Introduction


A broad family of pesticides (e.g., herbicides, insecticides, piscicides, fungicides, and disinfectants), synthetic or natural in origin, are being widely used worldwide for agricultural and household purposes. Global pesticide usage stands at around 3.5 million tons, [1] and its contributions to food security have been documented [2]. However, their storage and disposal, as well as their active ingredients and degraded byproducts, pose severe challenges to all living species [2,3,4]. Their bioaccumulation, persistence, inherent toxicity, and ability to infiltrate food chains and water resources have severe repercussions on human health, specifically on the endocrine and reproductive systems and fetal development [5,6,7,8,9]. Besides the active ingredients, a plethora of other compounds exist in these formulations, although their identities, compositions, and toxicological effects remain unknown [10].



Humans are exposed to pesticides either directly (e.g., occupation, agriculture, or domestic activities) or indirectly (e.g., air, water, or food), and these organic molecules, as well as their byproducts, can enter the physiological systems via dermal, oral, and respiratory tracks. Such exposure has been reported to affect human health (nervous system, skin and eyes, endocrine system, hormonal pathways, and carcinogenicity) depending on the dose and exposure levels [11,12,13,14]. Some of these compounds were banned in the European Union, but they are still prevalent in many developing countries and the United States.



For instance, methoprene is a growth regulator insecticide that interferes with the life cycle of insects (e.g., house flies, mosquitoes, fire ants, and moths) by preventing maturation and reproduction [15,16]. It is typically sprayed on drinking and agricultural water sources, on domesticated animals for flea control, and as a food additive for cattle. Similarly to methoprene, pyriproxyfen is an insect growth regulator affecting young insects and their eggs (e.g., fleas, cockroaches, ticks, ants, carpet beetles, and mosquitoes) [17]. It is used inside homes and agricultural settings for flea and tick control of domesticated animals. Malathion is an organophosphate (OP) insecticide that is used in various agricultural and residential settings to control mosquitoes, fruit flies, and lice [18]. It works by inhibiting the cholinesterase enzyme that leads to continuous nervous firing, thereby preventing the insect from moving or breathing. Another OP insecticide, temephos, is typically applied to standing water (e.g., shallow ponds and lakes) to target aquatic larvae (e.g., mosquitoes and sandflies) [19]. Prallethrin is a synthetic pyrethroid insecticide used primarily to target ants, cockroaches, fleas, and ticks [20,21]. It can modify sodium channels to delay closure, causing repetitive nerve firing, and act on γ-Aminobutyric acid (GABA)-gated chloride channels resulting in seizures. Many food industries have received permission to add it to consumables at less than 1 ppm levels. Finally, 4-aminopyridine (4-AP) is used as a popular bird repellent (e.g., Avitrol) in agricultural fields, airports, and around livestock pens [22]. These six compounds are representative of many other pesticides used widely in several daily applications.



Numerous epidemiological studies link pesticide usage and exposure to neurodevelopmental defects in newborns and children [23,24,25,26]. These inferences were drawn from prospective and retrospective studies conducted in various countries across the globe involving cohorts of thousands of mother–child pairs, using levels measured from in utero, cord serum collected at birth, or postnatally. OP-based pesticides are among those widely studied in this regard, especially in developing countries, which have been shown to specifically target the vulnerable nervous system both in utero and in postnatal stages [27]. Neurodevelopmental defects linked to OP-based pesticides include abnormalities in neonatal reflexes, motor and sensory functions, neurobehavior, and psychomotor development index scores, as well as stunted head circumference, low IQ levels, attention-deficit hyperactivity disorder, and compromise in speech and cognitive skills [12]. Despite such population-level information, how these compounds induce biomechanical changes in human cells, especially in those derived from developmental stages, remains understudied. Such information is critical as biomechanical changes in cells could significantly affect their genotype and shape, as well as their functions, such as migration, differentiation, and mechanotransduction, during early developmental stages [28,29].



