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Abstract

:

Cannabigerol (CBG), derived from the cannabis plant, acts as an acute analgesic in a model of cisplatin-induced peripheral neuropathy (CIPN) in mice. There are no curative, long-lasting treatments for CIPN available to humans. We investigated the ability of chronic CBG to alleviate mechanical hypersensitivity due to CIPN in mice by measuring responses to 7 and 14 days of daily CBG. We found that CBG treatment (i.p.) for 7 and 14 consecutive days significantly reduced mechanical hypersensitivity in male and female mice with CIPN and reduced pain sensitivity up to 60–70% of baseline levels (p < 0.001 for all), 24 h after the last injection. Additionally, we found that daily treatment with CBG did not evoke tolerance and did not incur significant weight change or adverse events. The efficacy of CBG was independent of the estrous cycle phase. Therefore, chronic CBG administration can provide at least 24 h of antinociceptive effect in mice. These findings support the study of CBG as a long-lasting neuropathic pain therapy, which acts without tolerance in both males and females.
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1. Introduction


Over forty years have passed since the first use of platinum compounds to treat a variety of cancers, including testicular, ovarian, lung, and breast cancers [1]. Drugs, like cisplatin, have been used alone and in concert with other agents to induce DNA adducts and slow the proliferation of cancer cells. While barriers to cisplatin success such as cancer resistance mechanisms and nephrotoxicity have been studied and interventions implemented—an important, dose-limiting, adverse effect of platinum therapy has not yet been feasibly addressed: cisplatin-induced peripheral neuropathy (CIPN).



The sole pharmacological treatment for chemotherapy-induced neuropathy with clinical trial evidence remains duloxetine, which proves incomplete in patients due to accumulated tolerance, side effects, and variable efficacy [2]. Additionally, CIPN may escalate over time without additional exposure to cisplatin, and pain persists for months to years after one’s last dose of cisplatin [3]. Patients, providers, and caregivers often turn to other medications for various pain indications such as gabapentin, tricyclic antidepressants, natural products, or medicated topicals, to ameliorate the chronic and debilitating nature of the pain; however, none of these have successfully shown benefits in clinical trials [4]. There is growing patient and research interest in cannabinoid formulations with Δ9-tetrahydrocannabinol (THC) for pain syndromes, in part due to wide pharmacological activity with relatively limited side effects. While these pain therapeutics appear effective, recent clinical data suggest that patients may increase use over time to maintain analgesic efficacy, raising concerns for tolerance and abuse liability [5].



Novel non-euphoric cannabinoids, like cannabigerol (CBG), are concurrently gaining traction due to improved synthesis methods and changing public perception [6]. In fact, many recent studies of CBG in rodent models as well as human survey data suggest an increasing interest in using the compound to address human disease [7,8,9,10,11,12].



The varied and unique pharmacodynamic profile of CBG provides evidence for its analgesic potential [6]. Recently, we demonstrated that an acute injection of CBG significantly reduced mechanical hypersensitivity in a mouse model of CIPN partially through adrenergic and cannabinoid receptors [10]. Here, we extended these findings to investigate the effects of chronic CBG treatment on neuropathic pain using a treatment paradigm that is more likely to be encountered in the patient population. Therefore, both male and female mice with CIPN were treated daily with CBG allowing us to test the hypothesis that chronic CBG treatment would provide a lasting reduction in neuropathic pain without eliciting tolerance to CBG. Finally, because gene expression in the mouse dorsal root ganglia (DRG) is sensitive to cisplatin [13], we investigated the effects of chronic CBG on gene expression changes in lumbar DRG of CIPN mice, compared to vehicle mice in lumbar DRG.




2. Results


A visual timeline of experimental procedures is provided in Figure 1.



2.1. Daily Cannabigerol Treatment Does Not Affect Weight or Induce Adverse Events in Neuropathic Mice


We observed that pure cannabigerol (administered i.p.) at 10 mg/kg for males and 15 mg/kg for females did not affect weight changes (males: 0.02 g/day, p = 0.318 and females: 0.09 g/day, p = 0.603) (Table 1). Weight changes over individual timepoints can be found in Supplemental Figure S5. None of the mice experienced any of the following adverse events: diarrhea, injection site reactions, hematuria, or skin lesions. None of the mice died during treatment or during induction of cisplatin-induced neuropathy.




2.2. CBG Relieves CIPN Mechanical Hypersensitivity and Does Not Vary Based on Estrous Cycle Phase


We have previously published [10] findings that acute CBG relieves mechanical hypersensitivity in neuropathic pain for up to six hours. The present study replicated the pain relief at 1 h on the first day of daily treatments. Male and female mice treated with 10 mg/kg CBG or 15 mg/kg of CBG, respectively, had significantly higher acute pain relief compared to the post-neuropathy readings (Figure 2, p < 0.0001 for both male and female mice). As noted in the Discussion and previously published work, female mice require higher doses to achieve similar analgesic effects in this model. Importantly, using the baseline force (g) as 100% pain tolerance, male mice returned to 85.7% ± 17.5% and female mice returned to 80.0% ± 12.4% of naïve pain tolerance (mean ± SD) (Supplemental Figure S3). In males, acute CBG injection reversed the effects of CIPN to baseline values (p > 0.05, 2-way ANOVA). In female mice, acute 15 mg/kg CBG injection attenuated, but did not completely reverse mechanical hypersensitivity due to CIPN (p < 0.05, 2-way ANOVA).



We also previously reported varying dose-response relationships in females following acute CBG [10,14]. To understand if the variation in response may be attributed to the estrous cycle phase, we report the individual cycle phase of each female mouse tested and the mouse’s von Frey score. While the female mice receiving CBG were more varied in response to mechanical hypersensitivity in individual cycle phases, there were no associations with the estrous phase (Figure 3).



