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Consumer use of cannabidiol (CBD) is growing, but there are still data gaps regarding its possible adverse effects on reproduction and development. Multiple pathways and signaling cascades involved in organismal development and neuronal function, including endocannabinoid synthesis and signaling systems, are well conserved across phyla, suggesting that Caenorhabditis elegans can model the in vivo effects of exogenous cannabinoids. The effects in C. elegans on oxidative stress response (OxStrR), developmental timing, juvenile and adult spontaneous locomotor activity, reproductive output, and organismal CBD concentrations were assessed after exposure to purified CBD or a hemp extract suspended in 0.5% sesame oil emulsions. In C. elegans, this emulsion vehicle is equivalent to a high-fat diet (HFD). As in mammals, HFD was associated with oxidative-stress-related gene expression in C. elegans adults. CBD reduced HFD-induced OxStrR in transgenic adults and counteracted the hypoactivity observed in HFD-exposed wild-type adults. In C. elegans exposed to CBD from the onset of feeding, delays in later milestone acquisition were irreversible, while later juvenile locomotor activity effects were reversible after the removal of CBD exposure. CBD-induced reductions in mean juvenile population body size were cumulative when chronic exposures were initiated at parental reproductive maturity. Purified CBD was slightly more toxic than matched concentrations of CBD in hemp extract for all tested endpoints, and both were more toxic to juveniles than to adults. Dosimetry indicated that all adverse effect levels observed in C. elegans far exceeded recommended CBD dosages for humans.
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1 INTRODUCTION
Endocannabinoid signaling plays an essential role in organismal development, and exposure to exogenous cannabinoids can alter the activity of these signaling pathways, resulting in adverse outcomes such as low birth weight, preterm birth, and increased need for neonatal intensive care (Campolongo et al., 2011; ACOG, 2017; Gunn et al., 2016; Baía and Domingues, 2022). Despite the growing use of cannabidiol (CBD) for stress relief, relaxation, and sleep improvement, few studies have assessed the effects of CBD exposure, either purified or in hemp plant extracts, during pregnancy and early development, thus creating critical data gaps (Lee and Hardy, 2021; Argueta et al., 2020; Wheeler et al., 2020; Saleska et al., 2022).
Caenorhabditis elegans are non-pathogenic small nematodes with a 3-day lifecycle. Numerous genetic pathways involved in organismal development, neuronal function, and responses to toxic chemicals are conserved across phyla, including humans and nematodes, suggesting that toxicity data from small model organisms such as C. elegans can contribute to weight of evidence evaluations for safety assessment (Leung et al., 2008; Masjosthusmann et al., 2018; Hartman et al., 2021; EMA/CHMP/ICH, 2020). Multiple aspects of endocannabinoid signaling are conserved from nematodes to humans (Pastuhov et al., 2016; Levichev et al., 2023). Endocannabinoid transmitters 2-arachidonoylglycerol (2-AG) and anandamide (AEA) have been found throughout the animal kingdom, and C. elegans encodes members of each of the seven transient receptor potential ionotropic cannabinoid receptor subfamilies (Paulsen and Burrell, 2019). Both 2-AG and AEA have indirect effects on monoaminergic (serotonin, dopamine, GABA) neurotransmitter signaling in rodents and C. elegans (Oakes et al., 2019; Linge et al., 2016; Huestis et al., 2019; Fernandez-Ruiz et al., 2010). Increased levels of endocannabinoids increase the latency to antinociceptive behaviors in mice (tail withdrawal in response to heat) (Long et al., 2009) and C. elegans (aversive responses to a noxious chemical) (Oakes et al., 2017). In C. elegans and mammals, AEA has analogous effects on appetitive and consummatory feeding behaviors (Levichev et al., 2023). These AEA-induced effects on feeding behavior in C. elegans require the mammalian CB1 receptor ortholog NPR-19, and the transgenic human CB1 receptor gene CNR1 can restore the behavioral responses to AEA in C. elegans npr-19 null mutants (Oakes et al., 2017; Levichev et al., 2023). Taken together, these findings indicate that C. elegans may be an informative model for evaluating the apical in vivo effects of hemp-derived cannabinoids.
Within tiered testing or assay battery approaches, alternative in vivo models can contribute to developmental and reproductive toxicity assessments (EMA/CHMP/ICH, 2020). The C. elegans model has high positive predictive values for mammalian developmental toxicants, neurotoxicants, and conserved modes of chemical action (Boyd et al., 2016; Cole et al., 2004; Hartman et al., 2021; Masjosthusmann et al., 2018). In this study, the effects of purified CBD and a CBD-rich hemp extract were assessed in C. elegans juveniles on body size, timing of achievement of developmental milestones, and locomotor activity, and in adults on body size, oxidative stress response, spontaneous locomotor activity, and reproductive output. Whole animal tissue concentrations of CBD were also assessed after 24 h exposure in both juveniles and adults.
The C. elegans cuticle provides a protective and highly impervious barrier between the animal and its environment (Page and Johnstone, 2007); therefore, exposure in C. elegans toxicity testing is primarily via the oral route. Although absorption can occur through the cuticle and underlying ectodermal tissues, especially during larval molting, over the course of development this is likely to be a small fraction relative to exposure via the digestive tract. The micro-packaging of hydrophobic nutraceuticals and functional plant extracts in emulsions improves chemical stability and delivery, making the use of emulsions in beverages an emerging trend in the food industry (Tireki, 2021). Emulsions have been successfully used for the oral delivery of a hydrophobic nutraceutical in C. elegans (Shen et al., 2019). Our initial experiments using CBD sesame-oil-in-milk emulsions were found to produce dose-response effects on oxidative stress response and developmental timing, so the emulsion delivery method was used for this study.
2 MATERIALS AND METHODS
2.1 Reagents and test articles
Tween 80 (polysorbate 80) was obtained from Sigma-Aldrich (St. Louis, MO, United States), CAS number 9005-65-6. Sesame oil was obtained from Sigma-Aldrich, CAS number 8008-74-0, stored at 4°C and used within 3 months of opening the bottle. Purified cannabidiol (CBD) was obtained from Cayman Chemical (Ann Arbor, MI, United States), CAS number 13956-29-1, ≥98% purity. Isotopically labeled internal standard stock solution of CBD-D3 (SKU: C-084, 0.1 mg/mL in methanol, Cerilliant®) was purchased from Sigma-Aldrich. Acetonitrile (CHROMA-SOLV ™, LC-MS grade) was purchased from Fisher Scientific (Hampton, NH, United States). Ultrapure deionized water (resistivity 18.2 MΩ-cm) was produced using a Milli-Q system from Millipore Sigma (Burlington, MA, United States).
An ethanolic hemp extract was provided by the National Center for Natural Products Research at the University of Mississippi, University, MS, USA. The concentrations of cannabinoids in the extract were reported to be: tetrahydrocannabinol at 1.6 mg/mL, CBD at 52.6 mg/mL, cannabichromene at 1.5 mg/mL, tetrahydrocannabivarin at 0.1 mg/mL, cannabigerol at 1.3 mg/mL, and cannabinol at 0.2 mg/mL (Zhao et al., 2023). These concentrations were verified to be ≤7.1% difference prior to use. Ethanol was removed from the hemp extract using a CentriVap® Centrifugal Concentrator from Labconco® Corporation (Kansas City, MO). Two cycles of centrifugation with no heat were used to evaporate ethanol from the samples. Between each cycle, the samples were placed on ice for 10 min to cool. After centrifugation and evaporation, samples were reconstituted in sesame oil, and CBD concentration was measured by ultra-high performance liquid chromatography-electrospray tandem mass spectrometry (UHPLC-ESI MS/MS, Agilent Technologies, Santa Clara, CA) prior to the experiments. Verified concentrations were then used to calibrate hemp extract exposures by CBD concentration. Initial hemp extract resuspensions in sesame oil allowed for the maximum exposures of 960 μg/mL CBD used for the experiments described in Sections 3.2–3.4. Later preparations achieved slightly more concentrated hemp extract in sesame oil, allowing for the 1,000 μg/mL CBD exposures used for the experiments in Sections 3.5 and 3.6.
2.2 Strains and maintenance
C. elegans strains CL2166 (gst-4p::GFP, oxidative stress response), PD4251 (myo-3p::GFP, progeny-to-adult ratio assay), and wild-type (N2, all other assays) were supplied by the Caenorhabditis Genetics Center (CGC), which is supported by the US National Institutes of Health—Office of Research Infrastructure Programs (P40 OD010440). All strains were initially grown on agar plates with a continuous ample E. coli food supply prior to hypochlorite treatment and transfer to C. elegans habitation medium (CeHM) —a mixture of 80% chemically defined nutrient medium and 20% non-fat cows’ milk (Clegg et al., 2002; Sprando et al., 2009). CeHM was prepared as per Hunt et al. (2023). Prior to use in testing, frozen strains were maintained in CeHM in vented flasks on orbital shakers inside hot/cold incubators set to 20°C for a minimum of 3 weeks with continuous ample food supply. To avoid genetic drift, strain aliquots were utilized for a maximum of 6 months prior to acclimating a fresh aliquot that had been frozen within a few weeks of receipt from the repository. Crowded culture flasks or those with dauers were discarded. C. elegans males spontaneously arise only rarely and do not seem to propagate in liquid culture on shakers; therefore, exposed C. elegans were presumed to be hermaphrodites. Culture maintenance and exposures were performed in incubators set to 20°C unless otherwise noted.
2.3 Emulsion preparation, assessment, and exposure methods
Stable emulsions can be prepared by adding an emulsifier and a surfactant to a mixture of oil-in-water (Zhang et al., 2020). For the emulsions in this study, the proteins in cow’s milk acted as emulsifiers, and the Tween 80 (Polysorbate 80) as a food-grade surfactant. An example emulsion preparation worksheet is provided as Supplementary Table 2.
Step 1, mixture preparation: 1 mL of either a) sesame oil, b) purified CBD in sesame oil, or c) hemp extract of predetermined CBD concentration in sesame oil was mixed with 19 mL of a mixture of 1% Tween 80 in non-fat cows’ milk (1%Tw80).
Step 2, emulsion preparation: each mixture was vortexed for at least 1 min, then passed eight times through an LV1 microfluidizer (Microfluidics, Westwood, MA, Unites States) at 10 kpsi.
Step 3, exposure: emulsions were then used as 10× dosing solutions in CeHM for final exposures of 0.5% sesame oil and 0.095% Tw80. Early evaluations comparing 10× dosing solutions of water, non-fat cows’ milk, and 1%Tw80 did not produce differences in oxidative stress response or developmental timing (data not shown). Hence, subsequent experiments used only two negative controls: the vehicle control emulsion (VCe) and 1%Tw80 for dosing.
Emulsion particle size and zeta potential were measured with a ZetaPALS from Brookhaven Instruments (Holtsville, New York) using 92-nm latex particles and BI-ZR5 Zeta potential validation material (ζ = −44 ± 8 mV) from the same company as internal standards. The emulsions were utilized in such a way that experiments were completed within 8 days of emulsion preparation. No changes, such as an oily surface or precipitation in the media, were noted by eye or microscopy in exposed wells during the experiments or in the 10× dosing emulsions, which were maintained for up to 2 months at 4°C to assess stability. These observations are in contrast with initial emulsion preparations using lower psi or fewer passes through the microfluidizer, which resulted in a visible oily sheen at the top of the experimental wells within a day or two.
2.4 Evaluation of oxidative stress response
