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Novel therapies are needed for treatment of gliomas. Mebendazole previously demonstrated anti-neoplastic effects on canine glioma cell lines at in vitro mean inhibitory concentrations (IC50) of 10 ng/mL. Our study aimed to titrate the oral dose of mebendazole necessary to achieve concentrations ≥10 ng/mL in cerebrospinal fluid (CSF) of healthy dogs. We hypothesized that an oral dose up to 200 mg/kg would be necessary. Phase one was a dose titration study using a total of 6 mixed breed dogs that described dose vs. plasma concentrations for 72 h after single oral dosing of either 50 mg/kg (n = 2), 100 mg/kg (n = 2), or 200 mg/kg (n = 2). Based on phase one, phase two dogs (total of 9) received 100 mg/kg (n = 4) or 200 mg/kg (n = 5) orally and blood samples were collected intermittently for 60 h with CSF samples collected intermittently for 24 h. Mebendazole was quantitated in plasma and CSF using high performance liquid chromatography. Median peak plasma concentrations (Cmax) were reached at 7 ± 2 h (100 mg/kg) of 220 ng/mL (81, 283) and at 15 ± 4 h (200 mg/kg) of 147 ng/ml (112, 298). The respective area under the curve (AUC: ng/ml/h) reported as a median was 2,119 (1,876, 3,288) vs. 3,115 (1,559, 4,972). Median plasma concentrations (ng/ml) for 100 vs. 200 mg/kg were 47 (32, 52) vs. 65 (35, 104), respectively. For CSF, the median value for Cmax (at 100 mg/kg vs. 200 mg/kg) was 8 (2, 28) vs. 21 (12, 27) and AUC was 87 (22, 157) vs. 345 (92, 372), respectively. Relative bioavailability in CSF vs. plasma was 4 to 10%. Although several animals demonstrated clinical signs indicative of gastrointestinal upset [i.e., vomiting (n = 2), diarrhea (n = 2), or both (n = 1)], these events were not considered serious. The in vitro IC50 for gliomas can be reached in CSF at 100 mg/kg (n = 1), however a 200 mg/kg dose yielded more consistent concentrations.
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1. Introduction

Gliomas are primary brain tumors arising from glial cells that differentiate into astrocytomas, oligodendrogliomas, or ependymomas. These tumors are common in both humans and canines (1–4). Canine gliomas are typically presumptively diagnosed based on magnetic resonance imaging (MRI) features of the lesion, as definitive diagnosis with a biopsy is not commonly obtained (5). As such, their aggressive nature and intra-axial location limit the effectiveness of available treatment options in both veterinary and human medicine which often involves multiple treatment modalities including surgery, radiation therapy, and/or chemotherapeutic agents such as temozolomide (5–8). Despite the limited effectiveness of these treatment options, owners of dogs with presumed glial tumors are becoming more interested in treatment options for their canine companions, particularly those that are less invasive and cost conscious to allow for increased survival and preservation of quality of life. Due to this interest, continued research into novel therapies for gliomas is an important focus that has a potential to benefit both human and veterinary medicine.

Benzimidazoles (BZDs), such as fenbendazole and mebendazole, were originally developed as anthelmintics for use in human and veterinary medicine (9–13). Recently it has been discovered that BZDs have multiple anti-neoplastic properties against various cancer cell lines in vitro as well as in vivo (13–21). Their primary mode of action targets tubulin, one of the main building blocks of a cell that is crucial for cell division (13, 14). More specifically, BZDs inhibit the polymerization of tubulin and disrupt the formation of microtubules which leads to cell arrest (14–16). Additional anti-neoplastic properties of BZDs include inhibition of the hedgehog pathway, inhibition of kinases (such as MAPK14/p38a), and antiangiogenic effects (15–23). In recent human literature, BZDs have been found to inhibit the growth and development of several cancers including non-small-cell lung cancers, adrenocortical carcinoma, chemoresistant melanoma, colon cancer, hepatocellular carcinoma, and central nervous system (CNS) neoplasms such as glioblastoma, other gliomas, and medulloblastoma (13–26).

Previous research has demonstrated in vitro anti-tubulin and anti-neoplastic effects of fenbendazole and mebendazole on three canine glioma cell lines, establishing a mean inhibitory concentration (IC50; MIC) for each drug (12). The in vitro IC50 of mebendazole was found to be 10 ng/ml vs. approximately 150 ng/ml for fenbendazole (12), demonstrating mebendazole to be a more potent drug compared to fenbendazole. Additionally, previous studies have shown that dosages of 11–110 times the anthelmintic dose of 22 mg/kg/day of mebendazole given to dogs daily for 2 months produced no adverse reactions or effects on liver function (10). Unpublished data from a previous study using fenbendazole in our lab revealed profound gastrointestinal upset in the cohort of healthy dogs. These findings make mebendazole a better drug of choice for additional study as an anti-neoplastic agent.