To investigate the effects of chronic CBG in a mouse model of CIPN, we administered daily injections of CBG for seven and fourteen consecutive days. Von Frey measurements and vaginal lavage were performed before administration of any CBG or vehicle, to prevent capturing acute effects, and 24 h after the most recent injection of CBG or vehicle. Through within group analysis, we found that injections of CBG produced significant analgesia in neuropathic mice, 24 h after the seventh (p = 0.0004 for males and p < 0.0001 for females) and fourteenth injections (p = 0.0006 for males and p = 0.0007 for females), respectively (Figure 4 and Figure 5a).



From between group assessments, we found a significant reduction in mechanical hypersensitivity in males treated with CBG compared to vehicle after both 7 and 14 days. Twenty-four hours after seven days of daily injections, males receiving 10 mg/kg CBG scored 5.46 g ± 1.41 g while males receiving vehicle scored 2.01 g ± 0.33 g (mean difference: −3.45 g, 95% confidence interval (CI): (−4.53 g, −2.37 g), p < 0.0001). Similarly, females receiving seven days of daily 15 mg/kg CBG injections scored 3.89 g ± 0.59 g while females receiving vehicle injections scored 2.15 g ± 0.74 g (mean difference: −1.74 g, 95% CI: (−2.82 g, −0.66 g), p = 0.0003) 24 h after their seventh injection. After fourteen days of daily injections, males receiving daily CBG scored 4.90 g ± 1.15 g while males receiving vehicle scored 2.27 g ± 0.44 g 24 h after their fourteenth injection (mean difference: −2.63 g, 95% CI: (−3.71, −1.55 g), p < 0.0001). Females receiving daily injections of CBG scored 4.44 g ± 1.14 g while female mice receiving vehicle scored 2.10 g ± 0.36 g (mean difference: −2.34 g, 95% CI: (−3.42 g, −1.26 g), p < 0.0001) 24 h after their fourteenth injection.



In males, 7 days of daily CBG attenuated mechanical hypersensitivity (mean difference: −1.684 g, 95% CI: (−4.06 g, 0.69 g), p = 0.19), and 14 days of daily CBG attenuated mechanical hypersensitivity compared to baseline (mean difference: −2.25 g, 95% CI: (−4.01 g, −0.49 g), p = 0.014). In females, 7 days of daily CBG attenuated mechanical hypersensitivity compared to baseline (mean difference: −3.79 g, 95% CI: (−4.86 g, −2.72 g), p < 0.001) and 14 days of daily CBG attenuated mechanical hypersensitivity compared to baseline (mean difference: −3.24 g, 95% CI: (−4.89 g, −1.58 g), p < 0.001)



Using a baseline-corrected analysis, we set each individual mouse’s baseline von Frey rating as 100% to understand how mechanical hypersensitivity within the subject changed over time through this schedule. After induction of neuropathy, male and female mice dropped to about 32.0% (mean, n = 20) and 29.0% (mean, n = 20) of their baseline pain sensitivity, respectively. After seven daily injections of CBG, male mice returned to 80.6 ± 31.2% of their baseline pain sensitivity, and female mice returned to 51.5 ± 11.1% of their original pain sensitivity measured 24 h after the last injection of CBG. After fourteen daily injections, males returned to 70.9 ± 21.5% of their pain sensitivity and females returned to 59.6 ± 22.1% of their original pain sensitivity, measured 24 h after the last injection of CBG (mean ± SD, n = 10 for each group). Graphs of these data can be found in Supplemental Data, Figure S4. As demonstrated in Figure S4, there is considerable inter-animal variability in the therapeutic response.



Finally, we assessed the estrous cycle phase as described above, to understand if a component of variability among female analgesia levels was due to varying estrous cycle phase. The treatment effect remained significant (after 7 days of injections: p < 0.0001; after 14 days of injections: p < 0.0001) after considering estrous cycle phase. There does not appear to be any effect of estrous cycle phase on the effect of CBG versus vehicle for pain (after 7 days of injections: p = 0.635 (Figure 5b); After 14 days of injections: p = 0.655.) (Figure 5c).




2.3. Gene Expression Changes from Daily Administration of Cannabigerol in a Selected Panel of Cannabinoid and Pain-Related Targets


Thus far, we have demonstrated that chronic administration of CBG significantly reduces CIPN in male and female mice without apparent tolerance over time. Next, we sought to identify CIPN-sensitive genes in the dorsal root ganglia (DRG) that are modified by this treatment regimen. We analyzed genes known to be targeted by cannabigerol and other cannabinoids, including Cnr1, Cnr2, Gpr55, Faah, Mgll, Adra2a-c, Pparg [15,16,17,18,19], or to have been previously published as volatile in a cisplatin-induced neuropathy setting in DRG, including Drd2, Gfap, and Oprm1 [13]. Percent differences in relative gene expression (measured by qRT-PCR) between CBG and vehicle groups and statistical significance are reported in Table 2; raw data are provided in Supplemental Data, Figures S1 and S2. In male mice, we identified a 17% decrease in expression of Atf3 in mice receiving CBG compared to those receiving vehicle (p = 0.043). We did not identify a significant difference in Atf3 in female mice; however, we did identify a decrease in Drd2 and Oprm1 expression in female mice, but not in male mice. Female mice receiving daily CBG experienced a 19% reduction in Drd2 expression (p = 0.029), and 9.5% reduction in Oprm1 expression. No other gene expression differences were significant (p > 0.05).





3. Discussion


We herein demonstrate that CBG reduces neuropathic pain in a mouse model of CIPN in male and female mice, without development of tolerance or need for dosing more than once a day, regardless of the estrous cycle phase. Chronic administration of CBG surpasses the pharmacokinetic limitations of acute CBG administration for neuropathy, which wears off in about six hours after acute injection, since we observed 24 h reduction in pain following 7 or 14 days of treatment [10]. Additionally, previously published pharmacokinetic data of CBG administered at 120 mg/kg i.p. in mice reported an elimination half-life of slightly under 3 h [20]. Furthermore, we found that the estrous cycle did not play a significant role in modulating the mechanical hypersensitivity responses to CBG analgesia in female mice. Finally, in our model of CIPN, chronic CBG administration did not significantly change gene expression in dorsal root ganglia for many pain- and cannabinoid-relevant genes.



