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Abstract

:

The protective effect of cannabidiol (CBD), the non-psychoactive component of Cannabis sativa, against neuronal toxicity induced by cadmium chloride (CdCl2 10 μM) was investigated in a retinoic acid (RA)-differentiated SH-SY5Y neuroblastoma cell line. CBD (1 μM) was applied 24 h before and removed during cadmium (Cd) treatment. In differentiated neuronal cells, CBD significantly reduced the Cd-dependent decrease of cell viability, and the rapid reactive oxygen species (ROS) increase. CBD significantly prevented the endoplasmic reticulum (ER) stress (GRP78 increase) and the subcellular distribution of the cytochrome C, as well as the overexpression of the pro-apoptotic protein BAX. Immunocytochemical analysis as well as quantitative protein evaluation by western blotting revealed that CBD partially counteracted the depletion of the growth associated protein 43 (GAP43) and of the neuronal specific class III β-tubulin (β3 tubulin) induced by Cd treatment. These data showed that Cd-induced neuronal injury was ameliorated by CBD treatment and it was concluded that CBD may represent a potential option to protect neuronal cells from the detrimental effects of Cd toxicity.
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1. Introduction


Cadmium (Cd) is a transition heavy metal, chemically similar to zinc and mercury, the two other metals in group 12, whose preferential oxidation state is +2. As an important component of industrial processes such as metal plating, production of nickel-cadmium batteries, pigments, plastics, and other synthetics, Cd has been seen as an occupational hazard [1]. On the other hand, tobacco smoking, air pollution, and consumption of Cd-contaminated drinking water are the major sources of non-occupational Cd exposure [2,3]. If the primary route of exposure in industrial settings is inhalation of Cd-containing fumes, food and water are generally the largest sources of Cd exposure in a nonsmoker population [4]. Epidemiological and experimental studies have linked the occupational Cd exposure with lung cancer and other cancers such as the prostate, renal, liver, hematopoietic system, urinary bladder, pancreatic, testis, and stomach cancers [5,6,7].



Exposure to Cd also severely affects the function of the nervous system [8,9,10,11], with symptoms including headache and vertigo, olfactory and motor dysfunction, peripheral neuropathy, decreased equilibrium and ability to concentrate, and learning disabilities [12,13,14,15]. Although studies on the central nervous system (CNS) Cd distribution demonstrated that this metal could not easily get into the brain due to the presence of the blood brain barrier (BBB) [16,17], a Cd-induced BBB dysfunction and permeability increase has been demonstrated in in vivo models [18]. Also, authors reported the presence of BBB impairment in several neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [19,20]. Cd was shown to adversely influence the functions of cholinergic and catecholaminergic systems [21], as well as the balance between excitation–inhibition in synaptic neurotransmission [22]. Also, it has been proposed that chronic exposure to Cd can be associated with an increased risk of developing PD [23]. Parkinson’s disease is a neurodegenerative condition characterized by loss of dopaminergic neurons in the substantia nigra pars compacta with resulting neurochemical imbalance throughout the basal ganglia [24]. Interestingly, this heavy metal shows similar mechanisms of toxicity with other pollutants: they accumulate in the substantia nigra and generate oxidative stress by increasing the production of reactive oxygen species (ROS) and/or deregulating the antioxidant enzymes. This, in turn, produces the activation of the glia inducing neuroinflammation, which increases the generation of further oxidative stress, leading to a self-perpetuating cycle [25,26].



Although the mechanisms of Cd toxicity are poorly understood, the neurotoxicity of Cd is attributable to the generation of ROS. Oxidative stress is generally defined as an imbalance that favors the production of ROS and reactive nitrogen species (RNS) [27,28,29]. The major consequence induced by Cd through oxidative stress is a ROS-mediated attack of double bonds in membrane lipids that results in increased lipid peroxidation (LPO) as well as interference with the endogenous antioxidant defenses in several organs and systems [27,30,31,32,33]. Indeed, Cd is known to induce a mitochondrial membrane potential decrease and the consequent release of cytochrome C, eventually leading to the activation of caspase-3 [34]. Furthermore, it has been demonstrated that Cd induces ER stress [21,35].



Previous in vitro and in vivo studies showed that Cd neurotoxicity was significantly attenuated by antioxidants, anti-inflammatory, and metal-chelating agents [21,36,37,38,39]. Cannabis sativa has been used for medicinal/recreational purposes for many years [40]. The two major components are Δ9-tetrahydrocannabinol (Δ9-THC), the main psychoactive ingredient, and cannabidiol (CBD), the major non-psychoactive component [41,42,43].



The adverse effects of cannabis are attributed to Δ9-THC [44], whereas CBD exhibits a variety of therapeutic properties: anti-inflammatory, antidepressant, anxiolytic, immunomodulatory, antioxidant, and neuroprotective effects [45,46,47,48,49,50,51,52].



CBD has been shown to reverse the increased excitotoxicity, inflammation, and oxidative stress in ischemic brain damage and to protect PC12 and SH-SY5Y cells from tert-butyl-hydroperoxide-induced oxidative stress [53]. Also, recent studies demonstrated that CBD was able to reverse the reductions in synaptophysin levels and increases in caspase-3 levels induced by iron [54].



For this purpose, SH-SY5Y cell line presents many advantages including that can be differentiated using retinoic acid (RA). Recently, Korecka and colleagues [55] have characterized the molecular phenotype of RA-differentiated SH-SY5Y cells and concluded that these cells exhibit a dopaminergic phenotype. The use of differentiated SH-SY5Y cells is well established as a cell culture model of PD [56].



In the present study, we provide evidence that CBD offers protection to neuronal cells against Cd-induced oxidative stress by decreasing ROS production. Finally, we demonstrate the protective effects of CBD against Cd-induced ER stress, pro-apoptotic BAX upregulation, cytochrome C release, and the modifications in the expression levels and in the cellular distribution of the growth associated protein 43 (GAP43) and of the neuronal specific class III β-tubulin (β3 tubulin), two proteins involved in the neuronal sprouting.




2. Materials and Methods


2.1. Cell Line


Human neuroblastoma SH-SY5Y cell line, was purchased by Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia-Romagna (Brescia, Italy). Cells were routinely cultured in DMEM High Glucose/Ham’s F12 Mixture Medium (1:1 ratio), adding 10% fetal bovine serum (FBS), 2 mM L-Glutamine (EuroClone S.p.a., Milano, Italy) and maintained at 37 °C, 5% CO2 in humidified atmosphere. The growth medium was changed every 2–3 days.



In all the experiments pointed in this paper, SH-SY5Y cells were differentiated with 10 μM all-trans retinoic acid (RA) (Sigma Aldrich, Milano, Italy) for 48 h in their appropriate medium (DMEM High Glucose/Ham’s F12 Mixture Medium (1:1), 2 mM L-Glutamine) supplemented with 1% FBS, as previously reported [21]. The 48 h differentiation was established because a prolonged SH-SY5Y RA treatment induces cells to release cytochrome C from mitochondria to cytoplasm [57,58]. Briefly, the cells were seeded in each support for 24 h in their complete growth medium. The next day, cells were starved in 1% FBS medium for 48 h and differentiated by adding RA 10 μM. After two days of differentiation, the cells were starved in 0% FBS medium for 24 h and then stimulated at different times in starved medium (0% FBS) as reported below.




2.2. Treatment


In order to reproduce in vitro conditions that could mimic a chronic human Cd intoxication, we decide to use a concentration of 10 μM of cadmium chloride (CdCl2) (Sigma Aldrich, Milano, Italy) and a time of exposure of 24 h, as previously reported [21,59].



With the aim to figure out the neuro-protective effects of CBD, the concentration of 1 µM was chosen on the basis of previously reported data [60] and performing dose response curves (data not shown).



Furthermore, since CBD has been evaluated in literature for its antioxidant effects [46,61], we compared the CBD actions with αTocopheryl acetate (αToco) at 10 µM [62].



All treatments were performed in starvation medium because Cd effects could be impaired by the presence of essential elements (such as zinc and calcium) in FBS. The timeline with the entire experimental procedures was the following:



CdCl2 10 µM was placed in a starvation medium for 24 h. For pre-treatment experiments, CBD 1 µM or αToco 10 µM were added into the starvation medium for 24 h. The following day, the medium was replaced with CdCl2 10 µM in the starvation medium for another 24 h.




