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Abstract

Low tetrahydrocannabinol Cannabis sativa products, also known as hemp products,

have become widely available and their use in veterinary patients has become

increasingly popular. Despite prevalence of use, the veterinary literature is lacking

and evidence-based resource for cannabinoid efficacy. The most prevailing cannabi-

noid found in hemp is cannabidiolic acid (CBDA) and becomes cannabidiol (CBD) dur-

ing heat extraction; CBD has been studied for its direct anti-neoplastic properties

alone and in combination with standard cancer therapies, yielding encouraging

results. The objectives of our study were to explore the anti-proliferative and cell

death response associated with in vitro treatment of canine cancer cell lines with

CBD alone and combination with common chemotherapeutics, as well as investiga-

tion into major proliferative pathways (eg, p38, JNK, AKT and mTOR) potentially

involved in the response to treatment with CBD. CBD significantly reduced canine

cancer cell proliferation far better than CBDA across five canine neoplastic cell lines

when treated with concentrations ranging from 2.5 to 10 μg/mL. Combinatory treat-

ment with CBD and vincristine reduced cell proliferation in a synergistic or additive

manner at anti-proliferative concentrations with less clear results using doxorubicin

in combination with CBD. The cellular signalling effects of CBD treatment, showed

that autophagy supervened induction of apoptosis and may be related to prompt

induction of ERK and JNK phosphorylation prior to autophagy. In conclusion, CBD is

effective at hindering cell proliferation and induction of autophagy and apoptosis rap-

idly across neoplastic cell lines and further clinical trials are needed to understand its

efficacy and interactions with traditional chemotherapy.
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1 | INTRODUCTION

The use of Cannabis sativa is reported throughout history for its

medicinal uses dating back to 2900 BC in the writings of Chinese

Emperors.1 Although the use of C. sativa spans several millennia,

formal scientific exploration of its clinical applications is in its infancy.

In 1964, the primary psychoactive cannabinoid in C. sativa,

Δ9-tetrahydrocannabinol (THC), was discovered.2 Decades later, the

first endogenous G-protein-coupled receptor (GPCR), cannabinoid

receptor 1 (CB1), was identified.3,4 Since these discoveries, our
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understanding of the endocannabinoid system has continued to grow

through the recognition of the primary endogenous ligands including

the fatty acid derivatives N-arachidonoylethanolamine (anandamide)

and 2-arachiodonoylglycerol (2-AG), resulting in an expanded under-

standing of their endogenous targets for cannabinoids including

orphan GPCRs, transient receptor potential cation channels (TRPVs)

and peroxisome proliferation receptors (PPARs).5-9

Considering the illegal nature of THC, because of the psychotro-

pic properties, there has been accelerated interest in other cannabi-

noids, namely cannabidiol (CBD). Cannabinoids (eg, dronabinol) have

been studied and utilized for the palliation of cancer symptoms or for

the treatment of side effects related to standard cancer therapies.10-12

However, more recent studies have been exploring CBD and its

direct antineoplastic properties alone or in combination with standard

cancer therapies, such as chemotherapy or ionizing radiation.13-16

Equally, if not more interesting, is the ability for CBD to activate

GPCR18, and GPCR55 whose actions are poorly elucidated in cancer

cell biology,17,18 but appear to control ion channels or incite activation

of signalling cascades.19,20

Glioblastoma multiforme has been a major focus of cannabinoid-

based research in human tumour models. These studies have demon-

strated a reduction in the cell viability of glioma cell lines treated with

CBD, as well as synergetic reductions in cell viability in combination

with ionizing radiation and/or DNA-damaging agents both in vitro and

in xenograft murine models.14,15,21 Induction of apoptosis has been

observed in many cell culture models and there appear to be numer-

ous cell signalling pathways affected leading to apoptosis and/or

autophagy, namely the mammalian target of rapamycin (mTOR),

phosphtidyl-inositol-3 kinase (PI3K) and mitogen-activated protein

(MAP) kinases.22-26 To date, there has been little to no examination of

the effects of CBD on canine cell culture models or the effects of

standard CBD-rich hemp extracts.