In this study, we used atomic force microscopy (AFM) and immunofluorescence assays to determine the effects of six representative insecticide compounds on a human fetal neural stem cell line (ReNcell VM NPCs). The NPCs were maintained in their undifferentiated, multipotent state throughout the study. The IC50 values of these six compounds were assessed in vitro, and their influence on the NPC phenotype, survival, and changes in biomechanical (Young’s modulus, tether force, membrane tension, and tether radius) characteristics was quantified.




2. Materials & Methods


2.1. Materials


Dulbecco’s Modified Eagle Medium (DMEM/F12), mouse-derived laminin, phosphate-buffered saline (1× PBS), Accutase Enzyme cell detachment medium, Hoechst 33342 trihydrochloride trihydrate (10 mg/mL), and Nunclon™ Delta surface flat bottom 96-well plates were obtained from Thermo Fisher Scientific (Waltham, MA, USA). ReNcell NPC maintenance media (SCM005), culture-grade epidermal growth factor (EGF), fibroblast growth factor basic protein (bFGF), calcein-AM staining solution, and tissue culture grade Penicillin/Streptomycin/Amphotericin B solution (100×) were obtained from EMD Millipore (MilliporeSigma, Burlington, MA, USA). 4-aminopyridine (4-AP), temephos (TE), malathion (MA), pyriproxyfen (PY), prallethrin (PR), methoprene (ME), dimethyl sulfoxide (DMSO), and acetone were obtained from Sigma Aldrich (St. Louis, MO, USA).




2.2. Cell Culture and Compound Concentrations


Human neural progenitor cells (ReNcell VM; SCC008; EMD Millipore) were cultured in an undifferentiated state in ReNcell maintenance medium supplemented with 20 ng/mL each of bFGF and EGF and 1% penicillin/streptomycin on 20 μL/mL laminin-coated flasks. These cells are v-myc immortalized and derived from ventral mesencephalon tissue dissections of a ten-week-old fetus [30]. Stock solutions of 4-AP, temephos, and malathion were prepared in filtered DMSO at 0.3 M concentrations, while pyriproxyfen, prallethrin, and methoprene stock solutions at 0.3 M were prepared in filtered acetone. The working concentrations of the compounds (10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 µM, 10 µM, 100 µM, 1 mM, and 10 mM) were prepared by serial dilution of stock solutions in a culture medium and stored at 4 °C till usage.




2.3. Cell Viability Assay


ReNcells were cultured at a density of 10,000 cells/well on laminin-coated 96-well plates for 24 h and exposed to various concentrations of individual compounds for 24 h (n = 4 wells/concentration/compound). Control cultures that did not receive the compounds received DMSO or acetone at stock solution equivalent concentrations. In our pilot studies, such concentrations (0.1%) of DMSO or acetone exhibited no detectable adverse effect on ReNcells. Cell survival was assessed using calcein AM (0.25 μM) staining. Images were obtained using an automated fluorescent microscope (S+ scanner, Samsung Electro-Mechanics, Co., SEMCO, Suwon-si, Republic of Korea) with an excitation (Ex) set at 500–560 nm and emission (Em) set at 580–660 nm filter.




2.4. DNA Content Assay


The assay was performed with an initial seeding density of 10,000 cells/well on laminin-coated 96-well plates (n = 4 wells/concentration/compound). Hoechst 33342 (15 μM; Ex—352 nm/Em—416 nm) in 1× PBS (pH ~7.2) was used for the DNA content assay. After exposure to the individual compounds for 24 h, the media was replaced, and cells were incubated with Hoechst 33342 for 30 min to assess changes in nucleic DNA content. Control cultures that did not receive the compounds received DMSO or acetone at stock solution equivalent concentrations. An S+ scanner with a 4× objective and blue fluorescence filter (Semrock, DAPI-5060C-000; Ex: 340–405 nm/Em: 410–481 nm filter) was used to image the nuclei in each well. At least n = 4 wells/concentration/compound was tested.