2.3. MTT Assay


Cell viability was evaluated by the reduction of 3-(4,5-di-methyl-thiozol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as an index of mitochondrial functional activity. Briefly, SH-SY5Y cells were seeded into 96 well plates at a density of 20,000 cells/well in complete growth medium for one day and RA differentiated. After differentiation, cells were treated with or without CdCl2 after the pre-treatment with CBD or αToco. After removing the medium with different stimuli, 1 mg/ml MTT was added into each well and incubated for at least 20 min at 37 °C. Following this, the chromogenic solution was removed and replaced with 50 µL of dimethyl sulfoxide (DMSO) to dissolve the formazan crystals, and the absorbance was measured at 595 nm wavelength by a Multiscan FC photometer (ThermoFisher Scientific, Milano, Italy). Three independent experiments were performed, and each experiment was performed in quintuplicate.




2.4. ROS Evaluation


To assay the intracellular ROS production, 7 × 104 SH-SY5Y cells were seeded on square (22 × 22 mm) glass cover slip slides and lodged in 6 multi-well plates. After RA differentiation and CdCl2, CBD, αToco appropriate stimulation, cells were loaded with 10 μM 2,7-dichlorodihydro-fluorescein diacetate for 10 min (CM-H2DCFDA, ThermoFisher Scientific, Milano, Italy), as previously described [63]. Cell fluorescence was captured by the motorized Leica DM6000B microscope equipped with a DFC350FX (Leica, Mannheim, Germany). The microscope was set at optimal acquisition conditions, and settings were kept constant for each analysis. Five microscopic fields for each experimental point were analyzed.



Fluorescence intensity was processed by ImageJ analysis software (ImageJ, National Institute of Health, Bethesda, MD, USA, https://imagej.nih.gov/ij/, version 1.52 q) and the results were expressed as a percentage of control.



Each experiment was performed in triplicate, and three different experiments were set up. Furthermore, a positive control was performed treating SH-SY5Y with H2O2 (Sigma Aldrich, Milano, Italy) 200 µM for 24 h (supplementary Figure S1).




2.5. Western Blotting Analysis


SH-SY5Y cells were plated in Petri dishes in complete growth medium at the density of 107 cells/well and treated as described above. After each treatment, the medium was removed and two washes with PBS (phosphate buffered saline) were performed. The cells were scraped from the surface of the dishes and the cell suspensions were centrifuged at 1000 rpm for 10 min at room temperature (RT). After removing the supernatant, the pellets were treated with lysis buffer (TRIS 50 mM, pH 7; NaCl 150 mM; 1% TRITON X-100; EDTA 1.5 mM; 0.25% SDS) containing a protease inhibitors cocktail (Sigma Aldrich, Milano, Italy) for 30 min at 4 °C. The homogenates were centrifuged at 4 °C for 10 min at 12,000 rpm and the obtained supernatants were used to evaluate the protein concentration by Bradford’s method. Equal amounts of proteins (30 μg) were analyzed on a 12–14% polyacrylamide gel, subjected to protein molecular weight, and then transferred onto nitrocellulose membrane (Porablot NPC, MACHEREY-NAGEL, Milano, Italy). After 1 h blocking with 3% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween 20 (T-TBS) at RT, the blot was incubated overnight at 4 °C with the following primary antibodies: 1:500 mouse monoclonal anti-GAP43 (B-5), 1:10,000 mouse monoclonal anti-β-actin (C4), 1:300 rabbit polyclonal anti-BAX (P-19), 1:500 rabbit polyclonal anti-cytochrome C (H-104) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), 1:500 rabbit polyclonal anti-GRP78 antibody (ThermoFischer Scientific, Milano, Italy), 1:10,000 rabbit polyclonal anti-GAPDH (Cell Signaling, Boston, MA, USA), and then with 1:5000 goat anti-mouse (for GAP43 and β-actin) and goat anti-rabbit (for BAX, cytochrome C, GRP78 and GAPDH) HRP secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at RT. The protein amounts were detected with the Amersham ECL Plus Western Blotting Detection Reagent (GE Healthcare, Milano, Italy). Protein expression levels were then quantified by ImageJ analysis software and expressed as a percentage of control.



Each experiment was performed in triplicate, and three different experiments were performed.




2.6. Immunofluorescent Staining


SH-SY5Y cells were seeded on square (22 × 22 mm) glass cover slip slides lodged in 6 multi-well plates at the density of 7 × 104 cells/well. As described above, RA differentiated SH-SY5Y were treated with CdCl2 with or without CBD or αToco. At the end of each treatment, the starvation medium containing stimuli was removed and two washes with cold PBS were performed. The cells were then fixed with 1 mL of 4% paraformaldehyde for 10 min at RT. After three more washes with cold PBS (5 min for each wash), the cells were permeabilized with 0.1% TRITON X-100 in PBS for 10 min at RT. Cells were then washed three times with PBS and incubated for at least 15 min in a blocking solution (1% BSA in PBS) at RT. Then, each cover slip was incubated overnight at 4 °C with the following primary antibodies at 1:200 dilution: mouse monoclonal anti-β3 tubulin (TU-20), mouse monoclonal anti-GAP43 (B-5), rabbit polyclonal anti-cytochrome C (H-104) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The day after, cells were washed three times with PBS and each cover slip was incubated with 1:200 dilution Alexa Fluor 568 goat anti-mouse (for β3 tubulin and GAP43) or 488 goat anti-rabbit (for cytochrome C) immunoglobulin G (IgG) secondary antibodies (ThermoFisher Scientific, Milano, Italy) for 1 h at RT. After secondary antibody incubation, two washes were performed with PBS and DAPI (4′,6-dia-midin-2-fenilindolo; 1:2000 dilution; ThermoFisher Scientific, Milano, Italy) was added for 5 min at RT to each cover slip. Eventually, after two more washes in cold PBS and one more in distilled water, cover slip glasses were mounted by Fluoromount anti-fade solution (ThermoFischer Scientific, Milano, Italy) on cover slides. Digitalized images were collected at 200× or 400× total magnification by a motorized Leica DM6000B microscope equipped with a DFC350FX. Five microscopic fields for each experimental point were analyzed.



All data were reported after normalization for the total number of cells per field. Each experiment was performed in triplicate, and three different experiments were set up.




2.7. Statistical Analysis


Statistical analysis was performed by Two-way Analysis of Variance (ANOVA) followed by the Tukey test. All assessments were made by researchers blinded to treatments. Data were analyzed using “Origin 9” software (OriginLab, Northampton, MA, USA). Differences were considered significant at p < 0.05.





3. Results


3.1. Cell Viability


To evaluate RA differentiated SH-SY5Y cell viability after treatments with CdCl2 10 µM with or without CBD 1 µM and αToco 10 µM, an MTT assay was performed. As shown in Figure 1, cell viability was significantly (* p < 0.05) decreased after 24 h treatment with CdCl2. In contrast, both CBD and αToco were able to prevent the decrease of cell viability when used as pre-treatment for 24 h before adding CdCl2.




3.2. SH-SY5Y ROS Production


In order to evaluate the effects of CBD and αToco on Cd-induced ROS generation leading to oxidative stress, RA differentiated SH-SY5Y cells were treated with 10 μM CdCl2 for 24 h after the pre-treatment with or without CBD 1 µM and αToco 10 µM. The fluorescent images (Figure 2A), clearly showed that CdCl2 increased the amounts of ROS, confirming the oxidative role of Cd leading to neuronal toxicity, as previously reported [64]. On the other hand, both CBD and αToco seemed to be protective against Cd-induced oxidative stress. The semi-quantitative analysis of ROS levels (Figure 2B), better highlighted the Cd-induced ROS increment, as well as the effectiveness of CBD or αToco in RA differentiated SH-SY5Y.




3.3. Cd-Induced ER Stress and Apoptotic Cascade Signaling


To better figure out the ER stress induced by the presence of Cd, we evaluated the expression of GRP78, a HSP70 molecular chaperone well known to be evoked during ER stress [65]. In Figure 3A,B, the histogram clearly shows how CdCl2 (dark columns) treatment is able to over-express GRP78. This deleterious effect was prevented by the pre-treatment with CBD (Figure 3A, dark dotted column) and αToco (Figure 3B, wavy dark column) as well.