Preliminary safety data are strong, as we identified no mortality, adverse events, or weight changes in our three independent replicates of these findings. Our previous work demonstrated a hypotensive effect from acute administration of CBG [21], likely due to alpha-2 agonist activity, which may be a barrier in clinical use. From a recent survey of recreational CBG users, there were no reports of lightheadedness, fainting, or other hypotensive symptoms, although blood pressure measurements were not recorded as part of the study [8].



Our results showcase no reduction in efficacy after seven and fourteen daily injections of the same dose of CBG in both male and female mice. A deficit in neuropathic pain literature exists for pharmacotherapeutics which maintain efficacy over longer durations of time for chronic illnesses. The strengths of this model of CIPN include the long-lasting neuropathy experienced by mice after four weekly injections of cisplatin; some mice retained neuropathic mechanical hypersensitivity for 2–3 months after completion of cisplatin injections. Other reports, using this model, showcase tolerance to the analgesic effects of THC that developed quickly after daily administration, with female mice demonstrating tolerance to analgesia more quickly than males [22]. In this study, all mice treated with vehicle retained similar pain sensitivity for the entire treatment schedule while mice receiving daily injections of CBG approached baseline levels of pain sensitivity. These results give hope for a more translatable method of pain relief for human conditions which are unrelenting and are currently limited by treatment efficacy tolerance.



Chronic pain syndromes and suffering are more common in women than in men [23]. Previous work studying the effects of menstrual cycle changes of estrogen on pain perception yielded mixed results in both clinical and preclinical settings. While some clinical studies report associations of low estrogen with higher pain sensitivities [24], others report no effects of estrogen and progesterone levels with pain sensitivities [25]. Importantly, the antinociceptive effects of THC were reported to be greater during some stages of the rodent estrous cycle than other stages [26]. Our findings with chronic CBG with respect to the estrous cycle do not support the hypothesis that the cycle phase contributes to analgesic variability of CBG. Rather, our findings support CBG as an effective pain therapeutic in gonadally-intact male and female mice regardless of cycle phase. While responses in female mice were not related to estrous cycle phase, the pharmacological sex differences in response are yet to be explained. Several mechanisms may contribute to differential response including sex differences in CBG metabolism, effects of sex hormones, and differential receptor signaling and density. Indeed, sex differences in human response to cannabinoids is a field of growing interest [27,28,29,30]. Our future work includes pharmacokinetic analysis of metabolic rates and a more thorough understanding of sex hormone effect on analgesic efficacy by correlating serum sex hormone levels to analgesic effect.



The dorsal root ganglia are integral to the development of neuropathic pain and are an important conductor of pain signaling between the peripheral and central nervous system. Because the cell bodies of these expansive pseudo-unipolar neurons are clustered in the ganglia, transcriptional analysis may provide insight into foundations of pain signaling in neuropathy. Unfortunately, the landscape of measuring gene expression in models of neuropathic pain is highly heterogenous. While some reports measure transcriptional changes directly after administration of chemotherapy [13], others may measure changes after addition of a therapeutic at various timepoints [31]. Recent reports of global DRG gene expression changes suggest cisplatin alters activation of inflammatory and neuronal genes [13], as well as altering pain-signaling channels such as Trpv1 [32]. Investigation of many of these major genes provided few significant differences. We identified modest significant decreases between Atf3 (Activating Transcription Factor 3) in CBG treated male mice compared to vehicle treated male mice, and Drd2 (Dopamine Receptor D2) and Oprm1 (Mu Opioid Receptor 1) in CBG treated female mice versus vehicle treated female mice. All decreases were below 20%, between treatment groups, so the overarching relevance is limited. Atf3 is a neuronal health marker implicated in several chronic neuropathy models, although it is still unclear whether the gene is helpful or harmful in repairing nervous system damage [33]. Drd2 and Oprm1 activation are implicated in pain syndromes, and reduced expression of the receptors may be a result of altered signaling from chronic CBG [34,35].



A major limitation of this work is the lack of a dose-response model for males and females receiving daily doses of CBG. Future work addressing this pharmacological question may reveal additional insight into minimum effective doses and sex differences in responses. The pharmacodynamic profile of CBG is not fully understood, such as its potential interactions with subtypes of the alpha-2 receptor and downstream behavioral effects of alpha-2 activation. Further work must be performed to explore if (1) the hypotensive effect of acute CBG is present in humans, (2) if the hypotensive effect is sustained after chronic use, and (3) if the agonist effect is creating a sedative or anxiolytic effect which confounds antinociceptive effects. The alpha-2 receptor driven hypotensive effect of CBG may be similar to that of the clinically used alpha-2 receptor agonist clonidine, which is effective at reducing blood pressure for emergent and urgent hypertensive crises, but has little-to-no efficacy at reducing blood pressure long term [36]. Additionally, this model of neuropathy only utilizes cisplatin, and other chemotherapy-induced neuropathy models may yield additional insights into the antinociceptive effects of CBG. Finally, the majority of non-significant results of our transcriptional inquiries were surprising but rational, considering the timespan of mRNA and transcriptional changes. Our capturing of gene expression at this stage of the neuropathy and treatment modality (24 h after the last drug injection, 3 weeks after the last cisplatin injection) may not be ideal for transient gene expression changes, despite the marked behavioral difference. Moreover, there is no compelling literature suggesting that pharmacological analgesia should produce changes in gene expression. Our future work will consider protein-level changes as well as circulating endocannabinoids as potential mechanistic contributions to the long-lasting analgesia induce by CBG.




4. Materials and Methods


4.1. Animals


All experiments were performed in accordance with procedures approved by the Pennsylvania State University College of Medicine Institutional Animal Care and Use Committee (approval number 202001327 and 202202238). Wild-type male (n = 20) and female (n = 20) age-matched (between 11–13 weeks) C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were group-housed on a twelve-hour light/dark cycle with ad libitum food and water. As noted throughout the manuscript, aspects of findings were replicated in 1–2 additional independent cohorts.