2.5. Cell Survival Quantification


The fluorescence intensities of the images obtained from the cell viability assay and DNA content assay were quantified using NIH ImageJ. The images were converted to a 16-bit binary format (grey scale), the background was subtracted, and thresholding was applied uniformly to convert the images to black and white. The intensity was measured based on the number of white pixels. The intensity of each image was normalized to that in control wells. To determine the effect of the toxicant on the cells, dose–response curves from each assay were generated for each compound. The average normalized survival at each concentration was plotted against the logarithm of the compound concentration. From this, a sigmoidal dose–response curve was fitted using GraphPad Prism software (Boston, MA, USA) to determine the IC50 values of each compound. The four-parameter logistic form for a dose–response curve with a variable slope could be written as   Y = b o t t o m +     t o p − b o t t o m   1 +   10     l o g   I C   50   − x   ∗ h        , where Y is the normalized cell survival, x is the log of concentration, top denotes the highest fluorescence intensity, bottom denotes the lowest fluorescence intensity, LogIC50 (inhibitory concentration) is the x value when the response is halfway between bottom and top, and h is the Hill slope of the curve. The curve is shallower when h < 1, and steeper when h > 1.



The uncertainty of the analysis is determined and quantified using error bars on the dose–response curve. For each concentration, one image from the middle of the well is used to quantify the intensity. For the control well, the average of the four intensities is taken. In the remaining wells containing the toxicant, the intensity of each image is normalized against the average of the control well. The overall live cell percentage is found from the average of these normalized percentages. The error in the measurement is represented as the standard deviation of the four normalized values.




2.6. AFM Analysis


An MFP-3D-Bio atomic force microscope (AFM; Oxford Instruments, Santa Barbara, CA, USA) mounted on an inverted fluorescence microscope (Nikon Eclipse Ti; Melville, NY, USA) was used to measure the changes in biophysical and biomechanical characteristics of ReNcells upon exposure to these compounds. The tip-less cantilevers (Arrow™ TL1, Nanoworld, nominal spring constant: 0.03 N/m) were modified by attaching a 5-μm polystyrene bead using epoxy. The actual spring constant of the beaded tip was obtained using thermal calibration in a dish containing only a culture medium. Cells were cultured (5000 cells/dish) in laminin-coated, AFM-specific, 50 mm Petri dishes for 24 h, and exposed to each compound for 36 h at two specific concentrations: IC50 and IC50/2. The IC50 values were obtained from the dose–response curves fitted to cell viability assay results. Control cultures did not receive the compounds but received vehicle DMSO or acetone at similar concentrations. Cells were maintained at 37 °C using a BioHeater (Oxford Instruments) and multiple cells (37 ≤ n ≤ 101) were randomly selected from each condition using an optical microscope (Nikon Eclipse Ti; Melville, NY, USA; 20× objective). The force-indentation curves obtained at the approach/retraction velocity of 5 μm/s were analyzed using proprietary Igor Pro 6.37 software (WaveMetrics, Inc. Portland, OR, USA), and the curves were fitted to a Hertz contact model to measure the Young’s modulus (EY) [31]. The tether forces (FT) were obtained from the series of force steps in the retraction curves with the threshold set at 30 pN. The apparent membrane tension (TM) needed to deform a membrane was calculated from FT using     T   M   ≅     F   T   2    /  8   π   2     k   B      , where kB is the bending stiffness (0.1–0.3 pN.μm) [32,33,34]. Finally, the tether radius (RT) that represents the connection between the plasma membrane and cytoskeleton was obtained from FT as     R   T   ≅   2 π   k   B    /    F   T       [31].