Documenting mebendazole concentrations in the cerebrospinal fluid (CSF) of healthy dogs and comparing those to what has been shown to produce increased glioma cell line death in vitro is a crucial step in the formulation of a clinical trial in canine glioma patients. Without showing that mebendazole is capable of crossing the blood brain barrier and achieving detectable concentrations in healthy canine CSF, there is little support that BZDs would have any use as a potential therapy for canine gliomas. The objectives of this study were to describe the time course of mebendazole concentrations in the plasma and CSF when administered orally to healthy dogs, and subsequently, to determine an oral dose of mebendazole necessary to achieve and maintain concentrations predicted to be therapeutic for the treatment of gliomas in dogs. We hypothesized that 1) canine plasma mebendazole concentrations will increase in a dose dependent manner and that 2) an oral dose up to 200 mg/kg will achieve in vivo concentrations of at least 10–20 ng/ml in the CSF of a healthy dog, which was considered therapeutic concentrations for the treatment of canine gliomas based on the previous in vitro study (12).



2. Materials and methods


2.1. Animals

A total of six (age range: 2–10 years) healthy female (4 intact, 2 spayed) mixed breed dogs were acquired from a laboratory purpose-bred breeding colony at the Auburn University College of Veterinary Medicine (AUCVM) for use in phase 1 of this study. Three additional healthy male intact mixed breed dogs (age range: 2–8 years) were acquired in addition to the original six female dogs (n = 9) for use in phase 2 of this study. Upon entry into the hospital on Day 0 of each phase of the study, dogs were given ≥12 h to acclimate prior to starting blood collection (and CSF collection – phase 2 only). All dogs were apparently healthy and had unremarkable physical and neurological examinations (performed by the same investigators throughout the entirety of the study) prior to drug administration. A complete blood count (CBC), serum chemistry panel, and urinalysis were additionally performed prior to drug administration to assess baseline health status. Exams were performed daily until the end of blood collection for each phase of the study. Monitoring of vitals (temperature, heart rate, respiratory rate), mentation, and any signs of pain or discomfort (e.g., vocalization, elevation in vitals, etc.) were assessed every 6–8 h during both phases of the study. The dogs were hospitalized during the collection phases of the study and were returned to the breeding colony kennels between phases of the study and ultimately at the conclusion of phase 2 of the study. All procedures were approved by the Auburn University Institutional Animal Care and Use Committee.



2.2. Vascular access

On Day 0 of each phase of the study, all dogs had intravenous catheters placed in either the left or right cephalic veins. All dogs were then heavily sedated with dexmedetomidine (5 μg/kg) and butorphanol (0.2 mg/kg) for placement of jugular catheters, as described elsewhere (27), to provide vascular access for collection of blood samples. Jugular catheters were placed 12–24 h prior to the initiation of sample collection. Catheters were flushed with heparinized sterile saline (0.9% NaCl) once daily and subsequently flushed with sterile saline and monitored for patency and cleanliness every 6 h. Routine bandaging of the catheter was implemented and replaced as indicated by sample collection design or as needed based on the patient. Catheters were removed immediately after the last blood sample was obtained and catheter sites were inspected for any evidence of infection. Pressure bandages were placed over the catheter site for 30 min following removal and were subsequently removed prior to return to the colony kennels.



2.3. Mebendazole administration

Mebendazole was supplied by a collaborator, Dr. Gregory Riggins, a Professor of Neurosurgery and Oncology at Johns Hopkins University, in a powdered formulation. While it still retains FDA approval for use in dogs, mebendazole is no longer readily commercially available in the United States of America at the present time. Based on known therapeutic dosing (10, 11) and the study’s aimed CSF concentration, a dose of 50 mg/kg, 100 mg/kg, or 200 mg/kg was compounded into capsules for each dog (one dose per dog as randomly assigned for each phase of the study) by the Auburn University Small Animal Veterinary Teaching Hospital Pharmacy. During phase 1 (Dose Determination, n = 6 total), two dogs were randomly assigned to receive either a 50, 100, or 200 mg/kg single oral mebendazole dose. During phase 2 (Pharmacokinetics, n = 9 total), dogs were randomized to receive a single oral mebendazole dose of either 100 mg/kg (n = 4) or 200 mg/kg (n = 5). At the time of administration in both studies, a minimal amount of food was used to allow for ingestion of the dose; animals were not given a full meal until 6 h post-administration during phase 1 and not until roughly 12–14 h post-administration due to the frequent anesthetic periods during phase 2 to reduce the risk of regurgitation/aspiration.