The transgenic C. elegans strain CL2166 (gst-4p::GFP) was used as a biomarker for the conserved Nrf2-mediated oxidative stress response. Synchronized cohorts were exposed for 24 h, from the onset of the young adult stage, as determined by at least 50% of the cohort having at least one visible primary oocyte but no internal fertilized eggs. This occurred at approximately 65 h post L1 feeding in both wild-type and CL2166 worms grown at 20°C in CeHM. The effects on C. elegans transgene expression, size, and optical density were evaluated with a COPAS® (Union Biometrica, Holliston, MA). Because the progeny can be easily gated separately from the original exposed cohort, no contraceptive was needed. Morphometric time-of-flight (TOF) measurements can be used as phenotypic comparisons to controls to define population health. Populations with mean TOF values that differed from matched controls by > 20% were excluded from analyses. The data shown are the mean green fluorescence values relative to the control and include no effect levels where available up to the highest concentration obtainable that maintained TOF within 80% of the control. Significance was determined from a minimum of four independent experiments per exposure group for Student’s T-test p-values *<0.05, # <0.005. Mean changes considered biologically meaningful were ≥10% for fluorescence and ≥5% for TOF.
2.5 The worm Adult Activity Test (wAAT)
See Hunt et al. (2023) for detailed methods for this assay. Briefly, synchronized N2 wild-type C. elegans were exposed to the contraceptive 5-fluoro-2′-deoxyuridine (FUdR) when at least 50% of the cohort had reached the mid-L4 stage. Adults were exposed the following day to purified CBD or CBD-rich hemp extract. Spontaneous locomotor activity levels were recorded for 18 h with a WMicroTracker™ (Phylumtech, Santa Fe, Argentina), an activity tracking instrument placed in a hot/cold incubator set to 20°C. Data were analyzed using the web tool https://waat.galaxytrakr.org. The data presented comprise five independently generated cohorts assessed with three or four independently produced emulsion preparations.
2.6 Progeny ratio assay
See Camacho et al. (2023) for detailed methods for this assay. Briefly, C. elegans strain PD4251 grows with wild-type parameters but glows a bright green from just before hatching and throughout adulthood, facilitating the gating of small progeny from the background with a COPAS. Stock cultures and exposed cohorts were maintained at 19°C so that all experimental steps could take place between 8 am and 8 pm Age-synchronized cohorts were continuously exposed via their nutrient media from the onset of reproductive maturity (the young adult stage), as determined by microscopy, when at least half of the population had a visible primary oocyte but no fertilized eggs. An example worksheet for this assay is provided as Supplementary Table 1. Replicate plates were evaluated by COPAS at 2, 3, and 4 days post-dosing. Significance was determined from a minimum of three independent experiments per exposure group for Student’s T-test p-values <0.05. TOF changes of <5% were within the variance between controls for this instrument and therefore were not considered biologically meaningful.
2.7 The worm Development and Activity Test (wDAT)
The wDAT uses wild-type N2 C. elegans to measure the timing of developmental milestone acquisition and stage-specific spontaneous locomotor activity. Age-synchronized cohorts were exposed from the onset of feeding after hatching and were tracked for 3 days through the four developmental stages in 12-well plates placed in wMicroTrackers. In some wDAT experiments, cohorts were exposed continuously for 3 days. In others, as indicated, the reversibility of the developmental effect was evaluated, with C. elegans exposed for 24.5 h +/-0.5 h from the onset of the initial L1 feeding. These are referred to in the text as “early-only” exposures. To avoid starvation during the washing steps, worms were washed twice, two wells at a time, followed by resuspension in CeHM within 10 min of commencing the washing steps. An example worksheet for this assay is provided as Supplementary Table 1.
For this study, L1 stage-specific locomotor activity peak times and heights were evaluated differently than previously described. When peak shapes are relatively uniform across exposures, as was the case for the L2, L3, and L4 values presented here, a mean of 3.5 h of wMT data is usually sufficient to smooth activity curves and determine peaks (Camacho et al., 2022). However, the L1 activity curves for higher concentrations of CBD and hemp extract were very different in shape from the control curves. Therefore, in order to accurately reflect the time and activity at the mid-L1 stage, the peak time for all wDAT exposures was reported as half of the time to the L1–L2 lethargus (determined as the lowest wMT value between the L1 and L2 stages), and the L1 peak height was measured as the mean of 7.5 h of wMT data centered evenly around this midpoint.
At the higher concentrations of CBD, there was some loss of synchronous developmental timing, which resulted in less clear drops in wDAT activity between developmental stages in some experiments, especially in the L4-adult lethargus. Data points where some peak times had to be estimated from the overall shape of the activity curve, rather than from a clear post-peak drop in activity as seen with lethargus in synchronized populations, are indicated with a “!” in the figures. Additionally, some experiments did not meet the acceptance criteria, either for the shape of the control activity curves and/or for the observed contamination. This may be due to the microfluidizer being too large to fit into a biological safety cabinet and the 3-day duration of the wDAT providing time for contaminants to grow. The number of experiments on which the results are based is indicated in the caption for each figure.
2.8 CBD tissue concentration assessment
N2 C. elegans were exposed for 24 h at 20°C in 12-well plates with 900 µL CeHM plus 100 µL of 10× dosing emulsion per well, using either approximately 900 adults or 2,700 juveniles per well. L1 worms were counted right after the initial feeding, using a minimum of ten 5 µL samples; however, final worm numbers are estimates by necessity (Scanlan et al., 2018). Adults were exposed when at least 50% of the population had a visible internal oocyte, indicating that they had reached the young adult stage. Juveniles were exposed right after L1 feeding and counting. Adult plates were exposed on shakers to mimic the conditions used in the transgene and progeny ratio assay experiments. Juvenile plates were exposed without shaking, consistent with no shaking in the wDAT experiments. After 24 h, worm pellets were washed once each in 14 mL 0.1% Tween 80 in M9, 0.1% Tween 80 in water, and finally water. A total of 900µL of acetonitrile was added to the washed worm pellets in ∼100 µL of remaining water supernatant. To disrupt the cuticles, 2 mL Precellys hard tissue MK28-R tubes prefilled with 2.8 mm stainless steel grinding beads were used in a Precellys homogenizer (Bertin Corp., Rockville MD) set to 8500 rpm. Fifteen 30-s cycles were required to fully break up juvenile cuticles, but ten cycles were sufficient for adults. A 2-min rest on ice between homogenization cycles was used to cool the tubes. Mixed with 800 µL of acetonitrile were 100µL of worm homogenates, which were vortexed at 3,000 rpm for 30 s and then centrifuged for 10 min at 12,000 rpm to precipitate protein. Prior to analysis, 50 µL of the sample plus 50 µL of the internal standard were transferred to liquid chromatography amber glass vials with an integrated micro-insert for UHPLC-ESI-MS/MS analysis.
2.9 Experimental overview
An overview of the life stage, exposure duration, and assessment period for each of the experiments in this study is provided in Figure 1.
[image: Figure 1]FIGURE 1 | Diagram of experimental exposure and assessment periods. The time course of C. elegans life stages is shown from the first feeding after hatching (feed) through the four larval stages (L1–L4), young adult (yA, defined as producing oocytes but not yet having fertilized eggs in the uterus), and adult (A, at least one internal fertilized egg) stages. The oxidative stress response (OxStrR) was assessed using CL2166 C. elegans exposed for 24 h from the young adult stage, followed by assessment of fluorescence (a measure of gene expression) and time-of-flight (TOF, a measure of size). The worm Adult Activity Test (wAAT) assessed contraceptive (FUdR)-exposed adult wild-type C. elegans for spontaneous locomotor activity changes. The wAAT assay included a 2-h baseline acquisition prior to exposure, followed by exposure and tracking for 18 h. The worm Development and Activity Test (wDAT) tracked the timing and spontaneous locomotor activity of wild-type C. elegans. For continuous wDAT exposure, synchronous cohorts are exposed within 30 min of first feeding through to the adult stage. For early-only wDAT exposures, cohorts were exposed for the first 24 h following the first feeding, then washed, re-fed, and put back into the tracker for assessment through to the adult stage. For whole-worm tissue concentration assessments, 24 h exposures were begun either at first feeding or at the yA stage, using wild-type C. elegans. After exposure, worms were washed, homogenized, extracted, and frozen for later (∼) analysis. The developmental timing of C. elegans depends on temperature. Progeny ratio experiments were conducted using PD4251 C. elegans incubated at 19°C so that all experimental steps could be accomplished during the daytime. Progeny ratio exposures were continuous, beginning from the young adult stage, and replicate plates were used for analyses on days 2, 3, and 4 post-dosing.
3 RESULTS
3.1 Emulsions
Emulsions were prepared as described in Section 2.3 to produce 10× dosing solutions that comprised 5% sesame oil in a mixture of 1% Tween 80 in homogenized non-fat cows’ milk (1%Tw80). We mixed 20µL of vehicle control emulsion (VCe), purified CBD emulsion, or hemp extract emulsion with 1,980 µL water for zeta potential and particle size assessments.
Zeta potential analysis detected mean electrostatic charge on emulsion particles for 1%Tw80, VCe, CBD, and hemp extract (Extract) ranging from −20 to −30 mV (Figure 2A). BI-ZR5, an internal control for negatively charged particles, registered within the reference range. Dynamic light scattering indicated that the mean size of particles in the 1%Tw80 control was approximately 200 nm, and the emulsified oil mixtures did not differ significantly from this value (Figure 2B). Since CeHM is 20% non-fat cow’s milk, these data are consistent with the C. elegans responding to the emulsion particles in the same way as to their typical food source.
[image: Figure 2]FIGURE 2 | Emulsion particle charge and diameter measurements. 10× dosing emulsions were prepared using 5% sesame oil in a blend of 1% Tween 80 in non-fat cow’s milk (1%Tw80). (A) Mean emulsion particle charge, using BI-ZR5 as an internal reference for negatively charged particles. (B) Mean particle size, using 92-nm latex beads as an internal reference (92 nm std.). The number of independent experiments is listed in bold at the base of each column. Error bars indicate the standard deviation over the number of assessments listed.
3.2 Evaluation of oxidative stress response bioreporter expression
Diets high in fat are associated with oxidative stress in mice, rats, and humans (Le Lay et al., 2014; Ding et al., 2023; Noeman et al., 2011; Tan and Norhaizan, 2019). Expression from the promoter of the C. elegans glutathione S-transferase 4 (gst-4) gene, attached to the coding sequence for green fluorescent protein (GFP) in the transgenic strain CL2166 is used as a bioreporter of oxidative stress response (OxStrR) (Link and Johnson, 2002; Blackwell et al., 2015). To test for OxStrR, CL2166 worms were exposed from the beginning of the young adult stage, which began approximately 65 h post initial feeding after hatching. The vehicle control nanoemulsion (VCe) exposed the C. elegans to 0.5% sesame oil, a high-fat diet for this model. With exposure to VCe for 24 h, OxStrR transgene expression was increased three-fold over the matched oil-free vehicle control exposure of 0.1% Tween 80 in cows’ milk (0.1%Tw80) (Figures 3A,B).
[image: Figure 3]FIGURE 3 | Oxidative stress bioreporter (OxStrR) gene expression and biometric analysis. GFP fluorescence and time-of-flight (TOF, a measure of body size) were measured with a COPAS microfluidic laser instrument using the transgenic C. elegans strain CL2166, a bioreporter for changes in oxidative stress response gene expression (OxStrR, dotted bars). (A, B) CBD, purified or in hemp extract, reduced OxStrR in a dose-dependent manner. (A) Exposure to purified CBD for 24 h from the onset of adulthood significantly reduced TOF (striped bars) at exposures of 400 μg/mL and above. (B) Hemp extract at matched CBD concentrations significantly reduced TOF only at 960 μg/mL. The number of independent experiments is listed in bold at the base of each column, and the error bars indicate the standard deviation among the listed number of experiments (note that the variance for TOF was very small, making the error bars appear as a single line). Bars indicate changes normalized in each experiment to the 0.1%Tw80 control. Student’s t-test p-values from a minimum of four independent experiments of (*) ≤ 0.05 and (#) ≤ 0.005 were considered statistically meaningful. Minimum mean changes of 5% or 10% from control were considered biologically meaningful for TOF and fluorescence, respectively. Symbols in black indicate significant differences from the VCe control for GFP bioreporter expression, while red asterisks indicate significant differences from the 0.1%Tw80 control for TOF.