Moreover, since Cd is well known to activate the apoptotic pathway [34], the expression levels of the pro-apoptotic protein BAX (Figure 4A,B), were investigated during CBD and αToco pre-treatment in RA differentiated SH-SY5Y. Our results undoubtedly showed an increment in BAX expression level after 24 h CdCl2 (dark columns) treatment, while both CBD and αToco pre-treatment showed a protective effect, preserving low BAX levels superimposable to control amounts.



These results collimate with the mitochondrial spillage of cytochrome C in the cytoplasm. Indeed, as displayed in Figure 5A, the immunofluorescent staining of cytochrome C revealed an increase during 24 h CdCl2 treatment. Nevertheless, when RA differentiated SH-SY5Y were pre-treated with CBD or αToco, the cytochrome C remained poorly labeled close to the nuclei as seen in control, untreated cells. This last result was highlighted by western blotting analysis (Figure 5B). The densitometric analysis of cytoplasm protein expression levels revealed a high amount of cytochrome C during CdCl2 (dark columns) treatment, which was retained at a lower level when RA differentiated SH-SY5Y were in the presence of CBD (dotted dark column) or αToco (wavy dark column).




3.4. Neuronal Sprouting


These detrimental effects induced by Cd may affect neuronal sprouting. For this reason, we evaluated the expression of GAP43 in RA differentiated SH-SY5Y cells during CdCl2 treatment in the presence or absence of CBD and αToco. As shown in Figure 6A, Cd-treated cells express low levels of perinuclear GAP43, compared to control, untreated cells. On the other hand, when our cellular model was pre-treated with CBD or αToco, the immunofluorescent staining revealed a higher presence of GAP43 that was maintained at control amounts. Furthermore, western blotting analysis (Figure 6B), completely correlate with immunofluorescent staining performed. Indeed, since CdCl2 (dark columns) treatment decrease GAP43 expression, CBD (dotted dark column) and αToco (wavy dark column) pre-treatment were able to prevent the GAP43 decrease, retaining levels that are superimposable to control amounts. Taken together, these results encouraged us to better investigate the protective role of CBD in neuronal branching, looking at β3 tubulin.



The immunofluorescent staining of β3 tubulin (Figure 7A) corroborate and support the GAP43 expression. Indeed, the cytoplasmic elongation clearly decreased when cells were treated with CdCl2 10 µM for 24 h, and β3 tubulin appeared abundant in the cell soma, alongside the nuclei. Interestingly, when RA differentiated SH-SY5Y were pre-treated with CBD or αToco, the neuronal sprouting was maintained, hypothesizing the protective role of CBD against the Cd neuro-toxic effects and neurite loss. To better underline the positive role of CBD in counteracting Cd neurite loss, the occurrence of neuronal sprouting was quantified by Fiji software (ImageJ, Bethesda, MD, USA), and then normalized on nuclei counting (Figure 7B).





4. Discussion


In recent years, there has been an increasing ecological and global public health concern associated with environmental contamination by heavy metals. As a result of an exponential increase of their use in several industrial, agricultural, domestic, and technological applications, human exposure to these metals has risen dramatically [66]. Although heavy metals are naturally occurring elements, most environmental contamination and human exposure result from anthropogenic activities such as mining and smelting operations, industrial production and use, and domestic and agricultural use of metals and metal-containing compounds [67,68,69,70].



Cadmium is a heavy metal of considerable environmental and occupational concern [71]. Human exposure to Cd is possible through a number of several sources including employment in primary metal industries, emissions from industrial activities, including mining, smelting, and manufacturing of batteries, pigments, stabilizers, and alloys [72].



Agricultural and industrial activities have led to the entry of Cd into the soil and subsequently into ground and drinking water. Due to the highly soluble nature of Cd compounds compared to other metals, it is readily taken up by plants, resulting in storage in crops for food and feed production. This high soil-to-plant transfer rate makes the diet, in general, the primary source of Cd exposure in non-occupationally exposed populations [4].



Occupational exposure to Cd takes place in industrial factories, where it is frequently used [73], such as from zinc (Zn) smelters, battery manufacturing and metal recovering factories, Cd refining companies, paint, and pigment production units, as well as via other anthropogenic factors like waste incineration and fossil fuel combustion [30].



Once absorbed, Cd is reported to accumulate in several tissues, which might cause harmful effects including renal dysfunction, pulmonary edema, several different organ cancers, cardiovascular disease, airway inflammation, diabetes, and neurological diseases [74]. Cd has been regarded as a possible etiological factor for human neurodegenerative diseases, such as PD and AD [23]. Indeed, over the last several years many studies have extensively demonstrated that exposure to different environmental factors could be a significant risk factor for the development of PD [25,75]. Even if the etiology of this disease is still unclear, the role of the environment as a putative risk factor has gained importance. Moreover, neurotoxic metals, including Cd, have been involved in PD [23].



Normal blood plasma Cd concentrations in adults without excessive exposure are generally 8–30 nM [76,77], other authors consider as normal the range 1.8–50 nM [78]; recently the World Health Organization (WHO) [71] reported that an acceptable blood level of Cd is in the range of 2–10 nM. Concentrations above 0.045 µM are warrant careful investigation [79]. About the definition of a toxic blood levels there are some discrepancies; in 1980, Kaye reported that the approximate lethal blood level is 4.5 µM [77]. A recent paper regarding the blood Cd levels of Nigerian subjects exposed to this metal were showed that the mean blood value was 4 µM without declared toxic effects but only “increased health risk” [80]. Acute poisoning with marked lethargy and fever was reported with blood Cd concentration 0.25 µM [78].



In vitro data are quite different, where 0.5 µM is considered an ultra-low Cd concentration able to attenuate angiogenesis in both the wound healing assay and the chick chorioallantoic membrane (CAM) assay. In addition, the same concentration of Cd reduces bradykinin (BK), a powerful angiogenic agent, and mediate both tube formation in 3D matrigel matrix and ex vivo angiogenesis in CAM models, suggesting a protective role of Cd against tumor angiogenesis [81].



On the basis of this evidence, concentrations ranging from 1 to 10 µM (one of those used in the present work) can be considered relevant for mimicking Cd-mediated damage of tissues or body compartments [59]. Moreover, based on previously reported data [82,83,84] we adopted the best experimental conditions that could better reflect an in vivo situation, thereby mimicking chronic exposure conditions. For this reason, we chose the concentration of 10 µM that was low cytolytic but, at the same time, enabled us to study the Cd effects at the cellular level.



CBD is the second major component of the Cannabis sativa and, with respect to the first component Δ9-THC, is not associated with psychoactivity. CBD possesses numerous per se pharmacological effects, reducing the collateral effects of Δ9-THC, thus ameliorating its safety profile [85,86]. Moreover, it displays lower CB1 and CB2 receptor affinity with respect to Δ9-THC. CB1 receptors are expressed most densely in the CNS and are largely responsible for mediating the effects of cannabinoid binding in the brain [87,88,89]. CB2 receptors are preferentially expressed in the immune and gastrointestinal systems, even if a very low expression has been identified in some neurons within the CNS (e.g., the brainstem) [90,91]. CBD also interacts with several other recently discovered CB receptors, and it is an agonist for the 5-HT1A receptor [92,93], which may explain some of the antipsychotic and anxiolytic effects of CBD [94]. Dopamine receptors have been identified as other targets of CBD, in particular it is a partial agonist of the D2 receptor (D2R) [95]. Also, the highly lipophilic nature of cannabinoids allows CBD to enter freely the cells [96].



The mechanisms by which CBD exerts its effect are not precisely known, but it is clear that the pharmacological actions of CBD follow from many different mechanisms [43,97].



Many studies with CBD used in vivo models [53] but the evaluation of the effects of CBD on neurobehavioral and neuropathological processes is expensive, time consuming, and is not suitable to predict human neurotoxicity. Cellular models are instrumental for in vitro or ex vivo studies to analyze the cellular pathways that govern physiological or pathological processes, or to evaluate the cell toxicity or protection induced by different compounds, including potential drugs.



In the present study, we have investigated the protective effect of treatment with CBD on RA-differentiated SH-SY5Y neuroblastoma cells that show a dopaminergic-like phenotype. These cells not only provide a human cell culture model of PD, but also possess important characteristics that make them particularly useful for analyzing the effects of CBD against the neurotoxicity induced by Cd. Indeed, it has been already demonstrated that neuronal SH-SY5Y cells selectively express the CB1 receptor [98]. Moreover, RA-dependent neuronal differentiation was associated with a strong induction of CB1R [99] and a strong increase in dopamine receptor subtypes (D2R and D3R), and dopamine transporter (DAT) expression [100,101,102].