2.4. Blood collection

During phase 1, blood samples were collected from all dogs at times 0, 0.5, 1, 2, 4, 6, 8, 12, 16, 20, 24, 48, and 72 h post mebendazole administration. During phase 2, this was similar, but concluded at 60 h (instead of 72 h) post-administration. The described “three-syringe technique” was used to sterilely collect blood at each collection time and the catheters were flushed with 3 ml of sterile saline (0.9% NaCl) afterwards (28). Blood samples did not exceed 6 ml at each collection time. Packed cell volume and total solids were monitored every 24 h to ensure we did not exceed 7% blood volume sampled of body weight over 24 h. Blood samples were initially stored in Sarstedt S-Monovette® Neutral Z/4.9 ml tubes. Blood samples were stored at 0°C for no more than 10–20 min prior to centrifugation. Plasma was properly obtained via centrifugation for 5 min at 1,500 × g. Plasma samples were transferred via plastic pipette to a Sarstedt screw cap 1.5 ml micro tube and were then placed into −80°C for storage until processing was performed. Samples were stored for approximately 3 months.



2.5. CSF collection

During phase 2, CSF samples were collected from all dogs at times 1, 2, 3, 6, 12, and 24 h post mebendazole administration. All dogs were placed under general anesthesia for CSF collection. Dogs received an injection of butorphanol (0.2 mg/kg) and dexmedetomidine (5 μg/kg) as a pre-medication. Propofol (3–6 mg/kg IV to effect) was used for induction and the dogs were then intubated using an endotracheal tube. Dogs were maintained on isoflurane in oxygen titrated to effect. Dogs were kept under a single anesthetic event for collection times 1–3 h. For samples at hour 6, 12, and 24, they were placed under separate anesthetic events for a total of 4 anesthetic events over a time period of 24 h. A sterile 22-gauge, 1.5-inch spinal needle was used to obtain approximately 1 ml of CSF from the atlantooccipital junction at each collection time. This volume of CSF removed was deemed safe as canine CSF production has been determined to be 0.047 ml/min or around 68 ml/day (29). When there was evidence of gross blood contamination, a few drops of CSF were discarded until the fluid became clear and then collection began. CSF samples were not analyzed for protein, red blood cell, or white blood cell counts as part of this study. Samples were collected into a Sarstedt screw cap 1.5 ml micro tube and stored at 0°C for no more than 10–20 min prior to being placed into −80°C for storage until processing was performed. Samples were stored for approximately 3 months.



2.6. Pharmacokinetic analysis

Dog plasma and cerebrospinal fluid (CSF) were analyzed for mebendazole concentrations by high performance liquid chromatography (HPLC) with ultraviolet (UV) detection (30–33). The HPLC system consisted of a Waters 2,695 separation module and a 2,489 UV–Visible detector (Waters Corporation™, Milford, MA, USA). Separation was achieved with a Gemini C6, 5 μm, 150 × 3 mm column (Phenomenex®, Torrance, CA, USA) at 40°C (31–35). The mobile phase consisted of 75:25, 20 mM Ammonium formate buffer (pH adjusted to 3.0 w/formic acid):Acetonitrile (VWR®, Radnor, PA, USA) with the flow rate set to 1.5 ml/min (30, 34). The retention time for mebendazole was 6.8 min and UV absorbance was monitored at 314 nm (30–33). The standard curve was generated ranging from 10 to 1,000 ng/ml for canine plasma, and 5 to 500 ng/ml for CSF by fortifying canine plasma and saline, respectively, with known amounts of mebendazole (Sigma-Aldrich®, St. Louis, MO, USA) reference standard and accepted if the coefficient of determination (r2) was at least 0.99 and the predicted concentrations were within ±10% of the actual concentrations (30). Briefly, mebendazole was quantitated in canine plasma and CSF based on modifications of previously developed assays (30–35). For plasma and CSF samples, 1,000 and 700 μl of acetonitrile was added to tubes containing 500 and 350 μl of canine plasma and CSF, respectively (30, 31). The contents of each tube were mixed vigorously for 30 s through vortexing, then subjected to centrifugation for 10 min at 16,000 × g. The clear supernatant was transferred to a clean glass tube, then evaporated to dryness under a gentle stream of nitrogen for 40 min at 45°C (31). The residue was reconstituted with 250 μl of mobile phase, vortexed for 20 s, and then the solution was centrifuged at 16,000 × g for 5 min. The supernatant was transferred into the vial, and 100 μl were injected into the chromatographic system (30–32, 35).

The linear correlation coefficient for mebendazole in canine plasma and CSF was 0.999. The limit of detection was 5 and 2.5 ng/ml for canine plasma and cerebrospinal fluid (CSF), respectively. The lower limit of quantification was 10 and 5 ng/mL for canine plasma and CSF, respectively. The precision (CV %) for mebendazole in canine plasma at 14, 26, 60, 120, and 800 ng/mL was 4.37, 2.69, 1.16, 5.90, and 1.51%, respectively. The accuracy (% recovery) for mebendazole in canine plasma at 14, 26, 60, 125, and 800 ng/mL was 104.34, 99.40, 99.38, 100.28, and 101.64%, respectively. The precision (CV %) for mebendazole in canine CSF at 5, 15, 75, and 300 ng/mL was 7.70, 2.63, 2.44, and 2.11%, respectively. The accuracy (% recovery) for mebendazole in canine CSF at 5, 15, 75, and 300 ng/mL was 106.55, 100.10, 99.83, and 99.25%, respectively.