4.2. Cisplatin-Induced Neuropathy


The methods for inducing of cisplatin-induced neuropathy in this study are the same as previously described [10,37]. Briefly, male and female mice (n = 40 total) were injected with 5 mg/kg intraperitoneal (i.p.) cisplatin (Acros Organics, Fairlawn, NJ, USA), and 4% sodium bicarbonate subcutaneously (s.c.) once a week for four weeks. Sodium bicarbonate was administered to prevent the nephrotoxicity of cisplatin.




4.3. Measurement of Mechanical Hypersensitivity—Von Frey


Mechanical sensitivity measurements were taken before the beginning of cisplatin administration and after four weeks of cisplatin, termed “Baseline” and “Neuropathy”, respectively. Measurements were performed by using an electronic von Frey anesthesiometer (IITC Life Sciences Inc., Woodland Hills, CA, USA) exactly as previously described [10,11,14,22,38]. The experimenter performing von Frey was blinded to all treatment groups.




4.4. Drug Treatment Schedule and Analgesic Testing


After induction of neuropathy, mice were randomized to one of two treatment arms: vehicle (DMSO, Tween 80, saline [1:1:18]) or cannabigerol (Cayman Chemical (Ann Arbor, MI, USA) CBG, 10 mg/kg for males, 15 mg/kg for females), stratified by sex. Dosing for males mimics previous work [10]. Knowing that in previous work females require more than males, we tested 15 mg/kg females. Mice received daily i.p. injections of their designated treatment (CBG or vehicle) every day at the same time (10:00 h) for 14 days. On the first day of daily injections, von Frey measurements of all mice and vaginal lavage of female mice were performed one hour after injection (11:00 h) to identify acute response to CBG or vehicle. The von Frey measurements of all mice and vaginal lavage of female mice were again performed after seven and fourteen daily injections, 24 h after the last treatment injection. Importantly, to identify chronic effects and avoid acute effects of the drug, von Frey measurements and vaginal lavage were performed before any injections of CBG or vehicle (before 10:00 h), and both procedures were performed within 1 h of each other. Von Frey measurements and vaginal lavage after seven and fourteen daily injections occurred 23–24 h (between 09:00 h and 10:00 h) after each mouse had received its last injection of CBG or vehicle. A visual timeline of experimental procedures is provided in Figure 1. Independent replicates of experiments followed similar timing and dosing protocols (two independent replicates for males, one independent replicate for females).




4.5. Estrous Cycle Staging and Cytology


Estrous cycle stage was identified through cytology of vaginal lavage 30 min after von Frey. Up to 75 μL of normal saline (0.9% NaCl) was used to gently lavage the vaginal opening, and the solution was dispensed onto a glass microscope slide. Once dried, the samples were fixed with ethanol, stained with eosin and methylene blue using the Ephredia™ Shandon™ Kwik-Diff™ staining kit (Catalog (Cat.) #9990700, Fisher Scientific, Pittsburgh, PA, USA), and analyzed microscopically to determine the stage of estrous using methods previously described [39]. In brief, the samples were determined to represent proestrus, estrus, metestrus, or diestrus based upon the cell types present and cell density of the sample on the slide.




4.6. Dorsal Root Ganglia Extraction


Mice were sacrificed 24 h after fourteen days of daily injections. Before sacrifice, mice underwent von Frey measurements 24 h after their last drug injection (cannabigerol or vehicle), and then were sacrificed using isoflurane and cervical decapitation to avoid damage to the spinal cord. Dorsal root ganglia (DRG) extraction in mice was adapted from two previously published protocols [40,41]. Briefly, all procedures were performed on ice and the spinal column was removed from the dorsal aspect of the mouse. After hydraulic excision of the spinal cord with ice-cold Gibco™ Hank’s balanced salt solution (HBSS) (ThermoFisher, Waltham, MA, USA, Cat. #14175095), the vertebral column was placed in a dish. A light microscope was then used to aid in dissection of the lumbar level L3, L4, and L5 DRG, bilaterally. Finally, after removing the neuronal processes on either side of DRG, the cells were placed in 300 μL of RNALater™ stabilization solution (Cat. #RO901, Sigma-Aldrich, Inc., St. Louis, MO, USA) and stored in accordance with the manufacturer’s instructions for further downstream RNA analysis.




4.7. RNA Extraction and RT-PCR


All samples underwent RNA isolation using a NucleoSpin RNA Plus, Mini kit (Cat. #740984.50, Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions. RNA Integrity Number (RIN) was calculated using Agilent 2100 BioAnalyzer (Agilent Technologies, Palo Alto, CA, USA) and resulted in RIN integrity values between 4.0–7.7, adequate for qRT-PCR analysis [42]. An amount of 1000 ng of isolated RNA was reverse transcribed to cDNA using Applied Biosystems High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Cat. #4374966, Applied Biosystems, Foster City, CA, USA). Quantitative real-time polymerase chain reaction (qPCR) was performed in 394-well plates using TaqMan gene expression assays (Cat. #4331182, Applied Biosystems, Foster City, CA, USA), TaqMan Gene Expression Master Mix (Cat. #4369016, Applied Biosystems, Foster City, CA, USA), and RNase-free water. A list of gene expression assays can be found in Supplemental Data, Table S1. All assays included a no-reverse-transcriptase control and a no-cDNA control. qPCR was performed using a QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Analysis of relative quantification of mRNA in samples was performed using the ΔΔCt method, normalized to a housekeeping gene, β-actin [43], and the mean of the vehicle treated group was normalized to “1”. The most appropriate housekeeping gene was determined through the lowest coefficient of variability following a head-to-head comparison of β-actin, GAPDH, and 18S RNA for DRGs in this sample set and for those of an independent experiment.




4.8. Data Analysis


GraphPad PRISM software version 9.0.2 (134) and statistical software R version 4.2.2 with package lme4 [44] was used for behavioral and qRT-PCR analyses. All results are presented as mean ± standard deviation with individual datapoints provided in all graphs. For behavioral data, statistical significance (p < 0.05) was assessed through two-way ANOVA with a Tukey post hoc test. The difference in weight changes between two treatment arms was assessed using a linear mixed effects regression model. Estrous cycle staging comparisons were calculated using linear regression with F-test. qPCR comparisons were performed using the Mann–Whitney test.