CBD has been shown to reduce markers of inflammatory and oxidative processes in human cell cultures and laboratory mammals (Atalay et al., 2019). In C. elegans exposed to purified CBD or hemp extract for 24 h from the onset of adulthood, OxStrR gene expression was dose-dependently reduced (Figure 3, dotted bars). Compared to the VCe control, purified CBD reduced the HFD-induced OxStrR response to approximately 50% over the oil-free 0.1%Tw80 control at 100 μg/mL (Figure 3A), while an equivalent concentration of CBD in hemp extract similarly reduced reporter expression at 50 μg/mL (Figure 3B). Hemp extract at 200 μg/mL CBD and above reduced HFD-induced reporter expression to within 25% of the oil-free control, while this occurred for purified CBD only at 500 μg/mL and above.
In microfluidic laser instrument measurements, time-of-flight (TOF) is an indication of body size. Purified CBD significantly reduced TOF (Figure 3A, gray striped bars) at exposures of 400 μg/mL and above, consistent with acute toxicity at high CBD concentrations. Although purified CBD reduced OxStrR biomarker expression to below the 0.1%Tw80 oil-free control at 750 μg/mL and above, this reduction in transcription may be due to toxicity, as indicated by reduced TOF, rather than reduced oxidative stress. In contrast, hemp extract significantly reduced TOF only at the highest tested concentration. Note that in this set of experiments, the highest achieved CBD concentration in hemp extract was 960 μg/mL, not 1,000 μg/mL as with purified CBD.
3.3 The worm Adult Activity Test (wAAT)
Wild-type adult C. elegans were assessed for acute effects on spontaneous locomotor activity with exposure to emulsified CBD or hemp extract containing matched concentrations of CBD. The data presented represent experiments with five independently generated cohorts, using three independent emulsion dosing preparations. One of the five experiments from the hemp extract dataset was excluded due to not meeting all wAAT acceptance criteria for negative controls as described in Hunt et al. (2023).
In rodents, high-fat diets can reduce locomotor activity (Arika et al., 2019; Han et al., 2020). A comparison of the 0.5% sesame oil vehicle control emulsion (VCe) versus the oil-free (0.1%Tw80) controls from both datasets relative to their well-matched baseline activity prior to dosing demonstrates that VCe significantly reduced motor activity by a mean of 19% relative to 0.1%Tw80 across the 18-h test period and that the 95% confidence intervals around the means no longer overlap after 2 h of exposure (Figure 4A).
[image: Figure 4]FIGURE 4 | Spontaneous locomotor activity in synchronized adult populations. Mean population locomotor activity in wild-type adult C. elegans was measured with an infrared beam interruption device and analyzed with the web tool https://waat.galaxytrakr.org. (A) Graph of the mean of all oil-free control (0.1%Tw80, upper blue line) and vehicle control emulsion (VCe, lower pink line) activity levels over the course of the 18-h test for both CBD and hemp extract data sets, and the shaded areas indicate the 95% confidence band around the mean values. (B) Data over the 18-h test period using the model-predicted minimum activity as the determinant profiler is shown, with the model-predicted minimum value in bold and the confidence interval in parentheses. Statistically significant minimum activity greater than VCe is indicated by a ^ symbol, while # indicates concentrations where purified CBD was significantly different from CBD in hemp extracts. (C) Graph of the mean effects of purified CBD on activity levels relative to 0.1%Tw80. (D) Graph of the mean effects of CBD in hemp extract effects on activity levels relative to 0.1%Tw80.
In some, but not all, rodent studies, oral CBD exposure can produce mild hyperlocomotion (Britch et al., 2017; Hlozek et al., 2017). Significant increases in locomotor activity above VCe were detected after exposures to 200, 400, and 750 μg/mL CBD, either purified or in hemp extract (Figure 4B, ^ symbol), consistent with CBD’s amelioration of the locomotion effects of a high-fat diet. Other concentrations also increased activity above VCe, but the variability (as indicated by the 95% confidence intervals shown in parentheses in Figure 4B) was too large for significance. Populations exposed to 400 or 750 μg/mL CBD from either the purified chemical or in hemp extract significantly differed from each other (Figure 4B, # symbol), with the hemp extract closer to the oil-free control. Purified CBD at 200 μg/mL to 500 μg/mL restored spontaneous locomotor activity to 0.1%Tw80 levels within approximately 8–12 h of exposure (Figure 4C), while none of the hemp exposures tested were significantly different from the oil-free 0.1%Tw80 control over the 18 h assessment period (Figures 4B,D). Together, these data indicate that purified CBD was less effective than CBD in hemp extract in counteracting the hypoactivity effects of the sesame oil emulsion in adult C. elegans.
Purified CBD at 750 μg/mL and 1,000 μg/mL also increased motor activity above VCe but to a lesser extent than lower concentrations of purified CBD or matched concentrations of CBD in hemp extract (Figures 4B,C). These data are consistent with a U-shaped activity curve and a reduction in benefit at 750 μg/mL and above for purified CBD. Acute toxicity, as measured by a reduction in motor activity to less than 60% of control, as previously observed with mercury and arsenic (Hunt et al., 2023), did not occur at any tested CBD concentration in either preparation.
3.4 Progeny ratio assay
The C. elegans progeny-to-adult ratio assay measures the number of progeny relative to the number of adults in control and exposed populations, and it also provides information on microfluidic/laser technology morphometry as time-of-flight (TOF), a measure of size. Age-synchronized C. elegans were continuously exposed from the onset of reproductive maturity in the parental cohort. Replicate plates were assessed at 2-, 3-, and 4-days post-dosing, equivalent to days 5–7 post L1 feeding (pL1f) of the parental population. Initial testing was also conducted on parental day 8 pL1f, but the control parental and progeny populations could no longer be separated by gating at that point.
For populations exposed to purified CBD at 400 μg/mL and above, progeny output relative to the matched vehicle control emulsion (VCe) was significantly reduced in a dose-dependent manner, and these reductions were relatively consistent over the 3-day assessment period (Figure 5A). However, for the matched CBD concentrations in the hemp extract, only 750 μg/mL and 960 μg/mL significantly reduced progeny output, and only on days 2 and 3 post-dosing (d2pD and d3pD) (Figure 5B). Based on the reproductive effects of individual concentrations of purified CBD and hemp extract normalized to CBD concentration, there was a marked difference between the two, especially at the three highest tested concentrations. For example, with exposures of 750 μg/mL purified CBD, the ratio of progeny to adults was reduced by 71% on d2pD, and 62% on d3pD and d4pD relative to VCe controls. At 750 μg/mL CBD in hemp extract, the ratio of progeny to adults was reduced by 32%–33% on d2pD and d3pD, and a non-significant mean downward trend of only 7% on d4pD.
[image: Figure 5]FIGURE 5 | Progeny-to-adult ratio and biometric analysis. Assessment on days 2, 3, and 4 post-dosing of the ratio of progeny to adults plus morphometry in populations continuously exposed from the onset of reproductive maturity in the parental population. This assay uses PD4251, a C. elegans strain that glows bright green upon laser excitation, to allow for the separation of the smallest progeny from the background noise generated by the nutrient media. (A, B) Ratio of progeny to adults for purified CBD, and for hemp extract concentrations matched for CBD content. (C, D) Mean adult population time-of-flight (TOF, an indicator of size). (E, F) Mean TOF of the progeny population. Changes were considered meaningful if the mean difference (three independent experiments minimum) from vehicle emulsion (VCe) control was ≥5% and values normalized to the plate-matched controls had Student’s t-test p-values of <0.05 (*) or <0.005 (#).
Each independent experiment for CBD or hemp extract was performed with three replicates (one for each day of assessment) of two plates, one for low concentrations and the other for high concentrations plus the oil-free 0.1%Tw80 and 5-fluoro-2′-deoxyuridine (FUdR) controls, with each plate having a VCe control. The difference in progeny output between the VCe controls on the two plates was not significantly different at any assessed time point. Progeny output for the 0.1%Tw80 control was reduced by a mean of 17% only for the CBD set of experiments, and only for d4pD. This may have been due to slight overcrowding of C. elegans by the fourth day of continuous exposure and consequent reduction in nutrient resources. FUdR at 5 μg/mL was used as a positive control for reducing reproductive output. In FUdR-exposed populations, few or no progeny were observed by microscopy or counted by the COPAS (Figures 5A,B). In contrast to FUdR’s effects on reproduction, adults exposed to FUdR had normal body size as measured by TOF (Figures 5C,D).
On d2pD, purified CBD was associated with mean adult body size reductions of 10%, 22%, and 30% at 500 μg/mL, 750 μg/mL, and 1,000 μg/mL, respectively (Figure 5C). On d3pD, smaller mean changes in adult body size became statistically significant at lower concentrations, with 5% reductions in TOF at 300 μg/mL and 400 μg/mL (Figure 5C); however, the overall dose-dependent trend did not change for purified CBD over the 3 days of assessment. In contrast, CBD in hemp extract only reduced adult body size by 5%, 11%, and 14% at 500 μg/mL, 750 μg/mL, and 960 μg/mL CBD, respectively, and only on d2pD (Figure 5D). This more modest reduction in adult body size, and only at the earlier stage of chronic hemp extract exposure, is consistent both with a) progeny ratio data showing recovery of progeny output by d4pD (Figure 5B) and with b) significant reductions in adult body size in the oxidative stress reporter strain only at the highest 960 μg/mL CBD in hemp extract exposure (Figure 3B).
The mean juvenile population body size was reduced dose-dependently both with purified CBD and with matched concentrations of CBD in hemp extract, although again the lowest observed adverse effect levels (LOAELs) were lower for purified CBD relative to CBD in hemp extract (Figures 5E,F). Additionally, and in contrast to adults, there was a significant downward shift in mean juvenile body size with continued population exposure, suggesting possible germ cell-mediated developmental toxicity in later progeny and/or embryonic effects. By d4pD, the mean juvenile population body size LOAEL was 200 μg/mL for purified CBD (Figure 5E) or 400 μg/mL for CBD in hemp extract (Figure 5F), with reductions of 12% for both. At 750 μg/mL continuous purified CBD exposure, mean juvenile TOF values were reduced by 27% on 2dpD and d3pD, and by 46% on d4pD. At 750 μg/mL CBD in hemp extract, mean juvenile TOF values were reduced by 11%, 22%, and 29% on days 2, 3, and 4 post-dosing, respectively. These data are consistent with the cumulative effects on progeny with continuous chronic exposure from the time of parental reproductive maturity.
Under control conditions, C. elegans hermaphrodites are reproductively active for approximately 6 days after reaching the adult stage (Johnson, 1987). With testing through 4 days of continuous exposure beginning at the onset of reproductive maturity, the progeny-ratio-assay-identified C. elegans No Observed Adverse Effect Levels (NOAELs) for purified CBD to be 300 μg/mL for reproductive output, 200 μg/mL for adult toxicity as measured by reduced mean body size, and 100 μg/mL for juvenile toxicity as measured by reduced mean body size. NOAELs identified for CBD in hemp extract were 500 μg/mL for reproductive output, 400 μg/mL for adult toxicity, and 300 μg/mL for juvenile toxicity.