Moreover, the effects of CBD were then compared with (αToco), a known antioxidant.



Our results, consistent with the antioxidant properties attributed to this compound in different experimental models [103], demonstrate that the exposure of RA-differentiated neuroblastoma cells to Cd induced intracellular ROS production at 24 h post treatment. By comparison, CBD pre-treatment reduced the Cd-dependent ROS increment, acting as ROS scavenger.



Moreover, Cd induced the release of cytochrome C from mitochondria and the upregulation of the pro-apoptotic protein BAX expression levels. These effects, already proven to be a consequence of the ROS formation [104,105,106,107], are partially prevented by the action of CBD.



Given the notion that oxidative stress triggered ER stress [108], we measured the expression levels of GRP78, a known unfolded protein response (UPR)-related chaperone [65,109,110,111] in the presence and in the absence of CBD. We observed that after 24 h of exposure to Cd the presence of CBD significantly prevented the Cd-dependent GRP78 upregulation. This result is interesting when compared with αToco that slightly counteracts Cd-induced ER stress. Indeed, CBD was seen to exploit this effect both as an anti-oxidant and as an ER stress attenuator [112,113], on the other hand, αToco mainly acts as an anti-oxidant molecule.



Finally, as previously demonstrated [21], Cd is able to induce a downregulation of GAP43 expression and an altered distribution of β3 tubulin, two proteins involved in neurite outgrowth and neurogenesis and axon guidance and maintenance, respectively. This effect is prevented by the CBD treatment.



In summary, the findings presented here indicate that CBD exerts protective effects in RA-differentiated SH-SY5Y cells under Cd treatment, a condition of oxidative and ER stress. In conditions of oxidative stress, the protective effect of CBD was mediated by a decrease in ROS production; also, CBD combated apoptosis by decreasing cytochrome C mitochondrial extrusion and downregulating BAX, and avoids ER stress through the modulation of GRP78 protein. Finally, CBD prevents the Cd-dependent inhibition of neuronal sprouting, as determined by the evaluation of GAP43 expression levels and β3 tubulin intracellular distribution. We propose that CBD, a Cannabis sativa derivative that lacks psychoactive properties, is a good candidate provide protection from Cd-induced neurotoxic threats.








Supplementary Materials


The following are available online at https://www.mdpi.com/1660-4601/16/22/4420/s1, Figure S1: Immunofluorescence staining of ROS positive control.





Author Contributions


Conceptualization, J.J.V.B. and A.P.; Data curation, J.J.V.B. and G.M.; Formal analysis, G.M.; Investigation, M.B. and D.C.; Methodology, M.B.; Supervision, A.P.; Validation, J.J.V.B., G.M. and A.P.; J.J.V.B.; Writing—Original Draft, J.J.V.B. and A.P.; Writing—Review & Editing, G.M., D.C., C.G., M.G. and L.D.C.M.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mead, M.N. Cadmium confusion: Do consumers need protection? Environ. Health Perspect. 2010, 118, a528–a534. [Google Scholar] [CrossRef] [PubMed]

	



Egan, S.K.; Bolger, P.M.; Carrington, C.D. Update of US FDA’s total diet study food list and diets. J. Expo. Sci. Environ. Epidemiol. 2007, 17, 573–582. [Google Scholar] [CrossRef] [PubMed]

	



Järup, L.; Akesson, A. Current status of cadmium as an environmental health problem. Toxicol. Appl. Pharm. 2009, 238, 201–208. [Google Scholar] [CrossRef] [PubMed]

	



Satarug, S.; Baker, J.R.; Urbenjapol, S.; Haswell-Elkins, M.; Reilly, P.E.; Williams, D.J.; Moore, M.R. A global perspective on cadmium pollution and toxicity in non-occupationally exposed population. Toxicol. Lett. 2003, 137, 65–83. [Google Scholar] [CrossRef]

	



Waalkes, M.P. Cadmium carcinogenesis in review. J. Inorg. Biochem. 2000, 79, 241–244. [Google Scholar] [CrossRef]

	



Pesch, B.; Haerting, J.; Ranft, U.; Klimpel, A.; Oelschlägel, B.; Schill, W. Occupational risk factors for renal cell carcinoma: Agent-specific results from a case-control study in Germany. MURC Study Group. Multicenter urothelial and renal cancer study. Int. J. Epidemiol. 2000, 29, 1014–1024. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, P.; Muchnok, T.K.; Klishis, M.L.; Roberts, J.R.; Antonini, J.M.; Whong, W.Z.; Ong, T. Cadmium induced cell transformation and tumorigenesis are associated with transcriptional activation of c-fos, c-jun, and c-myc protooncogenes: Role of cellular calcium and reactive oxygen species. Toxicol. Sci. 2001, 61, 295–303. [Google Scholar] [CrossRef] [PubMed]

	



López, E.; Figueroa, S.; Oset-Gasque, M.J.; González, M.P. Apoptosis and necrosis: Two distinct events induced by cadmium in cortical neurons in culture. Br. J. Pharm. 2003, 138, 901–911. [Google Scholar] [CrossRef] [PubMed]

	



Bao, Q.S.; Lu, C.Y.; Song, H.; Wang, M.; Ling, W.; Chen, W.Q.; Deng, X.Q.; Hao, Y.T.; Rao, S. Behavioural development of school-aged children who live around a multi-metal sulphide mine in Guangdong province, China: A cross-sectional study. BMC Public Health 2009, 9, 217. [Google Scholar] [CrossRef] [PubMed]

	



Méndez-Armenta, M.; Ríos, C. Cadmium neurotoxicity. Environ. Toxicol. Pharmacol. 2007, 23, 350–358. [Google Scholar] [CrossRef] [PubMed]

	



Branca, J.J.V.; Morucci, G.; Pacini, A. Cadmium-induced neurotoxicity: Still much ado. Neural Regen. Res. 2018, 13, 1879–1882. [Google Scholar] [PubMed]

	



Pihl, R.O.; Parkes, M. Hair element content in learning disabled children. Science 1977, 198, 204–206. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.D.; Moon, C.K.; Eun, S.-Y.; Ryu, P.D.; Jo, S.A. Identification of ASK1, MKK4, JNK, c-Jun, and caspase-3 as a signaling cascade involved in cadmium-induced neuronal cell apoptosis. Biochem. Biophys. Res. Commun. 2005, 328, 326–334. [Google Scholar] [CrossRef] [PubMed]

	



Monroe, R.K.; Halvorsen, S.W. Cadmium blocks receptormediated Jak/STAT signaling in neurons by oxidative stress. Free Radic. Biol. Med. 2006, 41, 493–502. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Du, Y. Cadmium and its neurotoxic effects. Oxid. Med. Cell. Longev. 2013, 2013, 898034. [Google Scholar] [CrossRef] [PubMed]

	



Arvidson, B.; Tjälve, H. Distribution of 109Cd in the nervous system of rats after intravenous injection. Acta Neuropathol. 1986, 69, 111–116. [Google Scholar] [CrossRef] [PubMed]

	



Takeda, A.; Takefuta, S.; Ijiro, H.; Okada, S.; Oku, N. 109Cd transport in rat brain. Brain Res. Bull. 1999, 49, 453–457. [Google Scholar] [CrossRef]

	



Shukla, A.; Shukla, G.S.; Srimal, R.C. Cadmium-induced alterations in blood-brain barrier permeability and its possible correlation with decreased microvessel antioxidant potential in rat. Hum. Exp. Toxicol. 1996, 15, 400–405. [Google Scholar] [CrossRef] [PubMed]

	



Bowman, G.L.; Quinn, J.F. Alzheimer’s disease and the Blood-Brain Barrier: Past, Present and Future. Aging Health 2008, 4, 47–55. [Google Scholar] [CrossRef] [PubMed]

	



Gray, M.T.; Woulfe, J.M. Striatal blood–brain barrier permeability in Parkinson’s disease. J. Cereb. Blood Flow Metab. 2015, 35, 747–750. [Google Scholar] [CrossRef] [PubMed]

	



Branca, J.J.V.; Morucci, G.; Maresca, M.; Tenci, B.; Cascella, R.; Paternostro, F.; Ghelardini, C.; Gulisano, M.; Di Cesare Mannelli, L.; Pacini, A. Selenium and zinc: Two key players against cadmium-induced neuronal toxicity. Toxicol In Vitro 2018, 48, 159–169. [Google Scholar] [CrossRef] [PubMed]