5. Conclusions


As the therapeutic potential of cannabigerol gains popularity in the research and public sectors, in-depth characterization of its benefits and harms needs to be conducted. This report is the first of its kind to identify the chronic analgesic potential of cannabigerol in a translational model of neuropathy and demonstrate pharmacokinetic 24/7 relief of pain, without tolerance, and resistant to the effects of the estrous cycle. This novel approach to understanding the aggregate analgesic effects of cannabinoids may be used in other pharmacologic settings, and we are continuing to study the mechanism of cannabigerol as a neuropathic pain reliever through further pharmacodynamic and pharmacometabolic testing, along with synergistic effects with other non-euphoric cannabinoids with analgesic potential.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph16101442/s1, Figure S1: qRT-PCR comparisons of gene expression in DRG (L3–L5) of male mice treated with 14 daily injections of CBG versus those treated with 14 daily injections of vehicle. Figure S2: qRT-PCR comparisons of gene expression in DRG (L3–L5) of female mice treated with 14 daily injections of CBG versus those treated with 14 daily injections of vehicle. Figure S3: Baseline-corrected graph of von Frey recordings of individual male and female baseline scores over time and their acute response to cannabigerol or vehicle. Figure S4: Baseline-corrected graph of von Frey recordings of individual male and female baseline scores over time and their chronic response to cannabigerol or vehicle. Figure S5: Weight over time in male (n = 10 for vehicle and CBG) and female mice (n = 10 for vehicle and CBG) receiving cannabigerol or vehicle treatments. Mice receiving CBG or vehicle did not experience any significant weight changes during treatment. Table S1: TaqMan Gene Expression IDs for genes tested.





Author Contributions


Conceptualization, R.N., N.M.G., W.M.R.-K. and K.E.V.; methodology, R.N., D.E.S., J.L.B., S.Z., W.M.R.-K. and K.E.V.; software, R.N. and S.Z.; validation, R.N. and D.E.S.; formal analysis, R.N., D.E.S., J.L.B. and S.Z.; investigation, R.N., D.E.S. and J.L.B.; resources, R.N., D.E.S., J.L.B., S.Z., W.M.R.-K. and K.E.V.; data curation, R.N., S.Z., W.M.R.-K. and K.E.V.; writing—original draft preparation, review, and editing, R.N., D.E.S., J.L.B., S.Z., N.M.G., W.M.R.-K. and K.E.V.; visualization, R.N.; supervision, N.M.G., W.M.R.-K. and K.E.V.; project administration, R.N.; funding acquisition, K.E.V. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a sponsored research agreement from PA Options for Wellness (a Pennsylvania-approved medical marijuana clinical registrant), R01AT012053-01(NIH/NCCIH), and the Penn State Elliot S. Vesell endowment (to K.E.V.). The Penn State College of Medicine is a Pennsylvania-approved Academic Clinical Research Center.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Review Board (or Ethics Committee) of Penn State University College of Medicine (approval number 202001327 (approved 5 May 2020, renewed 27 July 2023) and 202202238 (approved 19 December 2022)). for studies involving animals.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data supporting the findings of this study are available within the paper and its Supplementary Information.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Kelland, L. The resurgence of platinum-based cancer chemotherapy. Nat. Rev. Cancer 2007, 7, 573–584. [Google Scholar] [CrossRef] [PubMed]

	



Smith, E.M.L.; Pang, H.; Cirrincione, C.; Fleishman, S.; Paskett, E.D.; Ahles, T.; Bressler, L.R.; Fadul, C.E.; Knox, C.; Le-Lindqwister, N.; et al. Effect of Duloxetine on Pain, Function, and Quality of Life Among Patients With Chemotherapy-Induced Painful Peripheral Neuropathy: A Randomized Clinical Trial. JAMA 2013, 309, 1359–1367. [Google Scholar] [CrossRef] [PubMed]

	



Albany, C.; Dockter, T.; Wolfe, E.G.; Pachman, D.R.; Wagner-Johnston, N.D.; Lazzara, K.M.; Sego, L.M.; Edwards, S.I.; Snow, C.I.; Hanna, N.; et al. Clinical course of patients with cisplatin (CDDP)-associated neuropathy compared to other neurotoxic chemotherapy. J. Clin. Oncol. 2019, 37, e23078. [Google Scholar] [CrossRef]

	



Hershman, D.L.; Lacchetti, C.; Dworkin, R.H.; Lavoie Smith, E.M.; Bleeker, J.; Cavaletti, G.; Chauhan, C.; Gavin, P.; Lavino, A.; Lustberg, M.B.; et al. Prevention and management of chemotherapy-induced peripheral neuropathy in survivors of adult cancers: American Society of Clinical Oncology clinical practice guideline. J. Clin. Oncol. 2014, 32, 1941–1967. [Google Scholar] [CrossRef] [PubMed]

	



Cuttler, C.; LaFrance, E.M.; Craft, R.M. A Large-Scale Naturalistic Examination of the Acute Effects of Cannabis on Pain. Cannabis Cannabinoid Res. 2022, 7, 93. [Google Scholar] [CrossRef] [PubMed]

	



Nachnani, R.; Raup-Konsavage, W.M.; Vrana, K.E. The Pharmacological Case for Cannabigerol. J. Pharmacol. Exp. Ther. 2021, 376, 204–212. [Google Scholar] [CrossRef] [PubMed]

	



Mendiguren, A.; Aostri, E.; Rodilla, I.; Pujana, I.; Noskova, E.; Pineda, J. Cannabigerol modulates α(2)-adrenoceptor and 5-HT(1A) receptor-mediated electrophysiological effects on dorsal raphe nucleus and locus coeruleus neurons and anxiety behavior in rat. Front. Pharmacol. 2023, 14, 1183019. [Google Scholar] [CrossRef]

	



Russo, E.B.; Cuttler, C.; Cooper, Z.D.; Stueber, A.; Whiteley, V.L.; Sexton, M. Survey of Patients Employing Cannabigerol-Predominant Cannabis Preparations: Perceived Medical Effects, Adverse Events, and Withdrawal Symptoms. Cannabis Cannabinoid Res. 2022, 7, 706–716. [Google Scholar] [CrossRef]