Plasma and CSF mebendazole concentration vs. time data were subjected to non-compartmental analysis using computer software (Phoenix® WinNonLin® V7, Pharsight, Cetara, Princeton, NJ, USA). Area under the curve (AUC) to infinity was determined using the log-linear trapezoidal method. The actual maximum concentration (Cmax) occurring at time to maximum concentration (Tmax) was recorded. The slope of the terminal component of the drug vs. time curve was based on non-linear regression. Because mebendazole was not given intravenously, the terminal component could not be confirmed to total elimination and thus both the elimination rate constant and half-life were reported as disappearance. Half-life was reported as harmonic mean + pseudostandard deviation. Furthermore, neither clearance (CL) nor volume of distribution (Vd) could be determined. Other parameters included mean residence time (MRT) and the percentage of the AUC that was extrapolated from the terminal component of the curve. The relative bioavailability (percentage) of mebendazole in CSF to plasma was calculated based on the ratio of the AUC (AEV1/AEV2).



2.7. Statistical analysis

The Kolmogorov–Smirnov test was used to determine normality between data sets. Descriptive statistics were reported as mean ± standard deviation (SD) or median and range (minimum, maximum) when not normally distributed. Comparisons were made between 100 and 200 mg/kg dosages for either plasma or CSF (and between these two sources) for key pharmacokinetic parameters using student t-tests and between CSF and plasma using a paired t-test. Differences were considered statistically significant at p ≤ 0.05.




3. Results


3.1. Phase 1 (dose determination)

Plasma mebendazole concentrations were detected in all dosing groups, with peak plasma concentrations (Cmax [ng/ml] (median; range) at Tmax [hrs]) reported for each respective dose being 132 ng/ml (65; 10, 235) at 3 h (50 mg/kg), 161 ng/ml (57; 6, 181) at 5 h (100 mg/kg), and 241 ng/ml (78; 9, 333) at 2 h (200 mg/kg). These findings appeared to be dose-dependent. Variability was marked among paired subjects for each dose, and concentrations dropped below the limits of detection by 24 h at all doses (Figure 1). Based on this data, phase 2 of the study was implemented at a single dose of either 100 mg/kg or 200 mg/kg to maximize plasma and CSF concentrations.

[image: Figure 1]

FIGURE 1
 Phase 1 plasma mebendazole concentrations following a single 50 mg/kg, 100 mg/kg and 200 mg/kg oral dose, respectively. Peak plasma concentrations were at variable time points between doses.




3.2. Phase 2 (pharmacokinetics)

The pharmacokinetics for each dose during Phase 2 are listed in Table 1. Drug concentration vs. time graphs for 100 vs. 200 mg/kg doses achieved in plasma (Figure 2) and CSF (Figure 3) are provided. Significant differences in plasma samples between the two doses were limited to Tmax (p = 0.01). Plasma Tmax was 7 +/− 2 vs. 15 +/− 4 (with 100 vs. 200 mg/kg dose, respectively). For CSF, significant differences were limited to the area under the curve (AUC; p = 0.016). Relative bioavailability (%) of mebendazole in CSF compared to plasma was lower at 100 mg/kg (4 ± 3) compared to 200 mg/kg (10 ± 5), which was trending towards significance (p = 0.06). AUC revealed a difference in plasma and CSF concentrations however a moderate amount of variability was noted based on SD information comparing plasma and CSF. The Cmax_D (Cmax adjusted per dose) was higher in plasma at the 200 mg/kg vs. 100 mg/kg dose (p = 0.04).



TABLE 1 Pharmacokinetic results for mebendazole after oral administration of either 100 mg/kg (n = 4) or 200 mg/kg (n = 5) in apparently healthy dogs (n = 9) reported in plasma and cerebrospinal fluid (CSF).
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FIGURE 2
 Phase 2 plasma mebendazole concentrations following a single 100 mg/kg and 200 mg/kg oral dose, respectively.


[image: Figure 3]

FIGURE 3
 Phase 2 CSF mebendazole concentrations following a single 100 mg/kg and 200 mg/kg oral dose, respectively (pink line is target concentration, ≥10 ng/ml).


No profound adverse events were noted for these healthy dogs receiving mebendazole during this study. During phase 1, one dog developed stool with specks of frank blood and another had one episode of mucoid diarrhea, which resolved without any further interventions. Five of the six dogs were noted to pass green stool at least once in the course of the study post-drug administration, related to the green color of the gelatin capsules used for drug administration. During phase 2, mild gastrointestinal upset was noted in five total dogs characterized by diarrhea (n = 2, both in 200 mg/kg group), vomiting (n = 2, one in 100 mg/kg group and one in 200 mg/kg group), with an additional dog from the 100 mg/kg group having both vomiting and diarrhea); all resolving without further treatment. For those that experienced vomiting, one vomited at the time of induction (~20 min) post-administration however no traces of the medication were grossly observed in the vomitus. The other episodes were several hours post-administration (7 h vs. 12 h+). The episodes of diarrhea occurred at 8-, 19- and 36-h post-administration, respectively. In phase 2, six out of nine dogs developed at least one episode of green stool during the blood collection period.