2.7. Wound Healing Assay


The potential changes in cell migration ability in the presence of these compounds were evaluated using a CytoSelect™ Wound Healing Assay kit (Cell Biolabs, Inc., San Diego, CA, USA). This assay works on the wound healing principle with defined rectangular wound fields (0.9 mm gap) created in confluent cell monolayers using treated inserts. The confluent cell layers in 24-well plates (n = 4 wells/concentration/compound) were exposed to either IC50/2 or IC50/4 concentrations of the six individual compounds for 24 h. After the inserts were removed, cell migration and wound closure over 48 h were captured at regular intervals by imaging with a Samsung automated S+ scanner. The images were analyzed using NIH ImageJ (Bethesda, MD, USA) and the percentage reduction in wound area was quantified as per protocols described elsewhere [35,36]. Control cultures did not receive the compounds, whereas cell layers exposed to IC50 concentrations did not show noticeable movement.




2.8. Statistical Analysis


Cell viability, DNA content, and cell migration assays were repeated three independent times. The results were analyzed and plotted using GraphPad Prism software and expressed as mean ± standard error. Comparison between groups was performed by the non-parametric, Bonferroni-corrected, Mann–Whitney U test. Statistically significant differences between groups were indicated by * for p < 0.05.





3. Results and Discussion


3.1. Cell Survival and IC50 Values


ReNcells were exposed to six different pesticides, each at ten different concentrations (10 pM to 10 mM). The resulting image intensities were normalized to that from the control wells and a dose–response curve was created to determine the IC50 values. Figure 1 and Figure 2 show the representative immunofluorescence images of culture wells after 24 h exposure to various compounds, and stained with calcein AM and Hoechst, respectively. The respective dose–response curves calculated from these cultures are also shown in these figures. When cells were exposed to 4-AP, a large drop in cell survival was noted between 100 μM and 1 mM concentrations, with IC50 around 172 μM. A similar trend was noted from the Hoechst-stained wells (DNA content) as well (IC50 = 189 μM). Pyriproxyfen appears to be more toxic than all the compounds tested (IC50 = 8.8 μM). The effect of the compound was noted at as low as 10 nM, with a large drop in cell density occurring between 10 nM and 100 nM. The number of live cells gradually decreased to 10 mM. Hoechst staining also showed a parallel trend (IC50 = 4.1 μM). Exposure to temephos showed results similar to pyriproxyfen. The effect of the toxicant is evident even at 1 nM, with a gradual decrease in cell density with increasing concentration (IC50 = 12 μM).



Exposure to malathion showed a trend similar to that of 4-AP, with the compound inducing more impact on live cells starting around 10 μM. A large drop in cell survival occurred above 100 μM concentration, with the IC50 value calculated at 194 μM. Results from Hoechst staining closely resembled those of the viability assay (IC50 = 201 μM). When exposed to methoprene, cell survival dramatically reduced between 10 μM and 100 μM, with another significant drop at 1 mM, indicating that methoprene (IC50 = 94 µM) could be slightly more toxic than 4-AP. Cultures exposed to methoprene and stained with Hoechst showed similar trends (IC50 = 110 μM). Prallethrin appeared to be more toxic than both 4-AP and methoprene. The toxicant effect could be seen even at 100 nM. A larger drop in the number of living cells occurred between 10 μM and 100 μM and between 100 μM and 1 mM, with the IC50 calculated at 20 μM. Hoechst staining showed trends similar to the viability assay (IC50 = 22.7 μM). In 2D cultures, dead cells could detach from the plate upon exposure to toxicants and are washed away during the staining steps.



From the IC50 values, it could be seen that the impact of these compounds ranged from relatively very toxic to mildly toxic on fetal NPCs. Figure 3 shows a comparison of the IC50 values for each compound. The order of toxicity from the least to the greatest is as follows: malathion < 4-AP < methoprene < prallethrin < temephos < pyriproxyfen. The IC50 values we obtained were compared to those reported in a previous study using the ReNcell NPC cell line and 3D cultures but with different compounds [37]. Among these compounds, paraquat is the only known herbicide, and its reported IC50 value of 57 μM is within the range of the six compounds we tested here. The limited data that exist in the literature suggests that the IC50 values of malathion in rat fetal lung fibroblasts, human HepG2 liver cells, and mouse kidney cells are 60 µM, 99.4 µM, and 71.1 µM, respectively [38,39,40,41], similar in magnitude to that we measured.