	



Aqawi, M.; Sionov, R.V.; Friedman, M.; Steinberg, D. The Antibacterial Effect of Cannabigerol toward Streptococcus mutans Is Influenced by the Autoinducers 21-CSP and AI-2. Biomedicines 2023, 11, 668. [Google Scholar] [CrossRef]

	



Sepulveda, D.E.; Morris, D.P.; Raup-Konsavage, W.M.; Sun, D.; Vrana, K.E.; Graziane, N.M. Cannabigerol (CBG) attenuates mechanical hypersensitivity elicited by chemotherapy-induced peripheral neuropathy. Eur. J. Pain 2022, 26, 1950–1966. [Google Scholar] [CrossRef]

	



Karuppagounder, V.; Chung, J.; Abdeen, A.; Thompson, A.; Bouboukas, A.; Pinamont, W.J.; Yoshioka, N.K.; Sepulveda, D.E.; Raup-Konsavage, W.M.; Graziane, N.M.; et al. Distinctive Therapeutic Effects of Non-Euphorigenic Cannabis Extracts in Osteoarthritis. In Cannabis and Cannabinoid Research; Mary Ann Liebert, Inc.: New Rochelle, NY, USA, 2022. [Google Scholar] [CrossRef]

	



Salha, M.; Adenusi, H.; Dupuis, J.H.; Bodo, E.; Botta, B.; McKenzie, I.; Yada, R.Y.; Farrar, D.H.; Magolan, J.; Tian, K.V.; et al. Bioactivity of the cannabigerol cannabinoid and its analogues—The role of 3-dimensional conformation. Org. Biomol. Chem. 2023, 21, 4683–4693. [Google Scholar] [CrossRef] [PubMed]

	



Starobova, H.; Mueller, A.; Deuis, J.R.; Carter, D.A.; Vetter, I. Inflammatory and Neuropathic Gene Expression Signatures of Chemotherapy-Induced Neuropathy Induced by Vincristine, Cisplatin, and Oxaliplatin in C57BL/6J Mice. J. Pain 2020, 21, 182–194. [Google Scholar] [CrossRef] [PubMed]

	



Sepulveda, D.E.; Vrana, K.E.; Graziane, N.M.; Raup-Konsavage, W.M. Combinations of Cannabidiol and Δ(9)-Tetrahydrocannabinol in Reducing Chemotherapeutic Induced Neuropathic Pain. Biomedicines 2022, 10, 2548. [Google Scholar] [CrossRef] [PubMed]

	



Saunders, C.; Limbird, L.E. Localization and trafficking of α2-adrenergic receptor subtypes in cells and tissues. Pharmacol. Ther. 1999, 84, 193–205. [Google Scholar] [CrossRef]

	



Pereira, A.F.; Lisboa, M.R.P.; De Freitas Alves, B.W.; Da Silva, C.M.P.; Dias, D.B.S.; De Menezes, K.L.S.; Cesário, F.R.A.S.; De França, J.C.; De Oliveira, A.R.; Hallak, J.E.C.; et al. Endocannabinoid System Attenuates Oxaliplatin-Induced Peripheral Sensory Neuropathy Through the Activation of CB1 Receptors. Neurotox. Res. 2021, 39, 1782–1799. [Google Scholar] [CrossRef]

	



La Porta, C.; Bura, S.A.; Aracil-Fernández, A.; Manzanares, J.; Maldonado, R. Role of CB1 and CB2 cannabinoid receptors in the development of joint pain induced by monosodium iodoacetate. Pain 2013, 154, 160–174. [Google Scholar] [CrossRef]

	



Armin, S.; Muenster, S.; Abood, M.; Benamar, K. GPR55 in the brain and chronic neuropathic pain. Behav. Brain Res. 2021, 406, 113248. [Google Scholar] [CrossRef]

	



Deng, L.; Guindon, J.; Cornett, B.L.; Makriyannis, A.; Mackie, K.; Hohmann, A.G. Chronic Cannabinoid Receptor 2 Activation Reverses Paclitaxel Neuropathy Without Tolerance or Cannabinoid Receptor 1–Dependent Withdrawal. Biol. Psychiatry 2015, 77, 475–487. [Google Scholar] [CrossRef]

	



Deiana, S.; Watanabe, A.; Yamasaki, Y.; Amada, N.; Arthur, M.; Fleming, S.; Woodcock, H.; Dorward, P.; Pigliacampo, B.; Close, S.; et al. Plasma and brain pharmacokinetic profile of cannabidiol (CBD), cannabidivarine (CBDV), Δ9-tetrahydrocannabivarin (THCV) and cannabigerol (CBG) in rats and mice following oral and intraperitoneal administration and CBD action on obsessive–compulsive behavi. Psychopharmacology 2012, 219, 859–873. [Google Scholar] [CrossRef]

	



Vernail, V.L.; Bingaman, S.S.; Silberman, Y.; Raup-Konsavage, W.M.; Vrana, K.E.; Arnold, A.C. Acute Cannabigerol Administration Lowers Blood Pressure in Mice. Front. Physiol. 2022, 13, 871962. [Google Scholar] [CrossRef]

	



Henderson-Redmond, A.N.; Crawford, L.C.; Sepulveda, D.E.; Hale, D.E.; Lesperance, J.J.; Morgan, D.J. Sex Differences in Tolerance to Delta-9-Tetrahydrocannabinol in Mice With Cisplatin-Evoked Chronic Neuropathic Pain. Front. Mol. Biosci. 2021, 8, 684115. [Google Scholar] [CrossRef] [PubMed]

	



Greenspan, J.D.; Craft, R.M.; LeResche, L.; Arendt-Nielsen, L.; Berkley, K.J.; Fillingim, R.B.; Gold, M.S.; Holdcroft, A.; Lautenbacher, S.; Mayer, E.A.; et al. Studying sex and gender differences in pain and analgesia: A consensus report. Pain 2007, 132 (Suppl. S1), S26–S45. [Google Scholar] [CrossRef] [PubMed]