3.5 The worm Development and Activity Test (wDAT)
The wDAT uses an infrared beam locomotion tracking device to monitor both developmental timing and stage-specific locomotor activity in wells containing approximately 900 worms each, with three replicate wells per plate. C. elegans develop through four larval stages, designated “L1–4”, which can be monitored with the motion detection equipment due to lethargus, the brief period of reduced activity during cuticle molting between developmental stages (Figure 6A). This can be used to assess chemical effects on growth and behavior and also gives an indication of the synchrony of developmental timing within the population. The lack of decline in population locomotion after an activity peak is consistent with the microscopically observed asynchronous maturity in an exposed cohort. Peak time and height can be estimated for minor losses in synchronous cohort development, as indicated by the orange arrows pointing to the estimated L4 activity peaks for 500 μg/mL and 750 μg/mL CBD in Figure 6A. The orange “X” in Figure 6A indicates an example of a growth curve for a population that is developing too asynchronously to estimate an activity peak.
[image: Figure 6]FIGURE 6 | Worm Development and Activity Test (wDAT). (A) A single continuous exposure wDAT experiment is graphed. Activity peaks for the four larval stages are marked L1–4. “VCe L” and “VCe R” refer to the mean activity in vehicle control emulsion wells in simultaneously run left and right plates, respectively. Orange arrows indicate estimated peak times and heights. The orange “X” indicates a high concentration curve for which development within the population was not sufficiently synchronized to estimate an L4 peak. (B) A single early-only exposure wDAT experiment is graphed. The washing and re-feeding period is indicated by a break in the data at 25 h. Developmental delays, as indicated by a right shift of the peaks, remained after CBD was removed, but the hypoactivity, as indicated by reduced peak height in (A), was not observed. (C, D) Data from a set of four independent continuous exposure CBD experiments are graphed. “VCe L-R” indicates the difference between control wells in plates run side-by-side, indicating experimental variability. Orange “!” symbols followed by a number indicating how many experiments for which L4 peak time needed to be estimated, consistent with loss of synchronous development at higher concentrations of CBD. For each experiment, mean values across three wells were normalized to the plate-matched vehicle emulsion (VCe) control wells. Changes were considered biologically meaningful if the mean difference from the vehicle emulsion (VCe) control was ≥5% for delay and ≥10% for activity. Significant differences in Student’s t-test p-values of <0.05 or <0.005 are indicated by * or #, respectively.
As originally designed, the wDAT evaluates the effects of continuous exposure from the onset of feeding after hatching through to the adult stage. To evaluate the reversibility of developmental delays and motility changes caused by CBD, an “early-only” exposure paradigm was also used. For the early-only exposures, approximately 3,000 worms in single wells were exposed for 24.5 ± 0.5 h from initial L1 feeding, followed by washing, re-feeding, and transfer to three wells for further monitoring (Figure 6B). Representative individual continuous vs early-only exposure wDAT experiments demonstrate that continuous exposure to purified CBD caused both hypoactivity and developmental delay (Figure 6A), while early-only exposures were associated with later developmental delays but not later hypoactivity (Figure 6B). Initial range-finding experiments found small and inconsistent effects at CBD concentrations of 300 μg/mL and below; therefore, the subsequent experiments used 300 μg/mL as the minimum developmental exposure.
In a set of four independent continuous exposure experiments, purified CBD induced delays of ∼5%–40% in a dose-response manner from 400 μg/mL to 1,000 μg/mL (Figure 6C). CBD-induced delays were relatively consistent across all four larval stages for most exposures, with the exception that the 5% delay to mid-L1 reached statistical significance at 300 μg/mL CBD, and delays to L2 tended to be both greater than delays to the other stages and more variable (Figure 6C). Higher concentrations of purified CBD induced some but not total, loss of synchronous developmental timing within the population; at 1,000 μg/mL CBD, an L4 peak had to be estimated in three out of four total experiments (Figure 6C, indicated by an orange “!3”). The effects on locomotion were quite different for different stages, with significant hypoactivity at the L1 and L4 stages with 400 μg/mL to 1,000 μg/mL purified CBD, L3 hypoactivity only at the highest concentration, and hyperactivity at L2 with 500 μg/mL and 750 μg/mL CBD (Figure 6D). The raw data for this set of experiments is provided in Supplementary Data Sheet 1.
In a second set of wDAT experiments, continuous and early-only exposures for CBD and hemp extract were conducted simultaneously in order to distinguish reversible from irreversible developmental effects. For controls at 20°C in CeHM, the L1 stage lasts approximately 19 h and is entirely within the 24 h exposure period. Therefore, as expected, the L1 data from the continuous and early-only exposure data sets were not statistically different from each other (Figure 7A). For hemp extract exposures normalized to CBD concentration within the extract, L1, and L2 delays were similar to those seen with purified CBD (Figure 7B). As shown in Figure 6B, L2 locomotor activity was disrupted by washing and re-feeding; therefore, for L2, only the continuous exposure effects were evaluated. In this second set of experiments, purified CBD was not associated with significant L2 hyperactivity, but hemp extract was associated with hyperactivity at L2 (Figures 7C,D). The raw data for this set of experiments is provided in Supplemental Data Sheet 2.
[image: Figure 7]FIGURE 7 | Assessment of the reversibility of adverse developmental outcomes. Effects of purified CBD and hemp extract at each of the four larval stages from continuous and early-only exposures are shown as solid and striped bars, respectively. Note that due to the timing of the washing steps in the early-only exposures, L2 data were evaluated for continuous exposures only. Effects of (A) purified CBD and (B) hemp extract on the time to reach mid-L1 and mid-L2. Effects of (C) purified CBD and (D) hemp extract on spontaneous locomotor activity at L1 and L2. (E–H) Effects of CBD and hemp extract on L3 and L4 developmental timing and activity. An orange asterisk or “#” symbol indicates where there was a significant difference between the continuous and early-only exposures at the same concentration. This figure represents five independently derived cohorts exposed to three sets of independently prepared emulsions for the early-only data. However, controls from two of the five continuous exposure experiments graphed in E–L did not meet acceptance criteria, so data were based on only three experiments for this set, which was reflected in higher p-values and lower confidence. For each experiment, the mean values across three replicate wells were normalized to the plate-matched vehicle emulsion (VCe) controls. VCe ϴ indicates control change values in the left plate, which are defined as zero, and VCe L-R indicates the difference between control wells in the left and right plates, giving an internal measure of experimental variability. Changes were considered meaningful if the mean difference from the plate-matched vehicle emulsion (VCe) control was ≥5% for delay and ≥10% for activity. Significant differences are indicated as Student’s t-test p-values of <0.05 (*) or <0.005 (#).
At 20°C, control L3 activity peaks usually occur 38–40 h post initial L1 feeding, more than 12 h after removing the test article for early-only exposures. Not only were later delays not reduced by CBD removal, but there was a trend toward increased delays to L3 for early-only exposure populations (Figures 7E,F, striped bars) relative to continuous exposures (Figures 7E,F, solid bars). This trend achieved statistical significance at 500 μg/mL purified CBD, with L3 delays of 9% for continuous exposure but 17% with early-only exposure (Figure 7E, orange asterisk) and at 750 μg/mL CBD in hemp extract (Figure 7F, orange asterisk). In contrast to these irreversible effects on developmental delay, early-only CBD or hemp extract exposure was not associated with the later hypoactivity at L3 and L4 (Figures 7G,H), indicating that hypoactivity is a reversible effect.
In juveniles, the effects of the vehicle control emulsion relative to the oil-free control were inconsistent, with increased levels of activity with 0.1%Tw80 relative to VCe in some sets of experiments (Figures 6D, 7D) but not in others (Figures 7B,F,H).
3.6 CBD tissue concentrations
Adult and L1 C. elegans were exposed to CBD or hemp extract in emulsions for 24 h, then washed, homogenized, and assessed as described in Section 2.8 in four independent experiments. Mean internal CBD concentrations were 0.15, 0.22, and 0.29 ng CBD per juvenile C. elegans exposed to 300, 500, and 750 μg/mL purified CBD, respectively (Figure 8A). Although not statistically different from the purified CBD data set, the values were lower for hemp extract with 0.12, 0.13, and 0.19 ng CBD per juvenile worm exposed to hemp extract containing 300, 500, and 750 μg/mL CBD, respectively. Mean internal CBD concentrations were 1.47, 2.30, and 2.32 ng CBD per adult C. elegans exposed to 300, 500, and 750 μg/mL CBD, respectively (Figure 8A). For hemp extract, the values were 1.27, 2.00, and 2.85 ng CBD per adult worm for adults exposed for 24 h to hemp extract containing 300, 500, and 750 μg/mL CBD, respectively. Although the mean values indicate a trend toward increasing internal CBD concentrations with increasing exposure concentrations, only the adult worms exposed to 300 vs. 750 μg/mL CBD in hemp extract were statistically different from each other with a Student’s t-test p-value of <0.05. CBD was not detected in worms exposed to the vehicle control.
[image: Figure 8]FIGURE 8 | Assessment of tissue concentrations of CBD in C. elegans. (A) CBD concentrations in C. elegans exposed and analyzed as described in Section 2.8. Bars indicate the mean value of four independent experiments, and error bars indicate the standard deviations. (B) Concentration in ng CBD per mg C. elegans tissue, calculated as described in Section 3.6.
The volume of a juvenile C. elegans 24 h after L1 feeding (24hpL1f) has been calculated to be approximately 0.35 nL, and the volume of an adult to be approximately 6 nL (Knight et al., 2002). Therefore, a pellet containing approximately 10,000 adult C. elegans should have a volume of approximately 60µL, which is consistent with our observations. The density of well-fed L1 through L3 C. elegans has been measured to be approximately 1.091 g/mL and adult density to be approximately 1.074 g/mL 24 h after the L4 adult molt (Reina et al., 2013). Taking these published values together, the approximate mass/worm would be ∼0.38 µg for 24hpL1f C. elegans and ∼6.44 µg for adults. Dividing the nanogram CBD-per-worm values above by the calculated mass per worm, tissue concentrations ranged between 200–and 770 ng CBD per mg C. elegans tissue, with the highest tissue concentrations at each exposure being in juveniles exposed to purified CBD (Figure 8B). Although there was a trend toward higher CBD levels in purified CBD-exposed juvenile tissues, the juvenile versus adult and purified CBD versus hemp extract-exposed tissues were not statistically different at any tested concentration (Figure 8B).
4 DISCUSSION
Edible products containing cannabidiol (CBD) or hemp extracts are widely available, and sales are increasing in the United States (Astray et al., 2023; Li et al., 2021; Saleska et al., 2022). Despite the widely perceived safety of CBD, its potential reproductive, developmental, and chronic exposure effects have not been sufficiently studied to determine safe levels for consumer use in foods and supplements (Argueta et al., 2020; Lee and Hardy, 2021; Henderson et al., 2023). Additionally, the effects of exposure to the mixtures of multiple cannabinoids in hemp extracts have not been adequately assessed for toxicologic interactions (Gingrich et al., 2023). The packaging of adult CBD doses into small edible products that resemble cookies or candy has increased the risk of accidental overdose in children and increased the need for more information on potential developmental and reproductive effects (Wong and Baum, 2019; Barrus et al., 2016).