4. Discussion

This study demonstrates a dose concentration relationship for mebendazole after oral administration in healthy dogs and that the in vitro IC50 (0.03–0.08 μM, i.e., 10–20 ng/ml) for gliomas (12) can be reached in CSF at 100 mg/kg (n = 1 out of 4 in this study), although 200 mg/kg may allow for more consistent (i.e., ≥10 ng/ml) therapeutic benefit. A dose-dependent change in area under the curve (relative bioavailability) could not be demonstrated for either plasma or CSF because the dogs only received one dose of the drug (both doses must be given to determine relative bioavailability for each dog); numerically however, based on comparison of mean values, mebendazole AUC was higher in plasma and especially CSF when dogs were dosed at 200 mg/kg vs. 100 mg/kg. There was pronounced individual variability preventing the ability to generate a dose dependent curve given the small sample population.

The second peak demonstrated in our plasma concentration vs. time curves (Figure 2) after oral administration may represent individual variations of metabolism or likely a second pass metabolic process (i.e., enterohepatic circulation). Additional time points to evaluate for further elimination may be of benefit. It is also unclear how the effects of anesthesia on gastrointestinal motility or food could play a role in the total absorption and/or clearance of this drug in our study. Unpublished data from a previous study using fenbendazole in our lab may suggest better absorption with food. All dogs were withheld a full meal for the first 6 h during the sample collection of the first phase of the study and until after a minimum of 12 h for the second phase of the study trying to remove the effects of food on drug metabolism. Furthermore, a total of 5 dogs experienced gastrointestinal upset (n = 2 vomiting, n = 2 diarrhea, n = 1 both); however, these dogs had the highest or next to highest area under the curve for their dosing groups, suggesting this did not negatively influence the absorption of this drug. A limitation of this study is the lack of intravenous (IV) administration of this drug, which precluded determining intravenous-dependent parameters including, volume of distribution and clearance, as well as confirming that the terminal component of the plasma drug concentration vs. time curve reflected elimination (rather than absorption as occurs with a “flip-flop” model). There may be benefit to increase the frequency of dosing to provide a further steady state of mebendazole concentration in plasma and CSF, and would require further investigation to better understand the effect of food on absorption of this particular benzimidazole.

Another limitation to this study could be related to CSF collection and analysis. For this study, CSF samples were not analyzed for protein or cell counts (i.e., red blood cells or white blood cells) as the focus was on drug concentration. As such, some gross blood contamination was observed during the CSF collection period. To attempt to limit the effects of this, the sample was allowed to flow until grossly clear however it is unclear if this could impact achieved CSF concentrations nor if this could impact future samples. This occurred in a total of 5 dogs (n = 1 from the 100 mg/kg group at the 1-h time point and n = 4 from the 200 mg/kg group). For the dogs in the 200 mg/kg group, blood contamination occurred at the 2-h and 3-h time point in one dog, at the 3-h and 12-h point in one dog, at 12 h in one dog, and at sample points 3-, 6-, 12-, and 24- h in one dog. Due to the variability observed in the CSF concentrations in relation to the relative bioavailability of these samples, it does not appear obvious that blood contamination significantly contributed to these values.

From this study, the question remains if an in vitro IC50 will correlate with in vivo activity and if brain tissue concentrations will mirror the CSF concentrations as well to ultimately target the tumor cells. Although these two doses were able to achieve detectable CSF concentrations, optimal target concentrations in the CSF for treatment of canine gliomas remains to be determined and this does not support sustained CSF concentrations nor the ability to penetrate brain tissue rather than CSF. Determining whether or not we could achieve therapeutic concentrations of mebendazole within the plasma and CSF in healthy canines was the first step towards further investigating the use of this drug as a novel treatment for gliomas. Ideally, a follow up study to determine if consistent dosing of 200 mg/kg could consistently achieve CSF concentrations considered therapeutic in dogs with gliomas. However, given the limitation of patient access and ethical concerns regarding a pharmacokinetic study in client-owned dogs with a likely fatal CNS neoplasm, the data here may be sufficient to support a phase II efficacy study in afflicted dogs. Ultimately, the information from this study would be utilized to determine the efficacy of mebendazole as an adjunctive therapy for canine gliomas to prolong survival time in canines with this fatal disease.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Auburn University Institutional Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

AY, KD, AT, and DB conceived and planned the experiments. AY and KD ran the experiments and began initial manuscript preparation. CC-E and DB analyzed the plasma and CSF samples. AY and DB analyzed the data. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the Auburn University Intramural Animal Health and Disease Research (AH&DR) seed grant.