	



Alves, B.; Ibuki, F.; Gonçalves, A.S.; Teixeira, M.J.; De Siqueira, S.R.D.T. Influence of Sexual Hormones on Neural Orofacial Perception. Pain Med. 2016, 18, 1549–1556. [Google Scholar] [CrossRef] [PubMed]

	



Klatzkin, R.R.; Mechlin, B.; Girdler, S.S. Menstrual cycle phase does not influence gender differences in experimental pain sensitivity. Eur. J. Pain 2010, 14, 77–82. [Google Scholar] [CrossRef] [PubMed]

	



Wakley, A.A.; Craft, R.M. Antinociception and sedation following intracerebroventricular administration of Δ9-tetrahydrocannabinol in female vs. male rats. Behav. Brain Res. 2011, 216, 200–206. [Google Scholar] [CrossRef] [PubMed]

	



Lunn, S.; Diaz, P.; O’Hearn, S.; Cahill, S.P.; Blake, A.; Narine, K.; Dyck, J.R.B. Human Pharmacokinetic Parameters of Orally Administered Δ9-Tetrahydrocannabinol Capsules Are Altered by Fed Versus Fasted Conditions and Sex Differences. Cannabis Cannabinoid Res. 2019, 4, 255–264. [Google Scholar] [CrossRef]

	



Skosnik, P.D.; Krishnan, G.P.; Vohs, J.L.; O’Donnell, B.F. The effect of cannabis use and gender on the visual steady state evoked potential. Clin. Neurophysiol 2006, 117, 144–156. [Google Scholar] [CrossRef]

	



Schnakenberg Martin, A.M.; D’Souza, D.C.; Newman, S.D.; Hetrick, W.P.; O’Donnell, B.F. Differential Cognitive Performance in Females and Males with Regular Cannabis Use. J. Int. Neuropsychol. Soc. 2021, 27, 570–580. [Google Scholar] [CrossRef]

	



Cooper, Z.D.; Haney, M. Investigation of sex-dependent effects of cannabis in daily cannabis smokers. Drug Alcohol Depend. 2014, 136, 85–91. [Google Scholar] [CrossRef]

	



Xu, Z.; Lee, M.-C.; Sheehan, K.; Fujii, K.; Rabl, K.; Rader, G.; Varney, S.; Sharma, M.; Eilers, H.; Kober, K.; et al. Chemotherapy for pain: Reversing inflammatory and neuropathic pain with the anticancer agent mithramycin A. Pain 2022, 10, 1097. [Google Scholar] [CrossRef]

	



Meng, J.; Qiu, S.; Zhang, L.; You, M.; Xing, H.; Zhu, J. Berberine Alleviate Cisplatin-Induced Peripheral Neuropathy by Modulating Inflammation Signal via TRPV1. Front. Pharmacol. 2022, 12, 774795. [Google Scholar] [CrossRef] [PubMed]

	



Seijffers, R.; Mills, C.D.; Woolf, C.J. ATF3 increases the intrinsic growth state of DRG neurons to enhance peripheral nerve regeneration. J. Neurosci. 2007, 27, 7911–7920. [Google Scholar] [CrossRef] [PubMed]

	



Brumovsky, P.R. Dorsal root ganglion neurons and tyrosine hydroxylase--an intriguing association with implications for sensation and pain. Pain 2016, 157, 314–320. [Google Scholar] [CrossRef] [PubMed]

	



McWhinney-Glass, S.; Winham, S.J.; Hertz, D.L.; Yen Revollo, J.; Paul, J.; He, Y.; Brown, R.; Motsinger-Reif, A.A.; McLeod, H.L. Cumulative genetic risk predicts platinum/taxane-induced neurotoxicity. Clin. Cancer Res. 2013, 19, 5769–5776. [Google Scholar] [CrossRef]

	



Grassi, G.; Turri, C.; Seravalle, G.; Bertinieri, G.; Pierini, A.; Mancia, G. Effects of Chronic Clonidine Administration on Sympathetic Nerve Traffic and Baroreflex Function in Heart Failure. Hypertension 2001, 38, 286–291. [Google Scholar] [CrossRef]

	



Guindon, J.; Deng, L.; Fan, B.; Wager-Miller, J.; Hohmann, A.G. Optimization of a cisplatin model of chemotherapy-induced peripheral neuropathy in mice: Use of vitamin C and sodium bicarbonate pretreatments to reduce nephrotoxicity and improve animal health status. Mol. Pain 2014, 10, 56. [Google Scholar] [CrossRef]

	



Raup-Konsavage, W.M.; Sepulveda, D.E.; Morris, D.P.; Amin, S.; Vrana, K.E.; Graziane, N.M.; Desai, D. Efficient Synthesis for Altering Side Chain Length on Cannabinoid Molecules and Their Effects in Chemotherapy and Chemotherapeutic Induced Neuropathic Pain. Biomolecules 2022, 12, 1869. [Google Scholar] [CrossRef]

	



Cora, M.C.; Kooistra, L.; Travlos, G. Vaginal Cytology of the Laboratory Rat and Mouse:Review and Criteria for the Staging of the Estrous Cycle Using Stained Vaginal Smears. Toxicol. Pathol. 2015, 43, 776–793. [Google Scholar] [CrossRef]

	



Richner, M.; Jager, S.B.; Siupka, P.; Vaegter, C.B. Hydraulic Extrusion of the Spinal Cord and Isolation of Dorsal Root Ganglia in Rodents. JoVE 2017, 119, e55226. [Google Scholar] [CrossRef]

	



Sleigh, J.N.; Weir, G.A.; Schiavo, G. A simple, step-by-step dissection protocol for the rapid isolation of mouse dorsal root ganglia. BMC Res. Notes 2016, 9, 82. [Google Scholar] [CrossRef]

	



Fleige, S.; Pfaffl, M.W. RNA integrity and the effect on the real-time qRT-PCR performance. Mol. Asp. Med. 2006, 27, 126–139. [Google Scholar] [CrossRef] [PubMed]