	



Minami, A.; Takeda, A.; Nishibaba, D.; Takefuta, S.; Oku, N. Cadmium toxicity in synaptic neurotransmission in the brain. Brain Res. 2001, 894, 336–339. [Google Scholar] [CrossRef]

	



Chin-Chan, M.; Navarro-Yepes, J.; Quintanilla-Vega, B. Environmental pollutants as risk factors for neurodegenerative disorders: Alzheimer and Parkinson diseases. Front. Cell. Neurosci. 2015, 9, 124. [Google Scholar] [CrossRef] [PubMed]

	



Brotchie, J.; Fitzer-Attas, C. Mechanisms compensating for dopamine loss in early Parkinson disease. Neurology 2009, 72, S32–S38. [Google Scholar] [CrossRef] [PubMed]

	



Wirdefeldt, K.; Adami, H.O.; Cole, P.; Trichopoulos, D.; Mandel, J. Epidemiology and etiology of Parkinson’s disease: A review of the evidence. Eur. J. Epidemiol. 2011, 26, S1–S58. [Google Scholar] [CrossRef] [PubMed]

	



Goldman, S.M. Environmental toxins and Parkinson’s disease. Annu. Rev. Pharm. Toxicol. 2014, 54, 141–164. [Google Scholar] [CrossRef] [PubMed]

	



Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and antioxidants in oxidative stress-induced cancer. Chem. Biol. Interact. 2006, 160, 1–40. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Fang, J.; Leonard, S.S.; Rao, K.M.K. Cadmium inhibits the electron transfer chain and induces reactive oxygen species. Free Radic. Biol. Med. 2004, 36, 1434–1443. [Google Scholar] [CrossRef] [PubMed]

	



Orrenius, S.; Gogvadze, V.; Zhivotovsky, B. Mitochondrial oxidative stress: Implications for cell death. Annu. Rev. Pharm. Toxicol. 2007, 47, 143–183. [Google Scholar] [CrossRef] [PubMed]

	



Nair, A.R.; DeGheselle, O.; Smeets, K.; van Kerkhove, E.; Cuypers, A. Cadmium-induced pathologies: Where is the oxidative balance lost (or not)? Int. J. Mol. Sci. 2013, 14, 6116–6143. [Google Scholar] [CrossRef] [PubMed]

	



Manca, D.; Ricard, A.C.; Trottier, B.; Chevalier, G. Studies on lipid peroxidation in rat tissues following administration of low and moderate doses of cadmium chloride. Toxicology 1991, 67, 303–323. [Google Scholar] [CrossRef]

	



Méndez-Armenta, M.; Villeda-Hernández, J.; Barroso-Moguel, R.; Nava-Ruíz, C.; Jiménez-Capdeville, M.E.; Ríos, C. Brain regional lipid peroxidation and metallothionein levels of developing rats exposed to cadmium and dexamethasone. Toxicol. Lett. 2003, 144, 151–157. [Google Scholar] [CrossRef]

	



El-Maraghy, S.A.; Gad, M.Z.; Fahim, A.T.; Hamdy, M.A. Effect of cadmium and aluminum intake on the antioxidant status and lipid peroxidation in rat tissues. J. Biochem. Mol. Toxicol. 2001, 15, 207–214. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Y.; Jiang, C.Y.; Xu, H.; Sun, Y.; Hu, F.F.; Bian, J.C.; Liu, X.Z.; Gu, J.H.; Liu, Z.P. Cadmium-induced apoptosis in primary rat cerebral cortical neurons culture is mediated by a calcium signaling pathway. PLoS ONE 2013, 8, e64330. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.Y.; Zhang, S.L.; Liu, Z.Y.; Tian, Y.; Sun, Q. Cadmium toxicity induces ER stress and apoptosis via impairing energy homoeostasis in cardiomyocytes. Biosci. Rep. 2015, 35, e00214. [Google Scholar] [CrossRef] [PubMed]

	



Nemmiche, S.; Chabane-Sari, D.; Guiraud, P. Role of alpha-tocopherol in cadmium-induced oxidative stress in Wistar rat’s blood, liver and brain. Chem. Biol. Interact. 2007, 170, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Abdel Moneim, A.E.; Bauomy, A.A.; Diab, M.M.; Shata, M.T.; Al-Olayan, E.M.; El-Khadragy, M.F. The protective effect of Physalis peruviana L. against cadmium-induced neurotoxicity in rats. Biol. Trace Elem. Res. 2014, 160, 392–399. [Google Scholar] [CrossRef] [PubMed]

	



Dong, C. Protective Effect of Proanthocyanidins in Cadmium Induced Neurotoxicity in Mice. Drug. Res. (Stuttg.) 2015, 65, 555–560. [Google Scholar] [CrossRef] [PubMed]

	



Adefegha, S.A.; Oboh, G.; Omojokun, O.S.; Adefegha, O.M. Alterations of Na+/K+-ATPase, cholinergic and antioxidant enzymes activity by protocatechuic acid in cadmium-induced neurotoxicity and oxidative stress in Wistar rats. Biomed. Pharm. 2016, 83, 559–568. [Google Scholar] [CrossRef] [PubMed]

	



Cassol-Jr, O.J.; Comim, C.M.; Silva, B.R.; Hermani, F.V.; Constantino, L.S.; Felisberto, F.; Petronilho, F.; Hallak, J.E.; De Martinis, B.S.; Zuardi, A.W.; et al. Treatment with cannabidiol reverses oxidative stress parameters, cognitive impairment and mortality in rats submitted to sepsis by cecal ligation and puncture. Brain Res. 2010, 1348, 128–138. [Google Scholar] [CrossRef] [PubMed]

	



Karniol, I.G.; Shirakawa, I.; Kasinski, N.; Pfeferman, A.; Carlini, E.A. Cannabidiol interferes with the effects of delta 9-tetrahydrocannabinol in man. Eur. J. Pharm. 1974, 28, 172–177. [Google Scholar] [CrossRef]

	



Grlic, L. A comparative study on some chemical and biological characteristics of various samples of cannabis resin. Bull. Narc. 1976, 14, 37–46. [Google Scholar]

	



Izzo, A.A.; Borrelli, F.; Capasso, R.; Di Marzo, V.; Mechoulam, R. Non-psychotropic plant cannabinoids: New therapeutic opportunities from an ancient herb. Trends Pharm. Sci. 2009, 30, 515–527. [Google Scholar] [CrossRef] [PubMed]

	



Bossong, M.G.; Niesink, R.J.M. Adolescent brain maturation, the endogenous cannabinoid system and the neurobiology of cannabisinduced schizophrenia. Prog. Neurobiol. 2010, 92, 370–385. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Ruiz, J.; Sagredo, O.; Pazos, M.R.; García, C.; Pertwee, R.; Mechoulam, R.; Martínez-Orgado, J. Cannabidiol for neurodegenerative disorders: Important new clinical applications for this phytocannabinoid? Br. J. Clin. Pharm. 2013, 75, 323–333. [Google Scholar] [CrossRef] [PubMed]

	



Borges, R.S.; Batista, J., Jr.; Viana, R.B.; Baetas, A.C.; Orestes, E.; Andrade, M.A.; Honório, K.M.; da Silva, A.B. Understanding the molecular aspects of tetrahydrocannabinol and cannabidiol as antioxidants. Molecules 2013, 18, 12663–12674. [Google Scholar] [CrossRef] [PubMed]

	



Campos, A.C.; Brant, F.; Miranda, A.S.; Machado, F.S.; Teixeira, A.L. Cannabidiol increases survival and promotes rescue of cognitive function in a murine model of cerebral malaria. Neuroscience 2015, 289, 166–180. [Google Scholar] [CrossRef] [PubMed]

	



Silveira, J.W.; Issy, A.C.; Castania, A.; Salmon, C.E.; Nogueira-Barbosa, M.H.; Guimaraes, F.S.; Defino, H.L.; Del Bel, E. Protective effects of cannabidiol on lesion-induced intervertebral disc degeneration. PLoS ONE 2014, 9, e113161. [Google Scholar] [CrossRef] [PubMed]

	



Schiavon, A.P.; Soares, L.M.; Bonato, J.M.; Milani, H.; Guimaraes, F.S.; Weffort de Oliveira, R.M. Protective effects of cannabidiol against hippocampal cell death and cognitive impairment induced by bilateral common carotid artery occlusion in mice. Neurotox. Res. 2014, 26, 307–316. [Google Scholar] [CrossRef] [PubMed]