3.2. Cell Mechanics


The biomechanical characterization of cells was done after they were exposed to each compound for 36 h. Our previous studies have shown no significant time-dependent biomechanical changes in control cultures over the 36 h of culture [31]. The average EY of cells in control cultures was 5.1 ± 0.19 kPa (Figure 4), similar to what we reported in our previous study on these cells [31]. The average EY of cells exposed to IC50/2 concentrations of various pesticide compounds were as follows: PY (1.556 ± 0.128 kPa), PR (2.347 ± 0.094 kPa), TE (2.14 ± 0.165 kPa), ME (2.606 ± 0.036 kPa), 4-AP (2.835 ± 0.056 kPa), and MA (3.213 ± 0.033 kPa). On the other hand, the average EY of cells exposed to IC50 concentrations of these pesticide compounds were as follows: PY (1.067 ± 0.13 kPa), PR (1.217 ± 0.12 kPa), TE (1.32 ± 0.032 kPa), ME (1.43 ± 0.078 kPa), AP (1.262 ± 0.022 kPa), and MA (1.483 ± 0.045 kPa). It could be seen that ReNcells in control cultures were significantly stiffer than in those exposed to all six compounds at both the concentrations tested (p < 0.05 in all the cases). Additionally, for each compound, the average EY of cells exposed to IC50 dose was significantly lower than that of the cells exposed to IC50/2 dose (p < 0.05 in all the cases). In summary, the EY of fetal NPCs exposed to IC50/2 doses of these compounds was lowered by 38–69%, while that of those exposed to IC50 doses was reduced by 71–80%, attesting to the significant impact of these compounds. The statistical significance in the inter-group differences between EY values (Supplementary Table S1) suggests that malathion had the most detrimental impact on these cells compared to others at both IC50 and IC50/2 doses, in agreement with the IC50 value (Figure 1) it exhibited compared to other compounds.



In a recent study [31], we reported that rotenone (insecticide; 0.06–0.27 µM) and chlorpyrifos (organophosphate; 2.5–9.8 µM) significantly reduced the EY of ReNcells, as a function of increasing concentration and exposure duration (4–36 h). The IC50 values of these two compounds—0.27 µM and 9.9 µM, respectively—were lower than most of the compounds tested in the current study, indicating their propensity for toxicity even at low concentrations. The average EY ranged between 0.6–2.3 kPa after 36 h of exposure (concentration-dependent), which is slightly less (p < 0.05) than the EY ranges noted for the six compounds explored in this study.



The trends in tether forces (FT) and membrane tension (TM) reflect those in EY (Figure 5). The average tether force measured in control cells was 341 ± 4.58 pN. At IC50/2 dosage exposure, the tether forces ranged between 135.8 pN to 215.3 pN for the six compounds tested, a 37–60% drop compared to controls (p < 0.05 vs. control, for all the compounds). Similarly, at IC50 dosages, the average FT values ranged between 110.3 pN to 174.7 pN for these six compounds, a 49–68% reduction compared to controls (p < 0.05 vs. control, p < 0.05 for IC50 vs. IC50/2, for all the compounds). The average membrane tension in control cells in the absence of exogenous compounds was 14.9 ± 0.39 nN/μm. Exposure to respective IC50 concentrations of the six compounds led to a significant drop, i.e., to 1.63–3.92 nN/μm range in TM values (p < 0.05 vs. control, for all the compounds), while exposure to IC50/2 concentrations reduced TM to 2.43–5.91 nN/μm range (p < 0.05 vs. control, p < 0.05 for IC50 vs. IC50/2, for all the compounds). Finally, the radius of curvature (RT), which is inversely related to FT, was significantly higher (p < 0.05) in all the test cases compared to controls (1.86 ± 0.025 nm). The range for RT was 3.65–6.03 nm in cultures receiving IC50 dosages (p < 0.05 vs. controls, for all the compounds), while it was 2.94–4.77 nm in cultures exposed to IC50/2 dosages (p < 0.05 vs. controls, p < 0.05 for IC50 vs. IC50/2, for all the compounds).