	



Freeman, W.M.; Walker, S.J.; Vrana, K.E. Quantitative RT-PCR: Pitfalls and potential. Biotechniques 1999, 26, 112–122+124–115. [Google Scholar] [CrossRef] [PubMed]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2022. [Google Scholar]








[image: Pharmaceuticals 16 01442 g001] 





Figure 1. Timeline of experimental methods, behavioral data collection, and sample collection. Created with BioRender.com. CIS = cisplatin, CBG = cannabigerol, VEH = vehicle, DRG = dorsal root ganglia. 
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Figure 2. Acute effects of cannabigerol on cisplatin-induced mechanical hypersensitivity in males (n = 10 for vehicle and CBG) and females (n = 10 for vehicle and CBG). Von Frey measurements measured 1 h after injection on the first day of injections. 2-way ANOVA with Tukey’s multiple comparisons test. M/Vehicle = males receiving vehicle; M/CBG = males receiving cannabigerol; F/Vehicle = females receiving vehicle; F/CBG = females receiving cannabigerol. 
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Figure 3. Estrous cycle phase after acute injection of CBG (n = 10) or vehicle (n = 10). Phase identified one hour after injection of CBG or vehicle on the first day of treatment schedule, graphed versus each female mouse’s mechanical hypersensitivity (von Frey, force in grams). 






Figure 3. Estrous cycle phase after acute injection of CBG (n = 10) or vehicle (n = 10). Phase identified one hour after injection of CBG or vehicle on the first day of treatment schedule, graphed versus each female mouse’s mechanical hypersensitivity (von Frey, force in grams).



[image: Pharmaceuticals 16 01442 g003]







[image: Pharmaceuticals 16 01442 g004] 





Figure 4. Chronic effects of CBG on neuropathic pain in male mice (n = 10 for vehicle and CBG). Force (g) measured 24 h after the last injection. All statistical analyses were conducted using 2-way ANOVA with Tukey’s multiple comparisons test. 
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Figure 5. (a) Chronic effects of CBG on neuropathic pain in female mice (n = 10 for vehicle and CBG). Mechanical hypersensitivity (force (g)) measured 24 h after the last injection. All statistical analyses were conducted using 2-way ANOVA with Tukey’s multiple comparisons test. (b) Estrous cycle phase identified twenty-four hours after seventh injection of CBG or vehicle, and within 30 min of the von Frey measurement. (c) Estrous cycle phase identified twenty-four hours after fourteenth injection of CBG or vehicle, and within 30 min of the von Frey measurement. 
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Table 1. Mean weights of neuropathic mice (n = 10 for CBG and vehicle for both males and females) with standard deviation. Measurements displayed at 3 relevant timepoints: Start of daily dosing, after 7 days of daily doses, and after 14 days of daily doses. CBG = cannabigerol, SD = standard deviation. Weight changes over entire timespan of treatment shown in Supplemental Figure S5.
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Males

	
Females




	
CBG (n = 10)

	
Vehicle (n = 10)

	
CBG (n = 10)

	
Vehicle (n = 10)




	
Mean (g)

	
SD (g)

	
Mean (g)

	
SD (g)

	
Mean (g)

	
SD (g)

	
Mean (g)

	
SD (g)






	
Start

	
27.1

	
0.985

	
27.8

	
0.969

	
19.8

	
0.909

	
20.3

	
1.38




	
7 days

	
27.0

	
1.17

	
27.6

	
0.7

	
20.2

	
1.01

	
20.5

	
1.59




	
14 days

	
28.0

	
1.24

	
28.5

	
0.863

	
21.1

	
1.16

	
21.4

	
1.19











 





Table 2. qRT-PCR analysis of gene expression differences in lumbar dorsal root ganglia (L3–L5) between cannabigerol-treated and vehicle-treated mice.






Table 2. qRT-PCR analysis of gene expression differences in lumbar dorsal root ganglia (L3–L5) between cannabigerol-treated and vehicle-treated mice.





	

	

	
Males 1

	
Females 1




	
Gene

	
Name

	
% Change in Expression (CBG/Vehicle)

	
p Value

	
% Change in Expression (CBG/Vehicle)

	
p Value






	
Cnr1

	
Cannabinoid Receptor 1

	
5%

	
0.684

	
−5%

	
0.631




	
Cnr2

	
Cannabinoid Receptor 2

	
−38%

	
0.46

	
3%

	
0.631




	
Gpr55

	
G-protein coupled receptor 55

	
−10%

	
0.661

	
18%

	
0.579




	
Faah

	
Fatty Acid Amide Hydrolase

	
10%

	
0.28

	
−1%

	
0.481




	
Mgll

	
Monoglyceride Lipase

	
15%

	
0.105

	
2%

	
0.999




	
Atf3

	
Activating Transcription Factor 3

	
−17%

	
0.043 *

	
−4%

	
0.971




	
Trpv1

	
Transient Receptor Potential Cation Channel Subfamily V Member 1

	
−1%

	
0.853

	
−6%

	
0.28




	
Adra2a

	
Adrenergic Receptor 2A

	
−7%

	
0.356

	
−10%

	
0.796




	
Adra2b

	
Adrenergic Receptor 2B

	
−4%

	
0.661

	
−31%

	
0.796




	
Adra2c

	
Adrenergic Receptor 2C

	
3%

	
0.912

	
7%

	
0.912




	
Drd2

	
Dopamine Receptor D2

	
5%

	
0.661

	
−19%

	
0.029 *




	
Gfap

	
Glial Fibrillary Acidic Protein

	
−5%

	
0.999

	
−59%

	
0.684




	
Oprm1

	
Mu Opioid Receptor 1

	
7%

	
0.166

	
−9.5%

	
0.007 *




	
Pparg

	
Peroxisome Proliferator Activated Receptor Gamma

	
68%

	
0.321

	
48%

	
0.258








1 Relative Quantification was calculated using the ΔΔCt method, normalized to β-actin as housekeeping gene. CBG, cannabigerol. Statistical p value calculated using Mann–Whitney test, * = p value reached significance of ≤0.05.
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