Complex biological processes such as organismal developmental timing and chemically induced neurobehavioral effects cannot be fully modeled with currently available in vitro and microphysiological systems (Sachana et al., 2019; Blum et al., 2023). In contrast, concordance has been demonstrated for chemical effects in mammals and the microscopic nematode Caenorhabditis elegans for apical endpoints such as developmental delay and locomotor activity changes, in addition to chemical modes of toxic action (Masjosthusmann et al., 2018; Boyd et al., 2016; Cole et al., 2004; Hartman et al., 2021). Given that there is a broad conservation of endocannabinoid signaling across the animal kingdom (Pastuhov et al., 2016; Levichev et al., 2023; Paulsen and Burrell, 2019; Oakes et al., 2019), the C. elegans model may be useful for filling data gaps on the effects of cannabinoids and their mixtures.
Compared to testing with laboratory mammals, C. elegans can provide more rapid and less costly apical effect toxicity information (Hunt et al., 2020). One of the strengths of the C. elegans model for food-related chemical assessment is that it is primarily an oral toxicity model. In this study, emulsions were used to expose C. elegans to lipophilic CBD or hemp extract in an aqueous nutrient medium. Analysis of the prepared emulsions indicated that they had particles with similar mean negative charge and diameter compared to the oil-free control (Figure 2). This suggests that C. elegans responded to the emulsion particles in a similar manner to their normal C. elegans habitation medium food source.
High-fat diets (HFDs) are associated with increased oxidative stress in humans and other mammals (Le Lay et al., 2014; Matsuzawa-Nagata et al., 2008; Ding et al., 2023; Noeman et al., 2011). CBD reduces oxidative stress in human cell cultures, mice, rats, and C. elegans, at least in part through nuclear erythroid 2-related factor (Nrf2)-mediated transcriptional activation (Bielawiec et al., 2021; Zhang et al., 2022; Atalay et al., 2019; Juknat et al., 2013; da Cruz Guedes et al., 2023). The C. elegans glutathione S-transferase 4 gene is often used as a bioreporter for the activation of oxidative stress response (OxStrR) gene expression, which is controlled by the C. elegans ortholog of Nrf2 (Blackwell et al., 2015). The vehicle control emulsion (VCe) carrier exposed the C. elegans to 0.5% sesame oil, a higher fat diet for this model (Gottschling and Doring, 2019). Compared to the oil-free control, VCe increased OxStrR bioreporter transgene expression approximately three-fold, and CBD at concentrations of 25 μg/mL and above reduced OxStrR in a dose-dependent manner (Figure 3A). At matched CBD concentrations of 25–500 μg/mL, hemp extract reduced OxStrR slightly more than purified CBD (Figure 3B). Additionally, there were small but statistically significant reductions in adult body size in this 24-h adult exposure assay for purified CBD at 400 μg/mL and above, while there were significant reductions in body size only at the highest tested concentration of 960 μg/mL CBD in hemp extract (Figure 3). Together, these data suggest that, as observed in humans and other mammals, HFD induces oxidative stress in C. elegans and that CBD in conjunction with other cannabinoids in hemp extract may be both more effective in reducing HFD-induced OxStrR and less toxic than purified CBD.
In mice, there is a clear association between HFD and hypolocomotion (Sharma and Fulton, 2013; Han et al., 2020; Wong et al., 2015; Branecky et al., 2015; Bjursell et al., 2008; Lavin et al., 2011). Some rat studies reported a correlation between HFD and reduced spontaneous locomotor activity, although others did not (Arika et al., 2019; Chia-Ying et al., 2018; Maric et al., 2022). In humans, correlations have been reported between higher fat intake and reduced physical activity, but it is not known whether the relationship is causal (Wong et al., 2015). In this study, exposure to the 0.5% sesame oil emulsion significantly reduced spontaneous locomotor activity in adult C. elegans relative to the oil-free control (Figure 4A). In juveniles, the HFD hypoactivity effect was not consistent, with slightly higher spontaneous locomotor activity in the oil-free-control-exposed cohorts relative to VCe in some experiments but not in others (Figures 6, 7).
Some studies have reported that CBD induces mild hyperlocomotion in rats, while others have found no CBD effects on behavior (Britch et al., 2017; Hlozek et al., 2017). CBD can ameliorate induced hypolocomotion in rodent models of arthritic inflammation, chronic liver disease, and Parkinson’s disease (Britch and Craft, 2023; Peres et al., 2016; Magen et al., 2009). Previous studies in C. elegans have demonstrated that both CBD and its related compound cannabigerol can improve healthspan by reducing the hypoactivity effect of aging in chronically exposed older cohorts (Kulpa et al., 2023; Land et al., 2021). Additionally, CBD has been reported to improve motor impairment and behavioral alterations in C. elegans models of Alzheimer’s and Parkinson’s disease (Zhang et al., 2022; Wang et al., 2021; Muhammad et al., 2022; da Cruz Guedes et al., 2023). In this study, purified CBD at 200–500 μg/mL restored locomotor activity in emulsion-exposed adult C. elegans to oil-free control levels within 8–12 h (Figure 4A). In contrast, locomotor activity remained at oil-free control levels for all exposures of CBD in hemp extract throughout the 18-h exposure and assessment period (Figure 4B), suggesting that CBD-rich hemp extracts may be more effective than purified CBD in ameliorating HFD-induced hypoactivity in adult C. elegans.
Endocannabinoids play a variety of roles in male and female reproductive systems (Tirado Munoz et al., 2020). CBD has been associated with adverse reproductive effects in mammals, primarily in males and at exposures higher than those recommended for humans (Huestis et al., 2019; Carvalho et al., 2020). Reproduction in C. elegans is not directly comparable to mammalian reproduction. For example, gonadotropin hormones are not conserved in invertebrates, C. elegans do not have hormone-regulated cyclical fertility periods, nor do they form a placenta around embryos, and C. elegans sperm have a pseudopod instead of a flagellum (Athar and Templeman, 2022; L'Hernault, 2006). However, many aspects of meiosis and oocyte maturation and quality control are conserved from C. elegans to mammals, including the participation of conserved cell-cycle regulators, intracellular organelle transfer through a shared cytoplasm, the use of conserved apoptotic pathways to remove damaged oocytes, the importance of mitochondrial function in maintaining oocyte quality, the requirement for efficient telomerase activity, the increased incidence of chromosomal non-disjunction with aging, and the role of insulin-like growth factor 1 signaling and FOXO3/DAF-16 activity in maintaining oocyte quality and conserving fertility (Athar and Templeman, 2022; Greenstein, 2005; Das and Arur, 2017). Additionally, many processes involved in embryogenesis are also conserved from nematodes to humans, including genes for key signaling cascades involved in organismal development, the cellular and molecular mechanisms underlying embryonic cell patterning, and histone modification for the transfer of epigenetic information (Arico et al., 2011; Leung et al., 2008). Therefore, while reduced reproductive output in C. elegans cannot directly predict human reproductive-specific effects, it can model more generalized forms of conserved toxicity mechanisms that interfere with oocyte production, embryonic development, and progeny survival.
To assess CBD and hemp extract chronic exposure effects on reproduction and body size in gravid C. elegans adults and their progeny, synchronized populations were evaluated on days 2, 3, and 4 of continuous exposure from the onset of reproductive maturity. The reproductive period in C. elegans hermaphrodites lasts for approximately 6 days (Johnson, 1987), so these data represent progeny output for just over half of the reproductive span of the model. Purified CBD significantly reduced the ratio of progeny to adults in a dose-dependent manner at 400 μg/mL and above (Figure 5A). Compared to plate-matched VCe controls, the ratio of progeny to adults for each concentration of purified CBD was relatively consistent over the 3 days of assessment. In contrast, CBD in hemp extract reduced progeny output only at 750 μg/mL and above, and only on days 2 and 3 of exposure (Figure 5B). By day 4 of parental exposure, the ratio of progeny to adults at all tested CBD concentrations in hemp extract was not significantly different from the matched emulsion or oil-free controls. Together, these data are consistent with reduced reproductive toxicity for the hemp extract relative to purified CBD and suggest a possible adaptation to the hemp extract over time for reproductive output.
Purified CBD significantly reduced C. elegans parental body size by approximately 10%–30% in a dose-dependent manner at 500 μg/mL and above (Figure 5C). Smaller reductions of approximately 5% in parental body size were also seen at 300 and 400 μg/mL purified CBD, but these were significant only on day 3 of exposure. With continuous exposure to purified CBD, adult-size effects were relatively consistent across the 3 days of assessment. In contrast, for CBD in hemp extract, smaller parental body size reductions of 5%–14% were seen at 500 μg/mL CBD and above, and these were statistically significant only on day 2 of exposure (Figure 5D)—again suggesting potential adaptation to hemp extract exposure in adults. In stark contrast to adults, longer population exposure resulted in further reductions in mean juvenile body size. For purified CBD, significant reductions in mean progeny size were seen at 500 μg/mL on day 2 of parental exposure, 400 μg/mL on day 3, and 200 μg/mL on day 4 (Figure 5E). CBD in hemp extract had smaller effects on progeny size and at higher concentrations than purified CBD, but as with purified CBD, mean progeny size further decreased with longer exposure to hemp extract (Figure 5D). Because progeny output recovered somewhat by day 4 of population exposure to CBD in hemp extract (Figure 5B), further reduced mean progeny body size over time could be explained by a delay in parental egg laying. However, because there was little change in progeny output at each concentration of purified CBD over time (Figure 5A), the reductions in mean progeny size seen with purified CBD (Figure 5E) are more likely to have been caused by CBD-related developmental toxicity. This cumulative effect on the mean progeny population body size could result from chronic parental exposure during the oogenesis and embryogenesis of later progeny, although further research would be needed to verify this hypothesis.
Maternal cannabis use during pregnancy in humans is associated with low birth weight (Gunn et al., 2016). In studies in mice, rabbits, and rats, high maternal CBD exposure reduced maternal body weight in addition to fetal and birth weight and/or neonatal growth (Huestis et al., 2019; Fish et al., 2019; Henderson et al., 2023; Gingrich et al., 2023; Tallon and Child, 2023). Multiple aspects of endocannabinoid signaling, including the regulation of organismal development, neuronal development, and the regulation of specific behaviors, are well conserved from worms to humans (Pastuhov et al., 2016; Estrada-Valencia et al., 2023). Cohorts of C. elegans continuously exposed to purified CBD from first feeding to adulthood had reduced growth rates in dose-response from 300 μg/mL to 1,000 μg/mL CBD (Figures 6, 7). The effects of continuous exposure to CBD effects on juvenile spontaneous locomotor activity appeared to be stage-dependent, with significant hypoactivity in the first, third, and fourth larval stages, but hyperactivity in some experiments at the second larval stage for both purified CBD and hemp extract (Figures 6, 7). As with other assays in this study, CBD in hemp extract was less toxic than purified CBD, with a LOAEL for developmental toxicity of 500 μg/mL (Figure 7). With early-only CBD exposures, later juvenile locomotor activity did not significantly differ from oil-free and vehicle emulsion controls (Figures 6B, 7G), consistent with the reversibility of locomotor effects. In striking contrast, delays in timing to reach later developmental stages were not reversed with early-only CBD exposure (Figures 6B, 7E), consistent with irreversible effects on developmental timing. Not only were the developmental delays induced by CBD irreversible but there was a trend to greater delays to the third larval stage (L3) after early-only exposures relative to continuous exposure (Figures 7E,F). This finding may indicate that there is a time lag in the adaptation of essential endocannabinoid signaling after an exogenous cannabinoid has been removed; however, an assessment of endocannabinoid levels would be needed to verify this hypothesis.