Acknowledgments

Mebendazole was kindly provided by Gregory J. Riggins, Professor of Neurosurgery & Oncology at Johns Hopkins University School of Medicine. The authors thank Bruce F. Smith, Director of the Auburn University Research Initiative in Cancer and Scientist with the Scott-Ritchey Research Center for the use of their colony dogs for this study. We thank Jessica Price and Steve Waters for schedule coordination and assistance with the colony dogs. We additionally thank Sharon Barney, Glenn Horne, Pia Laporte, Kodye Abbott, and Laci MacKay for technical assistance with sample collection and anesthetic monitoring.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor RB declared a past co-authorship with the author AY.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Chen, L, Zhang, Y, Yang, J, Hagan, JP, and Li, M. Vertebrate animal models of glioma: understanding the mechanisms and developing new therapies. Biochim Biophys Acta - Rev Cancer. (2013) 1836:158–65. doi: 10.1016/j.bbcan.2013.04.003 

 2. Bentley, RT, Ahmed, AU, Yanke, AB, Cohen-Gadol, AA, and Dey, M. Dogs are man’s best friend: in sickness and in health. Neuro-Oncology. (2017) 19:312–22. doi: 10.1093/neuonc/now109 

 3. Song, R, Vite, C, Bradley, C, and Cross, J. Postmortem evaluation of 435 cases of intracranial neoplasia in dogs and relationship of neoplasm with breed, age, and body weight. J Vet Intern Med. (2013) 27:1143–52. doi: 10.1111/jvim.12136 

 4. Rossmeisl, JH, Jones, JC, Zimmerman, KL, and Robertson, JL. Survival time following hospital discharge in dogs with palliatively treated primary brain tumors. J Am Vet Med Assoc. (2013) 242:193–8. doi: 10.2460/javma.242.2.193 

 5. Van Meervenne, S, Verhoeven, PS, De Vos, J, Gielen, IMVL, Polis, I, and Van Ham, LML. Comparison between symptomatic treatment and lomustine supplementation in 71 dogs with intracranial, space-occupying lesions: Lomustine intracranial masses. Vet Comp Oncol. (2014) 12:67–77. doi: 10.1111/j.1476-5829.2012.00336.x 

 6. Stupp, R, Weller, M, Belanger, K, Bogdahn, U, Ludwin, SK, Lacombe, D , et al. Radiotherapy plus concomitant and adjuvant Temozolomide for glioblastoma. N Engl J Med. (2005) 352:987–96. doi: 10.1056/NEJMoa043330 

 7. Dickinson, PJ. Advances in diagnostic and treatment modalities for intracranial tumors. J Vet Intern Med. (2014) 28:1165–85. doi: 10.1111/jvim.12370 

 8. Hidalgo Crespo, E, Farré Mariné, A, Pumarola, I, Battle, M, Borrego Massó, JF, and Luján Feliu-Pascual, A. Survival time after surgical Debulking and Temozolomide adjuvant chemotherapy in canine intracranial gliomas. Vet Sci. (2022) 9:427. doi: 10.3390/vetsci9080427 

 9. Seah, S. Mebendazole in the treatment of helminthiasis. Can Med Assoc J. (1976) 115:777–9.

 10. Van Cauteren, H, Marsboom, R, Vandenberghe, J, and Will, J. Safety studies evaluating the effect of mebendazole on liver function in dogs. J Am Vet Med Assoc. (1983) 183:93–8.

 11. McKellar, Q, and Scott, E. The benzimidazole anthelmintic agents-a review. J Vet Pharmacol Ther. (1990) 13:223–47. doi: 10.1111/j.1365-2885.1990.tb00773.x 

 12. Lai, S, Castello, S, Robinson, A, and Koehler, J. In vitro anti-tubulin effects of mebendazole and fenbendazole on canine glioma cells: effects of benzimidazoles in canine glioma. Vet Comp Oncol. (2017) 15:1445–54. doi: 10.1111/vco.12288 

 13. Pantziarka, P, Bouche, G, Meheus, L, Sukhatme, V, and Sukhatme, VP. Repurposing drugs in oncology (ReDO)—mebendazole as an anti-cancer agent. eCancer. (2014) 8:485. doi: 10.3332/ecancer.2014.485 

 14. Bai, RY, Staedtke, V, Aprhys, CM, Gallia, GL, and Riggins, GJ. Antiparasitic mebendazole shows survival benefit in 2 preclinical models of glioblastoma multiforme. Neuro-Oncology. (2011) 13:974–82. doi: 10.1093/neuonc/nor077 

 15. Mukhopadhyay, T, Sasaki J ichiro, Ramesh, R, and Roth, JA. Mebendazole elicits a potent antitumor effect on human cancer cell lines both in vitro and in vivo. Clin Cancer Res. (2002) 8: 2962–2969.

 16. Jichiro, S, Ramesh, R, Chada, S, Gomyo, Y, Roth, JA, and Mukhopadhyay, T. The anthelmintic drug mebendazole induces mitotic arrest and apoptosis by depolymerizing tubulin in non-small cell lung cancer cells. Mol Cancer Ther. (2002) 1:1201–9.