	



Perez, M.; Benitez, S.U.; Cartarozzi, L.P.; Del Bel, E.; Guimaraes, F.S.; Oliveira, A.L. Neuroprotection and reduction of glial reaction by cannabidiol treatment after sciatic nerve transection in neonatal rats. Eur. J. Neurosci. 2013, 38, 3424–3434. [Google Scholar] [CrossRef] [PubMed]

	



Kwiatkoski, M.; Guimaraes, F.S.; Del-Bel, E. Cannabidiol-treated rats exhibited higher motor score after cryogenic spinal cord injury. Neurotox. Res. 2012, 21, 271–280. [Google Scholar] [CrossRef] [PubMed]

	



Campos, A.C.; Fogaca, M.V.; Sonego, A.B.; Guimaraes, F.S. Cannabidiol, neuroprotection and neuropsychiatric disorders. Pharm. Res. 2016, 112, 119–127. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, B.S.; Ohlsson, K.S.; Maag, J.L.; Musgrave, I.F.; Smid, S.D. Contrasting protective effects of cannabinoids against oxidative stress and amyloid-beta evoked neurotoxicity in vitro. Neurotoxicology 2012, 33, 138–146. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, V.K.; de Freitas, B.S.; da Silva Dornelles, A.; Nery, L.R.; Falavigna, L.; Ferreira, R.D.; Bogo, M.R.; Hallak, J.E.; Zuardi, A.W.; Crippa, J.A.; et al. Cannabidiol normalizes caspase 3, synaptophysin, andmitochondrial fission protein DNM1L expression levels in rats with brain iron overload: Implications for neuroprotection. Mol. Neurobiol. 2013, 49, 222–233. [Google Scholar] [CrossRef] [PubMed]

	



Korecka, J.A.; van Kesteren, R.E.; Blaas, E.; Spitzer, S.O.; Kamstra, J.H.; Smit, A.B.; Swaab, D.F.; Verhaagen, J.; Bossers, K. Phenotypic characterization of retinoic acid differentiated SH-SY5Y cells by transcriptional profiling. PLoS ONE 2013, 28, e63862. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, F.M.; Schröder, R.; da Frota, M.L., Jr.; Zanotto-Filho, A.; Müller, C.B.; Pires, A.S.; Meurer, R.T.; Colpo, G.D.; Gelain, D.P.; Kapczinski, F.; et al. Comparison between proliferative and neuron-like SH-SY5Y cells as an in vitro model for Parkinson disease studies. Brain Res. 2010, 1337, 85–94. [Google Scholar] [CrossRef] [PubMed]

	



Rigobello, M.P.; Scutari, G.; Friso, A.; Barzon, E.; Artusi, S.; Bindoli, A. Mitochondrial permeability transition and release of cytochrome c induced by retinoic acids. Biochem. Pharmacol. 1999, 58, 665–670. [Google Scholar] [CrossRef]

	



Xun, Z.; Lee, D.Y.; Lim, J.; Canaria, C.A.; Barnebey, A.; Yanonne, S.M.; McMurray, C.T. Retinoic acid-induced differentiation increases the rate of oxygen consumption and enhances the spare respiratory capacity of mitochondria in SH-SY5Y cells. Mech. Ageing Dev. 2012, 133, 176–185. [Google Scholar] [CrossRef] [PubMed]

	



Del Pino, J.; Zeballos, G.; Anadon, M.J.; Capo, M.A.; Díaz, M.J.; García, J.; Frejo, M.T. Higher sensitivity to cadmium induced cell death of basal forebrain cholinergic neurons: A cholinesterase dependent mechanism. Toxicology 2014, 325, 151–159. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, D.; Drysdale, A.J.; Lafourcade, C.; Pertwee, R.G.; Platt, B. Cannabidiol targets mitochondria to regulate intracellular Ca2+ levels. J. Neurosci. 2009, 29, 2053–2063. [Google Scholar] [CrossRef] [PubMed]

	



Borges, R.S.; da Silva, A.B.F. Chapter e12, Cannabidiol as an antioxidant. In Handbook of Cannabis and Related Pathologies; Preedy, V.R., Ed.; Elsevier Academic Press: London, UK, 2017; pp. e122–e130. [Google Scholar]

	



Gugliandolo, A.; Chiricosta, L.; Silvestro, S.; Bramanti, P.; Mazzon, E. α-Tocopherol Modulates Non-Amyloidogenic Pathway and Autophagy in an In Vitro Model of Alzheimer’s Disease: A Transcriptional Study. Brain Sci. 2019, 9, 196. [Google Scholar] [CrossRef] [PubMed]

	



Capitini, C.; Conti, S.; Perni, M.; Guidi, F.; Cascella, R.; De Poli, A.; Penco, A.; Relini, A.; Cecchi, C.; Chiti, F. TDP-43 Inclusion bodies formed in bacteria are structu-rally amorphous, non-amyloid and inherently toxic to neuroblastoma cells. PLoS ONE 2014, 9, e86720. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.W.; Wang, Y.; Wang, T.; Zhang, K.B.; Yuan, Y.; Bian, J.C.; Liu, X.Z.; Gu, J.H.; Zhu, J.Q.; Liu, Z.P. Cadmium-induced autophagy is mediated by oxidative signaling in PC-12 cells and is associated with cytoprotection. Mol. Med. Rep. 2015, 12, 4448–4454. [Google Scholar] [CrossRef] [PubMed]

	



Lee, A.S. The ER chaperone and signaling regulator GRP78/BiP as a monitor of endoplasmic reticulum stress. Methods 2005, 35, 373–381. [Google Scholar] [CrossRef] [PubMed]

	



Bradl, H. Heavy Metals in the Environment: Origin, Interaction and Remediation, 1st ed.; Academic Press: London, UK, 2002. [Google Scholar]

	



He, Z.L.; Yang, X.E.; Stoffella, P.J. Trace elements in agroecosystems and impacts on the environment. J. Trace Elem. Med. Biol. 2005, 19, 125–140. [Google Scholar] [CrossRef] [PubMed]

	



Goyer, R.A.; Clarkson, T.W. Toxic Effects of Metals. In Casarett and Doull’s Toxicology: The Basic Science of Poisons, 6th ed.; Klaasen, C.D., Ed.; McGraw-Hill: New York, NY, USA, 2001; pp. 861–867. [Google Scholar]

	



Herawati, N.; Suzuki, S.; Hayashi, K.; Rivai, I.F.; Koyoma, H. Cadmium, copper and zinc levels in rice and soil of Japan, Indonesia and China by soil type. Bull. Environ. Contam. Toxicol. 2000, 64, 33–39. [Google Scholar] [CrossRef] [PubMed]

	



Shallari, S.; Schwartz, C.; Hasko, A.; Morel, J.L. Heavy metals in soils and plants of serpentine and industrial sites of Albania. Sci. Total Environ. 1998, 209, 133–142. [Google Scholar] [CrossRef]

	



WHO—World Health Organization, World Health Report 2006. Available online: https://www.who.int/whr/2006/en/ (accessed on 19 July 2019).

	



ATSDR—Tox Guide for Cadmium. CAS#7440-43-9. October 2011. Available online: http://www.atsdr.cdc.gov/toxprofiles/index.asp (accessed on 27 June 2019). [Google Scholar]

	



Wilson, D.N. Association Cadmium. Cadmium-Market Trends and Influences. In Proceedings of the 6th International Cadmium Conference, London, UK, 4–6 February 1988; pp. 9–16. [Google Scholar]

	



Almenara, C.C.; Broseghini-Filho, G.B.; Vescovi, M.V.; Angeli, J.K.; Faria Tde, O.; Stefanon, I.; Vassallo, D.V.; Padilha, A.S. Chronic cadmium treatment promotes oxidative stress and endothelial damage in isolated rat aorta. PLoS ONE 2013, 8, e68418. [Google Scholar] [CrossRef] [PubMed]

	



Caudle, W.M.; Guillot, T.S.; Lazo, C.R.; Miller, G.W. Industrial toxicants and Parkinson’s disease. Neurotoxicology 2012, 33, 178–188. [Google Scholar] [CrossRef] [PubMed]

	



Klaassen, C.D.; Amdur, M.O.; Doull, J. Principles of toxicology. In Casarett and Doull’s Toxicology: The Basis Science of Poisons, 3rd ed.; Klaassen, C.D., Amdur, M.O., Doull, J., Eds.; Macmillan Publishing Company: New York, NY, USA, 1986. [Google Scholar]

	



Kaye, S. Handbook of Emergency Toxicology: A Guide for the Identification, Diagnosis and Treatment of Poisoning, 4th ed.; Charles C Thomas Publisher: Springfield, IL, USA, 1980; pp. 232–235. [Google Scholar]

	



Hung, Y.M.; Chung, H.M. Acute self-poisoning by ingestion of cadmium and barium. Nephrol. Dial. Transpl. 2004, 19, 1308–1309. [Google Scholar] [CrossRef] [PubMed]

	



Poisindex, Thomson Micromedex. Available online: https://www.micromedexsolutions.com/home/dispatch (accessed on 19 July 2019).