In general, there is a paucity of literature on the biomechanical characterization of mammalian cells when they are exposed to toxicants. The FT, TM and RT values in control cells were similar to those we reported earlier for ReNcells cultured under similar conditions [31]. After 36 h exposure, the FT values ranged between 60–190 pN, while the TM values ranged between 0.4–4.8 nN/µm in the presence of rotenone or chlorpyrifos (concentrations ≤ IC50), which were significantly lower than that in control cultures at similar time points. These values are within the bounds of FT and TM values we observed for the six compounds tested in the current study. Collectively, our results show how toxicant exposure significantly affects EY and FT of ReNcells compared to untreated cells, and that such compromise in EY appears to be directly correlated to the IC50 values of the toxicants they are exposed to.



It could be noted from Figure 4 that the variance of EY measurements in cells exposed to PY, PR, and TE is higher than the EY in cells exposed to ME, 4AP, and MA. In general, biomechanics data tend to have large variances as the sample sizes tend to be large to account for natural variations and stochasticity in the biological processes. We believe that the outliers in the EY data might be a normal part of the data distribution, where some cells were more affected than others. Incidentally, quantitative data from Figure 1 and Figure 2 suggest that the IC50 values of 4AP, MA, and ME are significantly higher (an order of magnitude) than the IC50 values of TE, PR, and PY. This suggests that (i) the internal organelles (nucleus, mitochondria, cell membrane, etc.) of neural stem cells are likely more susceptible to TE, PY, and PR at the IC50 and IC50/2 concentrations, and (ii) the sub-cellular mechanisms by which these three compounds affect neural stem cells might be different from that by 4AP, MA, and ME.



We have previously shown that mitochondrial membrane potential impairment was the most sensitive mechanism of neurotoxicity in human fetal neural stem cells that were exposed to rotenone, N-arachidonoylethanolamine (AEA), and chlorpyrifos, whereas compromise in plasma membrane integrity was the most sensitive mechanism of digoxin impact [31]. We hypothesize that the integrity of bilipid layers or clusters of transmembrane proteins within the bilipid layers was compromised in these cells upon exposure to PY, PR, and TE, leading to high variance in the observed EY data, i.e., region-specific heterogeneity in the cell surface stiffness. The sub-cellular mechanisms by which these six compounds affect the human fetal neural stem cells will be elucidated in our future studies.



We have shown earlier that in the presence of pesticides, such as rotenone and chlorpyrifos, mitochondrial impairment appears to be the dominant mechanism by which ReNcell health and phenotype were affected [31]. Significant compromise in cell morphology (reduced cell area and spreading) and cytoskeletal actin consolidation at the cell periphery was evident in such cultures, although no changes in SOX2 (stemness marker) expression were noted in the surviving cells. Similar outcomes could be expected even in the presence of the six compounds tested in the current study.



Organophosphates in general have been known to induce both acute and chronic neurotoxicity and lead to cell death by necrosis, apoptosis, or acetylcholinesterase activity (AChE) inhibition. Studies have shown that in numerous species, including humans, malathion induces cell cytotoxicity, intracellular reactive oxygen species, DNA damage, lipid peroxidation, oxidative stress, neuroinflammation, as well as cell cycle arrest, and activates mitochondrial apoptotic pathways [42,43]. In 3D brain-on-a-chip cultures of neurons and astrocytes derived from human induced pluripotent stem cells, exposure to various concentrations of malathion inhibited AChE activity and compromised cell viability, which was rescued by the addition of butyrylcholinesterase [44]. Prenatal exposure to non-AChE inhibiting doses of malathion induced developmental neurotoxicity (memory impairment and spatial learning deficits) in guinea pigs, highlighting the significant impact it has on developmental neurotoxicity [45]. Interestingly, OP mixtures (malathion and chlorpyrifos) exhibited synergistic toxic effects and appeared lethal at concentrations that were sublethal in standalone conditions [46,47]. The developmental neurotoxicity of some of these compounds could be second-handed in nature. For instance, when pyriproxyfen was used as a larvicide to control mosquitoes responsible for Zika virus transmission, its impact on neurodevelopmental disorders in humans outweighed that of the virus transmission itself [48].