 17. Larsen, AR, Bai, RY, Chung, JH, Borodovsky, A, Rudin, CM, Riggins, GJ , et al. Repurposing the antihelmintic mebendazole as a hedgehog inhibitor. Mol Cancer Ther. (2015) 14:3–13. doi: 10.1158/1535-7163.MCT-14-0755-T 

 18. Nygren, P, Fryknäs, M, Ågerup, B, and Larsson, R. Repositioning of the anthelmintic drug mebendazole for the treatment for colon cancer. J Cancer Res Clin Oncol. (2013) 139:2133–40. doi: 10.1007/s00432-013-1539-5 

 19. Bai, RY, Staedtke, V, Rudin, CM, Bunz, F, and Riggins, GJ. Effective treatment of diverse medulloblastoma models with mebendazole and its impact on tumor angiogenesis. Neuro-Oncology. (2015) 17:545–54. doi: 10.1093/neuonc/nou234 

 20. Pourgholami, M, Woon, L, Almajd, R, Akhter, J, Bowery, P, and Morris, D. In vitro and in vivo suppression of growth of hepatocellular carcinoma cells by albendazole. Cancer Lett. (2001) 165:43–9. doi: 10.1016/S0304-3835(01)00382-2 

 21. Meco, D, Attinà, G, Mastrangelo, S, Navarra, P, and Ruggiero, A. Emerging perspectives on the Antiparasitic Mebendazole as a repurposed drug for the treatment of brain cancers. IJMS. (2023) 24:1334. doi: 10.3390/ijms24021334 

 22. Ariey-Bonnet, J, Carrasco, K, Le Grand, M, Hoffer, L, Betzi, S, Feracci, M , et al. In silico molecular target prediction unveils mebendazole as a potent MAPK14 inhibitor. Mol Oncol. (2020) 14:3083–99. doi: 10.1002/1878-0261.12810 

 23. Guerini, T, Triggiani, L, Maddalo, M, Bonù, ML, Frassine, F, Baiguini, A , et al. Mebendazole as a candidate for drug repurposing in oncology: an extensive review of current literature. Cancers. (2019) 11:1284. doi: 10.3390/cancers11091284 

 24. Doudican, N, Rodriguez, A, Osman, I, and Orlow, SJ. Mebendazole induces apoptosis via Bcl-2 inactivation in chemoresistant melanoma cells. Mol Cancer Res. (2008) 6:1308–15. doi: 10.1158/1541-7786.MCR-07-2159 

 25. Bai, RY, Staedtke, V, Wanjiku, T, Rudek, MA, Joshi, A, Gallia, GL , et al. Brain penetration and efficacy of different mebendazole polymorphs in a mouse brain tumor model. Clin Cancer Res. (2015) 21:3462–70. doi: 10.1158/1078-0432.CCR-14-2681 

 26. Dobrosotskaya, IY, Hammer, GD, Schteingart, DE, Maturen, KE, and Worden, FP. Mebendazole monotherapy and long-term disease control in metastatic adrenocortical carcinoma. Endocr Pract. (2011) 17:e59–62. doi: 10.4158/EP10390.CR 

 27. Williams, K, and Linklater, A. Central venous catheter placement: modified Seldinger technique. Clin Brief. (2015):71–5.

 28. Kirby, R, and Linklater, A, (2016). Monitoring and intervention for the critically ill small animal: The rule of 20 [internet]. Ames, Iowa: John Wiley & Sons, Inc. Available at: http://doi.wiley.com/10.1002/9781118923870 [Accessed April 27, 2023].

 29. DeLahunta, A, Glass, E, and Kent, M. Veterinary neuroanatomy and clinical neurology. 4th ed. St. Louis: Elsevier (2015). 545 p.

 30. Kang, YP, Yu, J, Huh, Y, Oh, JH, Kwon, CH, Lee, SJ , et al. Development of high performance liquid chromatography-ultraviolet detection method for screening mebendazole, clorsulon, diaveridine, and tolfenamic acid in animal-based food samples: determination of veterinary drugs by HPLC. Drug Test Anal. (2014) 6:246–56. doi: 10.1002/dta.1467 

 31. Bistoletti, M, Moreno, L, Alvarez, L, and Lanusse, C. Multiresidue HPLC method to measure benzimidazole anthelmintics in plasma and egg from laying hens. Evaluation of albendazole metabolites residue profiles. Food Chem. (2011) 126:793–800. doi: 10.1016/j.foodchem.2010.11.084

 32. Rummel, N, Chung, I, and Shaikh, B. Determination of albendazole, fenbendazole, and their metabolites in mouse plasma by high performance liquid chromatography using fluorescence and ultraviolet detection. J Liq Chromatogr Relat Technol. (2011) 34:2211–23. doi: 10.1080/10826076.2011.587219