	



Alli, L.A. Blood level of cadmium and lead in occupationally exposed persons in Gwagwalada, Abuja, Nigeria. Interdiscip. Toxicol. 2015, 8, 146–150. [Google Scholar] [CrossRef] [PubMed]

	



Majumder, S.; Gupta, R.; Reddy, H.; Sinha, S.; Muley, A.; Kolluru, G.K.; Chatterjee, S. Cadmium attenuates bradykinin-driven nitric oxide production by interplaying with the localization pattern of endothelial nitric oxide synthase. Biochem. Cell Biol. 2009, 87, 605–620. [Google Scholar] [CrossRef] [PubMed]

	



Xu, B.; Chen, S.; Luo, Y.; Chen, Z.; Liu, L.; Zhou, H.; Chen, W.; Shen, T.; Han, X.; Chen, L.; et al. Calcium signaling is involved in cadmium-induced neuronal apoptosis via induction of reactive oxygen species and activation of MAPK/mTOR network. PLoS ONE 2011, 6, e19052. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Zhang, N.; Zhang, H.; Liu, C.; Dong, X.; Wang, X.; Zhu, Y.; Xu, C.; Liu, L.; Yang, S.; et al. Celastrol prevents cadmium-induced neuronal cell death by blocking reactive oxygen species-mediated mammalian target of rapamycin pathway. Br. J. Pharm. 2017, 174, 82–100. [Google Scholar] [CrossRef] [PubMed]

	



Pak, E.J.; Son, G.D.; Yoo, B.S. Cadmium inhibits neurite outgrowth in differentiating human SH-SY5Y neuroblastoma cells. Int. J. Toxicol. 2014, 33, 412–418. [Google Scholar] [CrossRef] [PubMed]

	



Demirakca, T.; Sartorius, A.; Ende, G.; Meyer, N.; Welzel, H.; Skopp, G.; Mann, K.; Hermann, D. Diminished gray matter in the hippocampus of cannabis users: Possible protective effects of cannabidiol. Drug Alcohol Depend. 2011, 114, 242–245. [Google Scholar] [CrossRef] [PubMed]

	



Niesink, R.J.M.; van Laar, M.W. Does cannabidiol protect against adverse psychological effects of THC? Front. Psychiatry 2013, 4, 130. [Google Scholar] [CrossRef] [PubMed]

	



Pagotto, U.; Marsicano, G.; Cota, D.; Lutz, B.; Pasquali, R. The emerging role of the endocannabinoid system in endocrine regulation and energy balance. Endocr. Rev. 2006, 27, 73–100. [Google Scholar] [CrossRef] [PubMed]

	



Elphick, M.R.; Egertová, M. The neurobiology and evolution of cannabinoid signalling. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2001, 356, 381–408. [Google Scholar] [CrossRef] [PubMed]

	



Pertwee, R.G. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids: Δ9-tetrahydrocannabinol, cannabidiol and Δ9-tetrahydrocannabivarin. Br. J. Pharm. 2008, 153, 199–215. [Google Scholar] [CrossRef] [PubMed]

	



Onaivi, E.S. Neuropsychobiological evidence for the functional presence and expression of cannabinoid CB2 receptors in the brain. Neuropsychobiology 2006, 54, 231–246. [Google Scholar] [CrossRef] [PubMed]

	



Stempel, A.V.; Stumpf, A.; Zhang, H.Y.; Özdoğan, T.; Pannasch, U.; Theis, A.K.; Otte, D.M.; Wojtalla, A.; Rácz, I.; Ponomarenko, A.; et al. Cannabinoid Type 2 Receptors Mediate a Cell Type-Specific Plasticity in the Hippocampus. Neuron 2016, 90, 795–809. [Google Scholar] [CrossRef] [PubMed]

	



Bisogno, T.; Maccarrone, M.; De Petrocellis, L.; Jarrahian, A.; Finazzi-Agro, A.; Hillard, C.; Di Mazo, V. The uptake by cells of 2-arachidonoylglycerol, an endogenous agonist of cannabinoid receptors. Eur. J. Biochem. 2001, 268, 1982–1989. [Google Scholar] [CrossRef] [PubMed]

	



Russo, E.B.; Burnett, A.; Hall, B.; Parker, K.K. Agonistic properties of cannabidiol at 5-HT1a receptors. Neurochem. Res. 2005, 30, 1037–1043. [Google Scholar] [CrossRef] [PubMed]

	



Campos, A.C.; Guimarães, F.S. Involvement of 5HT1A receptors in the anxiolytic-like effects of cannabidiol injected into the dorsolateral periaqueductal gray of rats. Psychopharmacology (Berlin) 2008, 199, 23–30. [Google Scholar] [CrossRef] [PubMed]

	



Seeman, P. Cannabidiol is a partial agonist at dopamine D2High receptors, predicting its antipsychotic clinical dose. Transl. Psychiatry 2016, 6, e920. [Google Scholar] [CrossRef] [PubMed]

	



Bruni, N.; Della Pepa, C.; Oliaro-Bosso, S.; Pessione, E.; Gastaldi, D.; Dosio, F. Cannabinoid Delivery Systems for Pain and Inflammation Treatment. Molecules 2018, 23, 2478. [Google Scholar] [CrossRef] [PubMed]

	



Hill, A.J.; Williams, C.M.; Whalley, B.J.; Stephens, G.J. Phytocannabinoids as novel therapeutic agents in CNS disorders. Pharmacol. Ther. 2012, 133, 79–97. [Google Scholar] [CrossRef] [PubMed]

	



Klegeris, A.; Bissonnette, C.J.; McGeer, P.L. Reduction of human monocytic cell neurotoxicity and cytokine secretion by ligands of the cannabinoid-type CB2 receptor. Br. J. Pharmacol. 2003, 139, 775–786. [Google Scholar] [CrossRef] [PubMed]

	



Svensson, A.C.; Johansson, M.; Persson, E.; Carchenilla, M.S.; Jacobsson, S.O. Expression of functional CB1 cannabinoid receptors in retinoic acid-differentiated P19 embryonal carcinoma cells. J. Neurosci. Res. 2006, 83, 1128–1140. [Google Scholar] [CrossRef] [PubMed]

	



Presgraves, S.P.; Ahmed, T.; Borwege, S.; Joyce, J.N. Terminally differentiated SH-SY5Y cells provide a model system for studying neuroprotective effects of dopamine agonists. Neurotox. Res. 2004, 5, 579–598. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, Y.T.; Lau, W.K.; Yu, M.S.; Lai, C.S.; Yeung, S.C.; So, K.F.; Chang, R.C. Effects of all-trans-retinoic acid on human SH-SY5Y neuroblastoma as in vitro model in neurotoxicity research. Neurotoxicology 2009, 30, 127–135. [Google Scholar] [CrossRef] [PubMed]

	



Kovalevich, J.; Langford, D. Considerations for the use of SH-SY5Y neuroblastoma cells in neurobiology. Methods Mol. Biol. 2013, 1078, 9–21. [Google Scholar] [PubMed]

	



Iuvone, T.; Esposito, G.; Esposito, R.; Santamaria, R.; Di Rosa, M.; Izzo, A.A. Neuroprotective effect of cannabidiol, a non-psychoactive component from Cannabis sativa, on beta-amyloid-induced toxicity in PC12 cells. J. Neurochem. 2004, 89, 134–141. [Google Scholar] [CrossRef] [PubMed]

	



Ding, H.Q.; Gao, J.; Zhu, Z.R.; Xiong, Y.; Liu, J. Mitochondrial dysfunction enhances susceptibility to oxidative stress by down-regulation of thioredoxin in human neuroblastoma cells. Neurochem. Res. 2008, 33, 43–50. [Google Scholar] [CrossRef] [PubMed]