3.3. Cell Migration


A wound healing assay is commonly used to quantitatively assess cell migration patterns in monolayer cultures. Though not truly indicative of cellular behavior in vivo, such an assay nevertheless yields valuable data on cell population response to various exogenous compounds and their dosages, fit for screening purposes. Prior in vitro studies on ReNcell migration, conducted in the presence of cocultures (glioblastoma cells and astrocytes) or conditioned media revealed the mechanisms underlying such interactions in such microenvironments [49,50,51]. At IC50 concentrations, ReNcell movement was barely noted in our study, as some cells were dead and detached from the surface over the 48 h study, while those that survived barely moved. Therefore, lower concentrations (IC50/2 and IC50/4) were tested for their influence on ReNcell migration.



Sheet-like collective cell migration, typical in epithelial cells, was not evident in these cultures. Cell migration was the fastest in control cultures, covering most of the scratch area within the first 12 h after insert removal (Figure 6). When exposed to these six compounds, cell migration slowed at both concentrations compared to controls, with the lowest in cultures exposed to PY, TE, and PR. Statistically significant differences exist between (i) IC50/2 and IC50/4 concentrations at all time points in cultures exposed to PY; (ii) between IC50/2 and IC50/4 concentrations only at the 6 h time point in cultures exposed to MA, and only at the 48 h time point in cultures exposed to 4-AP; and (iii) no significant differences exist between these two concentrations in cultures exposed to PR, ME, and controls. This can be justified as these three compounds exhibited higher levels of toxicity as evident from their IC50 values. The cell migration under exposure to these three compounds agreed with their cell survival and biomechanics results, as discussed earlier. We hypothesize that alterations in the cell membrane, bilipid layer composition, and intracellular cytoskeletal protein machinery (e.g., actin filaments) in the cells exposed to various doses of toxicants might be the underlying cause of these observed patterns in cell migration. The lack of significant differences between the two concentrations in some cases suggests that IC50/4 dosage is sufficient to induce significant changes in cell mobilization machinery, whereas higher concentrations (≥IC50) would lead to cell death via apoptosis or necrosis pathways. This hypothesis will be tested in our future studies.



There is a paucity of literature on ReNcell migration in vitro under exposure to insecticides or pesticides. However, others have reported a similar reduction in migration speed and the number of cells migrating when exposed to pesticide or insecticide compounds in vitro. For instance, human NT2 cells had significantly reduced migration in vitro in a concentration-dependent manner, when exposed to rotenone or fipronil, even at nanomolar concentration levels [52]. Rotenone exposure also inhibited the migration of neural stem cells derived from the rat E16 mesencephalon in a dose-dependent manner [53]. The migration and tube formation capabilities of human umbilical vein endothelial cells were severely repressed in a dose-dependent manner when exposed to permethrin—a synthetic pyrethroid insecticide, facilitated possibly by elevated reactive oxygen species production [54]. Taken together, the biomechanical changes induced by exposure to these pesticide compounds might have contributed to the compromise in cell migration patterns in vitro.