 33. Xiao, X, Zhao, Y, Zhou, Y, and Wang, Z. Plasma pharmacokinetics and muscle residue dynamics of mebendazole in Carassius auratus. J Vet Pharmacol Therap. (2017) 40:670–4. doi: 10.1111/jvp.12398 

 34. Klausz, G, Keller, É, Sára, Z, Székely-Körmöczy, P, Laczay, P, Ary, K , et al. Simultaneous determination of praziquantel, pyrantel embonate, febantel and its active metabolites, oxfendazole and fenbendazole, in dog plasma by liquid chromatography/mass spectrometry: simultaneous determination of three antihelmintics in dog plasma by LC-MS. Biomed Chromatogr. (2015) 29:1859–65. doi: 10.1002/bmc.3507 

 35. Permana, AD, Tekko, IA, McCarthy, HO, and Donnelly, RF. New HPLC–MS method for rapid and simultaneous quantification of doxycycline, diethylcarbamazine and albendazole metabolites in rat plasma and organs after concomitant oral administration. J Pharm Biomed Anal. (2019) 170:243–53. doi: 10.1016/j.jpba.2019.03.047 



OPS/images/fvets-10-1231769-g003.jpg
CSF Mebendazole Concentration vs Time at 100 mg/kg
1000

100

Conc (ng/ml)

o 20 40 60

Target _time (hr)

CSF Mebendazole Concentration vs Time at 200 mg/kg
1000

100

Cone (ng/m)

20 0 60

Target_time (h)





OPS/images/fvets-10-1231769-t001.jpg
Plasma [100 mg/kg; Plasma [200 mg/kg; CSF [100 mg/kg; CSF [200 mg/kg;

(n=4)] (n=5)] p value (n=4)] (n=5)] p value pvalue  pvalue (dosed

Parameter (100 vs. 200 (100 vs.  (all-plasma plasma vs. CSF)
Mean +SD Mean +SD plasma) Mean +SD Mean +SD 200CSF)  vs.CSF) 100, 200
Median (Min, Max) Median (Min, Max) Median (Min, Max) Median (Min, Max)

AUC (hr*ng/ml) 2,119 (1876, 3,288) 3,115 (1,559, 4972) 040 87(22,157) 345.(92,372) 0016 0.00 001,001
Relative bioavalability nfa nla nla 453 10+5 nla nfa 006
(%) - CSF to Plasma
Cmax (ng/ml) 220 (31, 283) 147 (112, 298) 073 8(2,28) 21012,27) 018 0.00 0.02,001
Cmax_D (kg*ng/ 22(08,28) 07(06,15) 0.04 0,08 (0.02,02) 0.1(006,0.13) 079 0.00 002,001
mi/mg)
Cavg (ng/ml) 47(32,52) 65 (35, 104) 018 nla n/a nla n/a a
Clast (ng/ml) 13(5,31) 19 (11, 184) 032 9:13 12(6,27) 044 018 051,025
MRT (hr) 13(12,39) 74(13,93) 0.21 nla nla nla n/a wa
Tmax (hr) 742 1524 0.01 915 1727 o1 0.06 027,017

Mean:+standard deviation (SD) vs. Median (Minimum, Maximum) reported as appropriate pending normal distribution of data. p values were considered significant f p <0.05. AUC, area under the curve; Cmax, maximun (peak) concentration; Cmax_D, maximum
concentration divided by dose administered; Cavg, average drug concentration; Clast, drug concentration at the last measured time point; MRT, mean residence time. Tmas, time to reach maximum concentration (Cmax),






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Pharmacokinetics of mebendazole in plasma and cerebrospinal fluid following a single oral dose in healthy dogs



		1. Introduction



		2. Materials and methods



		2.1. Animals



		2.2. Vascular access



		2.3. Mebendazole administration



		2.4. Blood collection



		2.5. CSF collection



		2.6. Pharmacokinetic analysis



		2.7. Statistical analysis









		3. Results



		3.1. Phase 1 (dose determination)



		3.2. Phase 2 (pharmacokinetics)









		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fvets-10-1231769-g001.jpg
1000.00

1000

[calc] ng/ml
- g
8 8

°

20 40 60 80
Time Since Dose (hr)

1000.00
E
> 100.00
2
3 1000 |
1.00
o 20 40 60 80
Time Since Dose (hr)
Mebendazole 200 mg/kg group
1000.00

1000

[calc] ng/ml
g
8

100

°

20 40 60 80
Time Since Dose (hr)





OPS/images/fvets-10-1231769-g002.jpg
Plasma Mebendazole Concentration vs Time at 100 mg/kg

Conc (ng/mi)

1000

& <
W 2 [a]
EN-2=4
o ®
T T 1
o 20 40 60

Target_time (hr)

Plasma Mebendazole Concentration vs Time at 200 mg/kg

Conc (ng/mi)

1000

T T 1
20 40 60

Target_time (hr)





OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

Pharmacokinetics of mebendazole
in plasma and cerebrospinal ufl id
following a single oral dose in
healthy dogs












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
' frontiers Frontiers in Veterinary Science