	



Moon, Y.; Lee, K.H.; Park, J.H.; Geum, D.; Kim, K. Mitochondrial membrane depolarization and the selective death of dopaminergic neurons by rotenone: Protective effect of coenzyme Q (10). J. Neurochem. 2005, 93, 1199–1208. [Google Scholar] [CrossRef] [PubMed]

	



Isenberg, J.S.; Klaunig, J.E. Role of the mitochondrial membrane permeability transition (MPT) in rotenone-induced apoptosis in liver cells. Toxicol. Sci. 2000, 53, 340–351. [Google Scholar] [CrossRef] [PubMed]

	



Doran, E.; Halestrap, A.P. Cytochrome c release from isolated rat liver mitochondria can occur independently of outer membrane rupture: Possible role of contact sites. Biochem. J. 2000, 348, 343–350. [Google Scholar] [CrossRef] [PubMed]

	



Qie, X.; Wen, D.; Guo, H.; Xu, G.; Liu, S.; Shen, Q.; Liu, Y.; Zhang, W.; Cong, B.; Ma, C. Endoplasmic reticulum stress mediates methamphetamine-induced blood-brain barrier damage. Front. Pharm. 2017, 8, 639. [Google Scholar] [CrossRef] [PubMed]

	



Shen, X.; Zhang, K.; Kaufman, R.J. The unfolded protein response–a stress signaling pathway of the endoplasmic reticulum. J. Chem. Neuroanat. 2004, 28, 79–92. [Google Scholar] [CrossRef] [PubMed]

	



Malhotra, J.D.; Miao, H.; Zhang, K.; Wolfson, A.; Pennathur, S.; Pipe, S.W.; Kaufman, R.J. Antioxidants reduce endoplasmic reticulum stress and improve protein secretion. Proc. Natl. Acad. Sci. USA 2008, 105, 18525–18530. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, I.M.; Abdelmalek, D.H.; Elfiky, A.A. GRP78: A cell’s response to stress. Life Sci. 2019, 226, 156–163. [Google Scholar] [CrossRef] [PubMed]

	



Mecha, M.; Torrao, A.S.; Mestre, L.; Carrillo-Salinas, F.J.; Mechoulam, R.; Guaza, C. Cannabidiol protects oligodendrocyte progenitor cells from inflammation-induced apoptosis by attenuating endoplasmic reticulum stress. Cell Death Dis. 2012, 3, e331. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.; Hu, F.; Wu, J.; Zhang, S. Cannabidiol attenuates OGD/R-induced damage by enhancing mitochondrial bioenergetics and modulating glucose metabolism via pentose-phosphate pathway in hippocampal neurons. Redox Biol. 2017, 11, 577–585. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 16 04420 g001 550] 





Figure 1. Cell viability on retinoic acid (RA) differentiated SH-SY5Y. An 3-(4,5-di-methyl-thiozol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to evaluate CdCl2 10 µM effects after cannabidiol (CBD) 1 µM or αToco 10 µM pre-treatment. As expected, a Cd-dependent significant reduction of cell viability was observed (dark column). Dissimilarly, both CBD (dotted column) and αToco (wavy column) clearly prevented Cd-induced neurotoxicity. Results are expressed as mean value ± S.E.M. Control, untreated cells, were taken as 100%. Each experimental point was performed in quintuplicate, from three independent set of experiments. * p < 0.05 vs. Ctrl; # p < 0.05 vs. Cd. 
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Figure 2. Immunofluorescence staining and ROS production quantification. ROS expression was quantified by the 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) probe. (A) Representative fluorescent images of intracellular ROS levels after CdCl2 10 µM treatment, with or without CBD or αToco pre-treatment. (B) Fluorescence semi-quantitative analysis highlighting the role of Cd (dark column) in increasing ROS production and the role of CBD (dotted column) or αToco (wavy column) in preventing ROS formation. The intracellular ROS-derived fluorescence is expressed as the percentage of fluorescence compared to control, untreated cells, taken as 100%. Results are expressed as mean ± S.E.M. Each experiment point was performed in triplicate, from three different set of experiments. Five different microscopic fields for each experimental point were analyzed. Total magnification: 400×. Scale bar: 50 μm. * p < 0.05 vs. Ctrl; # p < 0.05 vs. Cd. 
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Figure 3. Western blotting analysis on ER stress. Western blotting analysis showed that CdCl2 10 µM significantly increased SH-SY5Y ER stress, by the up-regulation of GRP78 (dark columns). On the other hand, both CBD 1 µM (A—dark dotted column) and αToco 10 µM (B—dark wavy column) pre-treatment, significantly prevented the ER stress retaining GRP78 expression levels to control amounts. Results are expressed as mean ± S.E.M. Control, untreated cells, were taken as 100%. The housekeeping β-actin protein was used as an internal control for protein normalization. Each experiment point was performed in triplicate, from three different set of experiments. * p < 0.05 vs. Ctrl; # p < 0.05 vs. Cd. 
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Figure 4. Western blotting analysis on pro-apoptotic protein. Consistent with Cd-induced SH-SY5Y ER stress, the histograms clearly showed a significant increase in BAX protein expression after 24 h CdCl2 treatment (dark columns). The pre-treatment with CBD 1 µM (A—dark dotted column) and αToco 10 µM (B—dark wavy column), were able to significantly retain low level of the pro-apoptotic BAX protein as reported by western blotting analysis. Results are expressed as mean ± S.E.M. Control, untreated cells, were taken as 100%. The housekeeping β-actin protein was used as an internal control for protein normalization. Each experiment point was performed in triplicate, from three different set of experiments. * p < 0.05 vs. Ctrl; # p < 0.05 vs. Cd. 
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Figure 5. Cytochrome C expression on SH-SY5Y. (A) Immunofluorescent images of cytochrome C are shown. During CdCl2 treatment, a conspicuous increment of cytoplasmic cytochrome C was observed. In contrast, the presence of CBD or αToco prevented such an increase in the cell soma. These results were also highlighted by the histogram. (B) Cytochrome C expression levels evaluated by western blotting analysis. As reported, CdCl2 (dark columns) treatment significantly increased the protein expression after 24 h of treatment. On the other hand, CBD (dotted dark column) or αToco (wavy dark column) retained cytochrome C up-regulation. Results are expressed as mean ± S.E.M. Control, untreated cells, were taken as 100%. The housekeeping β-actin protein was used as an internal control for protein normalization. Each experiment point was performed in triplicate, from three different sets of experiments. Total magnification: 200×. Scale bar: 50 μm. * p < 0.05 vs. Ctrl; # p < 0.05 vs. Cd. 
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Figure 6. GAP43 expression on SH-SY5Y. (A) Immunofluorescent images of GAP43. As shown, a significant decrease was observed after CdCl2 treatment. Differently, when SH-SY5Y were pre-treated with CDB or αToco, the GAP43 levels were superimposable on control, untreated cells. (B) GAP43 expression levels evaluated by western blotting analysis. As expected, CdCl2 (dark columns) treatment significantly decreased the protein expression after 24 h treatment. On the other hand, CBD (dotted dark column) or αToco (wavy dark column) were able to preserve the Cd-dependent GAP43 down-regulation expression levels. Results are expressed as mean ± S.E.M. Control, untreated cells, were taken as 100%. The housekeeping GAPDH protein was used as an internal control for protein normalization. Each experiment point was performed in triplicate, from three different set of experiments. Total magnification: 400×. Scale bar: 25 μm. * p < 0.05 vs. Ctrl; # p < 0.05 vs. Cd. 
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Figure 7. β3 tubulin expression on SH-SY5Y. (A) the immunofluorescence staining revealed a very strong decrease of cytoplasmic elongations in CdCl2-treated cells. This deleterious event was prevented by the presence of CBD 1 µM or αΤoco 10 µM. (B) highlights the number of neurite elongations, normalized on nuclei count. The results are expressed as mean ± S.E.M. and control, untreated cells are reported as 100%. The average number of cytoplasmic elongations were the following: Ctrl (197.4 ± 29.3), CdCl2 10 µM (27.2 ± 6.8), CBD + Cd (181.4 ± 31.7), αTOCO + Cd (173.9 ± 26.4). Each experiment point was performed in triplicate, from three different set of experiments. Total magnification: 200×. Scale bar: 50 µm. 
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