Internal CBD concentrations in 24 h exposed C. elegans juveniles and adults were measured, and ng CBD per worm and ng/mg tissue were estimated, as described in Sections 2.8 and 3.6. C. elegans juveniles exposed to purified CBD had the highest calculated CBD tissue concentrations at 400–770 ng/mg (Figure 8). Adults and juveniles exposed to hemp extract had lower tissue concentrations of 200–490 ng/mg, but these values are still two- to four times higher than those seen in adipose tissue in a 28-day study of oral CBD exposure in rats at human-relevant doses (Child and Tallon, 2022), and higher by two orders of magnitude or more than those seen in other tissues in mammals (Gingrich et al., 2023). These findings suggest that the toxicities seen in this study are caused by exposures that far exceed recommended human dose levels.
In this study, compared to purified CBD, hemp extract at matched CBD concentrations had a) reduced effects on adult and juvenile body size, b) higher LOAELs for developmental endpoints, and c) slightly greater reductions in HFD-induced oxidative stress. These findings in C. elegans are consistent with a meta-analysis of published studies in patients with seizures using either purified CBD or CBD-rich extracts (Pamplona et al., 2018). Pamplona and colleagues found that there were a) fewer reports of adverse effects from patients, b) more reports of reduced seizure frequency, and c) similar improvements at lower doses in patients treated with CBD-rich extracts relative to those treated with purified CBD. Although the human endpoints from this meta-analysis are not directly comparable to the effects in C. elegans, both studies indicate that CBD-rich hemp extracts may be less toxic than purified CBD.
The use of non-mammalian in vivo models is encouraged as supporting data in the weight of evidence evaluations, and evidence of the irreversibility of developmental effects is a cause for increased concern in developmental and reproductive risk assessment (EMA/CHMP/ICH, 2020). In this study, CBD, alone or in hemp extract, was more toxic to juveniles than it was to adults, reductions in body size in juveniles were cumulative with chronic population exposures beginning at parental reproductive maturity, and early developmental exposure caused irreversible delays in later developmental stages. For each tested C. elegans endpoint, a CBD-rich hemp extract was at least slightly less toxic than purified CBD. Dosimetry indicated that the C. elegans LOAELs for all toxicity endpoints were significantly higher than the recommended CBD patient dosing levels.
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ABBREVIATIONS
1%Tw80: 1% Tween (polysorbate) 80 in non-fat cow’s milk; 0.1%Tw80: a 1:9 mix of 1%Tw80 in CeHM; 2-AG: 2-arachidonoylglycerol; AEA: anandamide; CBD: cannabidiol; CeHM: C. elegans habitation medium; a 1:4 mix of non-fat cow’s milk and chemically defined nutrient medium; HFD: high-fat diet; LOAEL: lowest observed adverse effect level; NOAEL: no observed adverse effect level; OxStrR: transcriptional oxidative stress response; TOF: time-of-flight, a measure of body size; VCe: vehicle control emulsion; wAAT: worm Adult Activity Test; wDAT: worm Development and Activity Test.
REFERENCES
 ACOG (2017). Committee opinion No. 722: marijuana use during pregnancy and lactation. Obstet. Gynecol. 130, e205–e209. doi:10.1097/AOG.0000000000002354
 Argueta, D. A., Ventura, C. M., Kiven, S., Sagi, V., and Gupta, K. (2020). A balanced approach for cannabidiol use in chronic pain. Front. Pharmacol. 11, 561. doi:10.3389/fphar.2020.00561
 Arico, J. K., Katz, D. J., van der Vlag, J., and Kelly, W. G. (2011). Epigenetic patterns maintained in early Caenorhabditis elegans embryos can be established by gene activity in the parental germ cells. PLoS Genet. 7, e1001391. doi:10.1371/journal.pgen.1001391
 Arika, W. M., Kibiti, C. M., Njagi, J. M., and Ngugi, M. P. (2019). Effects of DCM leaf extract of gnidia glauca (fresen) on locomotor activity, anxiety, and exploration-like behaviors in high-fat diet-induced obese rats. Behav. Neurol. 2019, 7359235. doi:10.1155/2019/7359235
 Astray, G., Mejuto, J. C., Xiao, J., and Simal-Gandara, J. (2023). Benefits, toxicity and current market of cannabidiol in edibles. Crit. Rev. Food Sci. Nutr. 63, 5800–5812. doi:10.1080/10408398.2021.2024493
 Atalay, S., Jarocka-Karpowicz, I., and Skrzydlewska, E. (2019). Antioxidative and anti-inflammatory properties of cannabidiol. Antioxidants (Basel) 9, 21. doi:10.3390/antiox9010021
 Athar, F., and Templeman, N. M. (2022). C. elegans as a model organism to study female reproductive health. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 266, 111152–52. doi:10.1016/j.cbpa.2022.111152
 Baía, I., and Domingues, R. M. S. M. (2022). The effects of cannabis use during pregnancy on low birth weight and preterm birth: a systematic review and meta-analysis. Am. J. Perinatol. 41, 17–30. doi:10.1055/a-1911-3326
 Barrus, D. G., Capogrossi, K. L., Cates, S. C., Gourdet, C. K., Peiper, N. C., Novak, S. P., et al. (2016). Tasty THC: promises and challenges of cannabis edibles. Methods Rep. 2016. doi:10.3768/rtipress.2016.op.0035.1611
 Bielawiec, P., Harasim-Symbor, E., Sztolsztener, K., Konstantynowicz-Nowicka, K., and Chabowski, A. (2021). Attenuation of oxidative stress and inflammatory response by chronic cannabidiol administration is associated with improved n-6/n-3 PUFA ratio in the white and red skeletal muscle in a rat model of high-fat diet-induced obesity. Nutrients 13, 1603. doi:10.3390/nu13051603
 Bjursell, M., Gerdin, A. K., Lelliott, C. J., Egecioglu, E., Elmgren, A., Tornell, J., et al. (2008). Acutely reduced locomotor activity is a major contributor to Western diet-induced obesity in mice. Am. J. Physiol. Endocrinol. Metab. 294, E251–E260. doi:10.1152/ajpendo.00401.2007
 Blackwell, T. K., Steinbaugh, M. J., Hourihan, J. M., Ewald, C. Y., and Isik, M. (2015). SKN-1/Nrf, stress responses, and aging in Caenorhabditis elegans. Free Radic. Biol. Med. 88, 290–301. doi:10.1016/j.freeradbiomed.2015.06.008
 Blum, J., Masjosthusmann, S., Bartmann, K., Bendt, F., Dolde, X., Donmez, A., et al. (2023). Establishment of a human cell-based in vitro battery to assess developmental neurotoxicity hazard of chemicals. Chemosphere 311, 137035. doi:10.1016/j.chemosphere.2022.137035
 Boyd, W. A., Smith, M. V., Co, C. A., Pirone, J. R., Rice, J. R., Shockley, K. R., et al. (2016). Developmental effects of the ToxCast phase I and phase II chemicals in Caenorhabditis elegans and corresponding responses in zebrafish, rats, and rabbits. Environ. Health Perspect. 124, 586–593. doi:10.1289/ehp.1409645
 Branecky, K. L., Niswender, K. D., and Pendergast, J. S. (2015). Disruption of daily rhythms by high-fat diet is reversible. PLoS One 10, e0137970. doi:10.1371/journal.pone.0137970
 Britch, S. C., and Craft, R. M. (2023). Cannabidiol and delta-9-tetrahydrocannabinol interactions in male and female rats with persistent inflammatory pain. J. Pain 24, 98–111. doi:10.1016/j.jpain.2022.09.002
 Britch, S. C., Wiley, J. L., Yu, Z., Clowers, B. H., and Craft, R. M. (2017). Cannabidiol-Δ9-tetrahydrocannabinol interactions on acute pain and locomotor activity. Drug Alcohol Depend. 175, 187–197. doi:10.1016/j.drugalcdep.2017.01.046
 Camacho, J., de Conti, A., Pogribny, I. P., Sprando, R. L., and Hunt, P. R. (2022). Assessment of the effects of organic vs. inorganic arsenic and mercury in Caenorhabditis elegans. Curr. Res. Toxicol. 3, 100071. doi:10.1016/j.crtox.2022.100071
 Camacho, J. A., Welch, B., Sprando, R. L., and Hunt, P. R. (2023). Reproductive-toxicity-related endpoints in C. elegans are consistent with reduced concern for dimethylarsinic acid exposure relative to inorganic arsenic. J. Dev. Biol. 11, 18. doi:10.3390/jdb11020018
 Campolongo, P., Trezza, V., Ratano, P., Palmery, M., and Cuomo, V. (2011). Developmental consequences of perinatal cannabis exposure: behavioral and neuroendocrine effects in adult rodents. Psychopharmacol. Berl. 214, 5–15. doi:10.1007/s00213-010-1892-x
 Carvalho, R. K., Andersen, M. L., and Mazaro-Costa, R. (2020). The effects of cannabidiol on male reproductive system: a literature review. J. Appl. Toxicol. 40, 132–150. doi:10.1002/jat.3831
 Chia-Ying, W., Yang, Y.-T., Chen, C.-H., Chang, J.-C., Tsai, S.-C., Chen, C.-Y., et al. (2018). Effects of a high-fat diet on spontaneous locomotor activity and blood metabolic biomarkers in Sprague Dawley rats. FASEB J. 31. doi:10.1096/fasebj.31.1_supplement.643.17
 Child, R. B., and Tallon, M. J. (2022). Cannabidiol (CBD) dosing: plasma pharmacokinetics and effects on accumulation in skeletal muscle, liver and adipose tissue. Nutrients 14, 2101. doi:10.3390/nu14102101
 Clegg, E. D., Lapenotiere, H. F., French, D. Y., and Szilagyi, M. (2002). “Use of CeHR axenic medium for exposure and gene expression studies presented at the 2002 east coast worm meeting,” in Reproductive hazards laboratory, US army center for environmental Health research, fort detrick, MD (St. Paul, MN: University of Minnesota). 
 Cole, R. D., Anderson, G. L., and Williams, P. L. (2004). The nematode Caenorhabditis elegans as a model of organophosphate-induced mammalian neurotoxicity. Toxicol. Appl. Pharmacol. 194, 248–256. doi:10.1016/j.taap.2003.09.013
 da Cruz Guedes, E., Erustes, A. G., Leao, A., Carneiro, C. A., Abilio, V. C., Zuardi, A. W., et al. (2023). Cannabidiol recovers dopaminergic neuronal damage induced by reserpine or alpha-synuclein in Caenorhabditis elegans. Neurochem. Res. 48, 2390–2405. doi:10.1007/s11064-023-03905-z
 Das, D., and Arur, S. (2017). Conserved insulin signaling in the regulation of oocyte growth, development, and maturation. Mol. Reprod. Dev. 84, 444–459. doi:10.1002/mrd.22806
 Ding, S. B., Chu, X. L., Jin, Y. X., Jiang, J. J., Zhao, X., and Yu, M. (2023). Epigallocatechin gallate alleviates high-fat diet-induced hepatic lipotoxicity by targeting mitochondrial ROS-mediated ferroptosis. Front. Pharmacol. 14, 1148814. doi:10.3389/fphar.2023.1148814
 EMA/CHMP/ICH (2020). ICH S5 (R3) Guideline on detection of reproductive and developmental toxicity for human pharmaceuticals. Amsterdam: European Medicines Agency. Available at: https://www.ema.europa.eu/en/documents/scientific-guideline/ich-s5-r3-guideline-detection-reproductive-and-developmental-toxicity-human-pharmaceuticals-step-5-revision-4_en.pdf.
 Estrada-Valencia, R., de Lima, M. E., Colonnello, A., Rangel-Lopez, E., Saraiva, N. R., de Avila, D. S., et al. (2023). The endocannabinoid system in Caenorhabditis elegans. Rev. Physiol. Biochem. Pharmacol. 184, 1–31. doi:10.1007/112_2021_64
 Fernandez-Ruiz, J., Hernandez, M., and Ramos, J. A. (2010). Cannabinoid-dopamine interaction in the pathophysiology and treatment of CNS disorders. CNS Neurosci. Ther. 16, e72–e91. doi:10.1111/j.1755-5949.2010.00144.x
 Fish, E. W., Murdaugh, L. B., Zhang, C., Boschen, K. E., Boa-Amponsem, O., Mendoza-Romero, H. N., et al. (2019). Cannabinoids exacerbate alcohol teratogenesis by a CB1-hedgehog interaction. Sci. Rep. 9, 16057. doi:10.1038/s41598-019-52336-w
 Gingrich, J., Choudhuri, S., Cournoyer, P., Downey, J., and Muldoon Jacobs, K. (2023). Review of the oral toxicity of cannabidiol (CBD). Food Chem. Toxicol. 176, 113799. doi:10.1016/j.fct.2023.113799
 Gottschling, D. C., and Doring, F. (2019). Is C. elegans a suitable model for nutritional science?Genes Nutr. 14, 1. doi:10.1186/s12263-018-0625-3
 Greenstein, D. (2005). “Control of oocyte meiotic maturation and fertilization.” In WormBook ed . Editors J. Kimble, and S. Strome ( WormBook The C. elegans Research Community), 1–12. doi:10.1895/wormbook.1.53.1
 Gunn, J. K., Rosales, C. B., Center, K. E., Nunez, A., Gibson, S. J., Christ, C., et al. (2016). Prenatal exposure to cannabis and maternal and child health outcomes: a systematic review and meta-analysis. BMJ Open 6, e009986. doi:10.1136/bmjopen-2015-009986
 Han, J., Nepal, P., Odelade, A., Freely, F. D., Belton, D. M., Graves, J. L., et al. (2020). High-fat diet-induced weight gain, behavioral deficits, and dopamine changes in young C57bl/6J mice. Front. Nutr. 7, 591161. doi:10.3389/fnut.2020.591161
 Hartman, J. H., Widmayer, S. J., Bergemann, C. M., King, D. E., Morton, K. S., Romersi, R. F., et al. (2021). Xenobiotic metabolism and transport in Caenorhabditis elegans. J. Toxicol. Environ. Health B Crit. Rev. 24, 51–94. doi:10.1080/10937404.2021.1884921