4. Conclusions


In this study, we assessed the influence of the active ingredients of six pesticides on human fetal NPC phenotype, survival, and changes in biomechanical (Young’s modulus, tether force, membrane tension, and tether radius) characteristics in vitro. Based on their IC50 values, which span over an order of magnitude, the order of toxicity is malathion < 4-AP < methoprene < prallethrin < temephos < pyriproxyfen. When NPCs were exposed to these six compounds at IC50 or IC50/2 concentrations in vitro, a significant compromise in the Young’s modulus, tether forces, and apparent membrane tension was noted (AFM analysis), with higher dosages being more impactful. The NPC migration was also curtailed in the presence of these compounds, even at IC50/4 dosage, possibly due to the changes in their biomechanical characteristics. Our future studies will explore the sub-cellular mechanisms by which each of these compounds influences changes in the NPC phenotype and biomechanical changes. Our study provides evidence of the significant role of mechanotoxicology in the phenotype and characteristics of human fetal neural progenitor cells during development stages.
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Figure 1. Cell survival assessed using calcein AM staining. Representative immunofluorescence images of ReNcell cultures after 24 h exposure to various compounds and stained with calcein AM. Compound-free cultures served as controls. Scale bar: 100 µm. Green dots indicate live cells in each image. 4AP—4-Aminopyridine; TE—temephos, PY—pyriproxyfen; MA—malathion; PR—prallethrin; ME—methoprene. The dose–response curves were calculated for ReNcells exposed to various concentrations of each compound for 24 h and stained with calcein AM. The IC50 values were obtained from these curves (R2 > 0.97 in all the cases). 
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Figure 2. DNA damage assessed using Hoechst staining. Representative immunofluorescence images of ReNcell cultures after 24 h exposure to various compounds and stained with Hoechst. Compound-free cultures served as controls. Scale bar: 100 µm. Blue dots indicate live cells in each image. 4AP—4-Aminopyridine; TE—temephos; PY—pyriproxyfen; MA—malathion; PR—prallethrin; ME—methoprene. The dose–response curves were calculated for ReNcells exposed to various concentrations of each compound for 24 h and stained with Hoechst (R2 > 0.98 in all the cases). 
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Figure 3. Compound-dependent IC50 values of human fetal NPCs. The IC50 values for compounds in this study were compared to those obtained from a prior study with ReNcells [37]. The orange bars represent compounds tested in this study while the black bars represent those tested in the previous study. 
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Figure 4. Changes in Young’s modulus of human fetal NPCs. The Young’s modulus (EY) of the ReNcells was quantified from the force–displacement curves obtained at IC50 and IC50/2 concentrations of various compounds after 36 h exposure. Multiple cells (37 ≤ n ≤ 101) were selected for each culture condition, and the individual EY values as well as the average  ±  standard error were plotted. Control cultures (denoted by C) received no compounds. Significant differences between the control cultures and compound-receiving cultures were noted. Additionally, EY values were dose-dependent for each compound; i.e., EY values for cells receiving IC50 dose were significantly lower than those receiving IC50/2 dose. * indicates p < 0.05. Abbreviations (symbol colors): AP—4-Aminopyridine (majenta); TE—temephos (green); PY—pyriproxyfen (buff); MA—malathion (crimson); PR—prallethrin (olive); ME—methoprene (deep blue). 
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Figure 5. Changes in biomechanical characteristics of ReNcells. (A) tether forces (FT), (B) apparent membrane tension (TM), and (C) radius of tether (RT) were quantified from the force–displacement curves obtained at IC50 and IC50/2 concentrations of various compounds after 36 h exposure. Multiple cells (41 ≤ n ≤ 115) were selected for each culture condition, and the individual values as well as the average ±  standard error were plotted. Control cultures (denoted by (C)) received no compounds. Significant differences between controls and compound-receiving cultures were noted. Additionally, FT, TM, and RT values were dose-dependent for each compound. * indicates p < 0.05. AP—4-Aminopyridine (majenta); TE—temephos (green); PY—pyriproxyfen (buff); MA—malathion (crimson); PR—prallethrin (olive); ME—methoprene (deep blue). 
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Figure 6. Cell migration assay. ReNcell migration patterns over 48 h were assessed via a scratch wound healing assay, in cultures receiving various dosages (IC50/2, IC50/4) of the six compounds. Representative phase-contrast images of the scratch closure at various time points were shown in cultures receiving prallethrin at IC50/2 dosage. The red dotted lines in the images trace the edge of the cell migration front. The reduction in the scratch area was quantified under various conditions (compounds, dosages) and plotted for comparison. Scale bar: 500 µm. * indicates p < 0.05. 
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