 Henderson, R. G., Welsh, B. T., Rogers, J. M., Borghoff, S. J., Trexler, K. R., Bonn-Miller, M. O., et al. (2023). Reproductive and developmental toxicity evaluation of cannabidiol. Food Chem. Toxicol. 176, 113786. doi:10.1016/j.fct.2023.113786
 Hlozek, T., Uttl, L., Kaderabek, L., Balikova, M., Lhotkova, E., Horsley, R. R., et al. (2017). Pharmacokinetic and behavioural profile of THC, CBD, and THC+CBD combination after pulmonary, oral, and subcutaneous administration in rats and confirmation of conversion in vivo of CBD to THC. Eur. Neuropsychopharmacol. 27, 1223–1237. doi:10.1016/j.euroneuro.2017.10.037
 Huestis, M. A., Solimini, R., Pichini, S., Pacifici, R., Carlier, J., and Busardo, F. P. (2019). Cannabidiol adverse effects and toxicity. Curr. Neuropharmacol. 17, 974–989. doi:10.2174/1570159X17666190603171901
 Hunt, P. R., Camacho, J. A., and Sprando, R. L. (2020). Caenorhabditis elegans for predictive toxicology. Curr. Opin. Toxicol. 23-24, 23–28. doi:10.1016/j.cotox.2020.02.004
 Hunt, P. R., Welch, B., Camacho, J., Bushana, P. N., Rand, H., Sprando, R. L., et al. (2023). The worm Adult Activity Test (wAAT): a de novo mathematical model for detecting acute chemical effects in Caenorhabditis elegans. J. Appl. Toxicol. 43, 1899–1915. doi:10.1002/jat.4525
 Johnson, T. E. (1987). Aging can be genetically dissected into component processes using long-lived lines of Caenorhabditis elegans. Proc. Natl. Acad. Sci. U S A 84, 3777–3781. doi:10.1073/pnas.84.11.3777
 Juknat, A., Pietr, M., Kozela, E., Rimmerman, N., Levy, R., Gao, F., et al. (2013). Microarray and pathway analysis reveal distinct mechanisms underlying cannabinoid-mediated modulation of LPS-induced activation of BV-2 microglial cells. PLoS One 8, e61462. doi:10.1371/journal.pone.0061462
 Knight, C. G., Patel, M. N., Azevedo, R. B., and Leroi, A. M. (2002). A novel mode of ecdysozoan growth in Caenorhabditis elegans. Evol. Dev. 4, 16–27. doi:10.1046/j.1525-142x.2002.01058.x
 Kulpa, J., Lefever, T. W., Trexler, K. R., Henderson, R. G., MacNair, L., Toth, M. L., et al. (2023). Toxicity of cannabigerol: examination of long-term toxicity and lifespan in Caenorhabditis elegans and 14-day study in sprague dawley rats. Cannabis Cannabinoid Res. 8, S83–S89. doi:10.1089/can.2023.0060
 Land, M. H., Toth, M. L., MacNair, L., Vanapalli, S. A., Lefever, T. W., Peters, E. N., et al. (2021). Effect of cannabidiol on the long-term toxicity and lifespan in the preclinical model Caenorhabditis elegans. Cannabis Cannabinoid Res. 6, 522–527. doi:10.1089/can.2020.0103
 Lavin, D. N., Joesting, J. J., Chiu, G. S., Moon, M. L., Meng, J., Dilger, R. N., et al. (2011). Fasting induces an anti-inflammatory effect on the neuroimmune system which a high-fat diet prevents. Obes. (Silver Spring) 19, 1586–1594. doi:10.1038/oby.2011.73
 Lee, K., and Hardy, D. B. (2021). Metabolic consequences of gestational cannabinoid exposure. Int. J. Mol. Sci. 22, 9528. doi:10.3390/ijms22179528
 Le Lay, S., Simard, G., Martinez, M. C., and Andriantsitohaina, R. (2014). Oxidative stress and metabolic pathologies: from an adipocentric point of view. Oxid. Med. Cell Longev. 2014, 908539. doi:10.1155/2014/908539
 Leung, M. C., Williams, P. L., Benedetto, A., Au, C., Helmcke, K. J., Aschner, M., et al. (2008). Caenorhabditis elegans: an emerging model in biomedical and environmental toxicology. Toxicol. Sci. 106, 5–28. doi:10.1093/toxsci/kfn121
 Levichev, A., Faumont, S., Berner, R. Z., Purcell, Z., White, A. M., Chicas-Cruz, K., et al. (2023). The conserved endocannabinoid anandamide modulates olfactory sensitivity to induce hedonic feeding in C. elegans. Curr. Biol. 33, 1625–1639.e4. doi:10.1016/j.cub.2023.03.013
 L'Hernault, S. W. (2006). in Spermatogenesis ed . Editors J. Kimble, and S. Strome ( WormBook The C. elegans Research Community). 
 Li, J., Carvajal, R., Bruner, L., and Kaminski, N. E. (2021). The current understanding of the benefits, safety, and regulation of cannabidiol in consumer products. Food Chem. Toxicol. 157, 112600. doi:10.1016/j.fct.2021.112600
 Linge, R., Jimenez-Sanchez, L., Campa, L., Pilar-Cuellar, F., Vidal, R., Pazos, A., et al. (2016). Cannabidiol induces rapid-acting antidepressant-like effects and enhances cortical 5-HT/glutamate neurotransmission: role of 5-HT1A receptors. Neuropharmacology 103, 16–26. doi:10.1016/j.neuropharm.2015.12.017
 Link, C. D., and Johnson, C. J. (2002). Reporter transgenes for study of oxidant stress in Caenorhabditis elegans. Methods Enzymol. 353, 497–505. doi:10.1016/s0076-6879(02)53072-x
 Long, J. Z., Nomura, D. K., and Cravatt, B. F. (2009). Characterization of monoacylglycerol lipase inhibition reveals differences in central and peripheral endocannabinoid metabolism. Chem. Biol. 16, 744–753. doi:10.1016/j.chembiol.2009.05.009
 Magen, I., Avraham, Y., Ackerman, Z., Vorobiev, L., Mechoulam, R., and Berry, E. M. (2009). Cannabidiol ameliorates cognitive and motor impairments in mice with bile duct ligation. J. Hepatol. 51, 528–534. doi:10.1016/j.jhep.2009.04.021
 Maric, I., Krieger, J. P., van der Velden, P., Borchers, S., Asker, M., Vujicic, M., et al. (2022). Sex and species differences in the development of diet-induced obesity and metabolic disturbances in rodents. Front. Nutr. 9, 828522. doi:10.3389/fnut.2022.828522
 Masjosthusmann, S., Barenys, M., El-Gamal, M., Geerts, L., Gerosa, L., Gorreja, A., et al. (2018). Literature review and appraisal on alternative neurotoxicity testing methods. Eur. Food Saf. Auth. 2018, EN–1410. doi:10.2903/sp.efsa.2018.EN-1410
 Matsuzawa-Nagata, N., Takamura, T., Ando, H., Nakamura, S., Kurita, S., Misu, H., et al. (2008). Increased oxidative stress precedes the onset of high-fat diet-induced insulin resistance and obesity. Metabolism 57, 1071–1077. doi:10.1016/j.metabol.2008.03.010
 Muhammad, F., Liu, Y., Wang, N., Zhao, L., Zhou, Y., Yang, H., et al. (2022). Neuroprotective effects of cannabidiol on dopaminergic neurodegeneration and alpha-synuclein accumulation in C. elegans models of Parkinson's disease. Neurotoxicology 93, 128–139. doi:10.1016/j.neuro.2022.09.001
 Noeman, S. A., Hamooda, H. E., and Baalash, A. A. (2011). Biochemical study of oxidative stress markers in the liver, kidney and heart of high fat diet induced obesity in rats. Diabetol. Metab. Syndr. 3, 17. doi:10.1186/1758-5996-3-17
 Oakes, M., Law, W. J., and Komuniecki, R. (2019). Cannabinoids stimulate the TRP channel-dependent release of both serotonin and dopamine to modulate behavior in C. elegans. J. Neurosci. 39, 4142–4152. doi:10.1523/JNEUROSCI.2371-18.2019
 Oakes, M. D., Law, W. J., Clark, T., Bamber, B. A., and Komuniecki, R. (2017). Cannabinoids activate monoaminergic signaling to modulate key C. elegans behaviors. J. Neurosci. 37, 2859–2869. doi:10.1523/JNEUROSCI.3151-16.2017
 Page, A. P., and Johnstone, I. L. (2007). “The cuticle,” in WormBook (the C. elegans research community) ed . Editors J. M. Kramer, and D. G. Moerman
 Pamplona, F. A., da Silva, L. R., and Coan, A. C. (2018). Potential clinical benefits of CBD-rich cannabis extracts over purified CBD in treatment-resistant epilepsy: observational data meta-analysis. Front. Neurol. 9, 759. doi:10.3389/fneur.2018.00759
 Pastuhov, S. I., Matsumoto, K., and Hisamoto, N. (2016). Endocannabinoid signaling regulates regenerative axon navigation in Caenorhabditis elegans via the GPCRs NPR-19 and NPR-32. Genes cells. 21, 696–705. doi:10.1111/gtc.12377
 Paulsen, R. T., and Burrell, B. D. (2019). Comparative studies of endocannabinoid modulation of pain. Philos. Trans. R. Soc. Lond B Biol. Sci. 374, 20190279. doi:10.1098/rstb.2019.0279
 Peres, F. F., Levin, R., Suiama, M. A., Diana, M. C., Gouvea, D. A., Almeida, V., et al. (2016). Cannabidiol prevents motor and cognitive impairments induced by reserpine in rats. Front. Pharmacol. 7, 343. doi:10.3389/fphar.2016.00343
 Reina, A., Subramaniam, A. B., Laromaine, A., Samuel, A. D., and Whitesides, G. M. (2013). Shifts in the distribution of mass densities is a signature of caloric restriction in Caenorhabditis elegans. PLoS One 8, e69651. doi:10.1371/journal.pone.0069651
 Sachana, M., Bal-Price, A., Crofton, K. M., Bennekou, S. H., Shafer, T. J., Behl, M., et al. (2019). International regulatory and scientific effort for improved developmental neurotoxicity testing. Toxicol. Sci. 167, 45–57. doi:10.1093/toxsci/kfy211
 Saleska, J. L., Pauli, E. K., Rezvan, P., Cobb, O., Chen, J., Thorogood, P., et al. (2022). The safety and effectiveness of commercially available cannabidiol products for health and well-being: a randomized, multi-arm, open-label waitlist-controlled trial. Open-Label Waitlist-Controlled Trial. Integr. Med. Rep. 1 (1), 215–226. doi:10.1089/imr.2022.0081
 Scanlan, L. D., Lund, S. P., Coskun, S. H., Hanna, S. K., Johnson, M. E., Sims, C. M., et al. (2018). Counting Caenorhabditis elegans: protocol optimization and applications for population growth and toxicity studies in liquid medium. Sci. Rep. 8, 904. doi:10.1038/s41598-018-19187-3
 Sharma, S., and Fulton, S. (2013). Diet-induced obesity promotes depressive-like behaviour that is associated with neural adaptations in brain reward circuitry. Int. J. Obes. (Lond). 37, 382–389. doi:10.1038/ijo.2012.48
 Shen, P., Zhang, R., McClements, D. J., and Park, Y. (2019). Nanoemulsion-based delivery systems for testing nutraceutical efficacy using Caenorhabditis elegans: demonstration of curcumin bioaccumulation and body-fat reduction. Food Res. Int. 120, 157–166. doi:10.1016/j.foodres.2019.02.036
 Sprando, R. L., Olejnik, N., Cinar, H. N., and Ferguson, M. (2009). A method to rank order water soluble compounds according to their toxicity using Caenorhabditis elegans, a Complex Object Parametric Analyzer and Sorter, and axenic liquid media. Food Chem. Toxicol. 47, 722–728. doi:10.1016/j.fct.2009.01.007
 Tallon, M. J., and Child, R. (2023). Subchronic oral toxicity assessment of a cannabis extract. Regul. Toxicol. Pharmacol. 144, 105496. doi:10.1016/j.yrtph.2023.105496
 Tan, B. L., and Norhaizan, M. E. (2019). Effect of high-fat diets on oxidative stress, cellular inflammatory response and cognitive function. Nutrients 11, 2579. doi:10.3390/nu11112579
 Tirado Munoz, J., Belen Lopez-Rodriguez, A., Fonseca, F., Farre, M., Torrens, M., and Viveros, M. P. (2020). Effects of cannabis exposure in the prenatal and adolescent periods: preclinical and clinical studies in both sexes. Front. Neuroendocrinol. 57, 100841. doi:10.1016/j.yfrne.2020.100841
 Tireki, S. (2021). A review on packed non-alcoholic beverages: ingredients, production, trends and future opportunities for functional product development. Trends Food Sci. and Technol. 112, 442–454. doi:10.1016/j.tifs.2021.03.058
 Wang, Z., Zheng, P., Xie, Y., Chen, X., Solowij, N., Green, K., et al. (2021). Cannabidiol regulates CB1-pSTAT3 signaling for neurite outgrowth, prolongs lifespan, and improves health span in Caenorhabditis elegans of Aβ pathology models. FASEB J. 35, e21537. doi:10.1096/fj.202002724R
 Wheeler, M., Merten, J. W., Gordon, B. T., and Hamadi, H. (2020). CBD (cannabidiol) product attitudes, knowledge, and use among young adults. Subst. Use Misuse 55, 1138–1145. doi:10.1080/10826084.2020.1729201
 Wong, C. K., Botta, A., Pither, J., Dai, C., Gibson, W. T., and Ghosh, S. (2015). A high-fat diet rich in corn oil reduces spontaneous locomotor activity and induces insulin resistance in mice. J. Nutr. Biochem. 26, 319–326. doi:10.1016/j.jnutbio.2014.11.004
 Wong, K. U., and Baum, C. R. (2019). Acute cannabis toxicity. Pediatr. Emerg. Care 35, 799–804. doi:10.1097/PEC.0000000000001970
 Zhang, N., Liu, C., Jin, L., Zhang, R., Siebert, H. C., Wang, Z., et al. (2020). Influence of long-chain/medium-chain triglycerides and whey protein/tween 80 ratio on the stability of phosphatidylserine emulsions (O/W). ACS Omega 5, 7792–7801. doi:10.1021/acsomega.9b03702
 Zhang, Y., Li, H., Jin, S., Lu, Y., Peng, Y., Zhao, L., et al. (2022). Cannabidiol protects against Alzheimer's disease in C. elegans via ROS scavenging activity of its phenolic hydroxyl groups. Eur. J. Pharmacol. 919, 174829. doi:10.1016/j.ejphar.2022.174829
 Zhao, Y., Sepehr, E., Vaught, C., Yourick, J., and Sprando, R. L. (2023). Development and validation of a fit-for-purpose UHPLC-ESI-MS/MS method for the quantitation of cannabinoids in different matrices. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1218, 123629. doi:10.1016/j.jchromb.2023.123629
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as potential conflicts of interest.
Copyright © 2024 Camacho, Welch, Ferguson, Sepehr, Vaught, Zhao, Fitzpatrick, Yourick, Sprando and Hunt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/ftox-06-1469341-g005.gif
[r——

R TIN

s ap e

RSB0 o a0

R

bt B ol e

v * & ve ’ PP S
e 2y

s

ooy Bt emp st e s

A

Porersostesy,

e e el 30

e
TR

o

A D10 0

EE]IIII"]"I]

ORI LI LSS

e

3

SR R

P evysrmm gy

e





OPS/images/ftox-06-1469341-g006.gif





OPS/images/ftox-06-1469341-g003.gif
L

szgnazaze

ITRE

b

>

5D ncadorste: 80

£

sa3332328 %





OPS/images/ftox-06-1469341-g004.gif
At cio

@ | mmpoa | ]
o wosr o e ton | i
w0 (osuosnimm lapomrny | M |
[0 ami 102 o

oon oo ramaonrore | MY |
s dmson ceentn (I
o asosnoms oo 1| o |
120 amossoomn a1y | e |
e [amornam oo |
o

oT——






OPS/images/ftox-06-1469341-g007.gif





OPS/images/ftox-06-1469341-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Assessment of the effects of cannabidiol and a CBD-rich hemp extract in Caenorhabditis elegans		1 Introduction

		2 Materials and methods		2.1 Reagents and test articles

		2.2 Strains and maintenance

		2.3 Emulsion preparation, assessment, and exposure methods

		2.4 Evaluation of oxidative stress response

		2.5 The worm Adult Activity Test (wAAT)

		2.6 Progeny ratio assay

		2.7 The worm Development and Activity Test (wDAT)

		2.8 CBD tissue concentration assessment

		2.9 Experimental overview





		3 Results		3.1 Emulsions

		3.2 Evaluation of oxidative stress response bioreporter expression

		3.3 The worm Adult Activity Test (wAAT)

		3.4 Progeny ratio assay

		3.5 The worm Development and Activity Test (wDAT)

		3.6 CBD tissue concentrations





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Toxicology

Assessment of the effects of
cannabidiol and a CBD-rich

hemp extract in Caenorhabditis
elegans





OPS/images/ftox-06-1469341-g001.gif
R

- E3 ES
e
e
S i






OPS/images/ftox-06-1469341-g002.gif
o









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Toxicology