The use of hemp extracts in controlling cellular growth is exceed-

ingly complex considering hemp extracts with relatively similar CBD

concentrations appear to have differential effects on cell culture sys-

tems lending to the proposition of the “entourage effect” whereby

terpenes and other cannabinoids may be acting synergistically with

CBD to influence cell proliferation.27-29 More importantly, we need to

better understand the cell death response in conjunction with chemo-

therapeutic agents commonly used in veterinary treatment, as many

owners want to utilize CBD-rich hemp products during chemotherapy

for the effects on the cancer itself, or to relieve some the adverse

effects of chemotherapy (nausea and lethargy) to maintain or improve

their pet's quality of life.30

We set out to examine the effects of CBD and a CBD-rich hemp

extract treatment on 5 different canine cell culture systems (3 osteo-

sarcoma, 1 mammary carcinoma and 1 lymphoma). The objective of

our study was 3-fold; (a) to better understand the anti-proliferative

and cell death response associated with CBD through induction of

apoptosis and/or autophagy, (b) to understand combination index

(CI) synergy or antagonism utilizing doxorubicin or vincristine in com-

bination with CBD treatment, and (c) to examine the major cell signal-

ling pathways involved in cellular proliferation including the

extracellular regulated kinase (ERK), p38 mitogen activated kinase

(p38), janus/kinase activation (JNK), protein kinase B (AKT) and mech-

anistic target of rapamycin (mTOR) pathway induction when treating

neoplastic cell lines with CBD.

2 | MATERIAL AND METHODS

2.1 | Cannabinoids and chemotherapeutics

CBD and its acid derivative CBDA were purchased as a 10 mg/mL

and a 1 mg/mL formulation in methanol, respectively (Cayman Chemi-

cal Corporation, Ann Arbor, Michigan). A whole hemp based extract

was received directly from a manufacturer with third party analysis

(Proverde Laboratory, Milford, Massachusetts) revealing a product

with approximately 30 mg/mL of CBD, 31 mg/mL CBDA, 1.4 mg/mL

THC and 1.3 mg/mL tetrahydrocannabinoic acid (THCA) with less

than 1 mg/mL of cannabigerol, cannabichromene and cannabinol, and

5.2 mg/mL of complex terpenes (ElleVet Sciences, Portland, Maine) in

an ethanol base. The extract was diluted to a 20 mg/mL in a

50%/50% mix of ethanol and DMSO. The final stock extract con-

tained 20 mg/mL of cannabidiols as an equal mix of CBD (10 mg) and

CBDA (10 mg) as well as 0.4 mg/mL THC, 0.4 mg THCA, 0.1 mg or

less of cannabichromene (CBC) and cannabigerol (CBG) with 1.8 mg

of complex terpenes. Chemotherapeutic agent doxorubicin hydrochlo-

ride (Sigma Aldrich, St. Louis, Missouri) was freshly diluted in water to

a 2 mM stock solution, while vincristine sulfate (Sigma Aldrich,

St. Louis, Missouri) was prepared as a stock solution of 10 μM in ster-

ile water before utilizing in cell culture experiments.

2.2 | Cell lines and culture conditions

Five established canine neoplastic cell lines were obtained and used

for all experiments; a cell line of epithelial mammary gland carcinoma

cell line—CMT12 (provided by Dr Curtis Byrd), a B cell lymphoma

lineage—17-71 (provided by Dr Angela Wheeler), and three mesen-

chymal osteosarcoma lines HMPOS (provided by Dr Rodney Page),

D17 (#CCL-183; ATCC, Manassas, Virginia) and Abrams (provided by

Dr Angela Wheeler). The Abrams cell line was validated from its origi-

nal source, while the D17 cell line is a validated cell line from the

American Type Culture collections. The CMT12, 17-71 and HMPOS

cell lines have not been validated genetically but display cell markers

and characteristics of epithelial, round and osteosarcoma cell lines,

respectively. All cell lines were deemed mycoplasma free by polymer-

ase chain reaction from the Animal Health and Diagnostic Laboratory

at Cornell University.

All cells were maintained on tissue culture-treated plates

(Laboratory Product Sales [LPS], Rochester, New York) with Roswell

Park Memorial Institute (RPMI) medium 1640 (Invitrogen, Carlsbad,

California) with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad,

California) and 1% antibiotic and antimycotic solution (Invitrogen,

Carlsbad, California). Cell lines were grown at 37�C and 5% CO2 for all
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experiments and passage of cells, unless indicated otherwise. Canine

primary dermal fibroblast (Applied Biological Materials [ABM], Rich-

mond, BC, Canada) were propagated and kept on PriCoat T25 flasks

(ABM) in Prigrow II medium (ABM) containing 10 HI-FBS and 1% pen-

icillin/streptomycin (Invitrogen, Carlsbad, California). The dermal fibro-

blasts were used to determine the effects of the extract on normal

cells.

2.3 | Cannabidiols and CBD-rich hemp 48 hours
MTT proliferation

3-(4,5-Dimethylthaizol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

assays were performed on all previously described cell lines;

CMT12, HMPOS, D17, Abrams and 17-71. Cells were plated at a

density of 2500 cells per well in 96-well tissue culture-treated

plates (Laboratory Product Sales, Rochester, New York). Cells were

treated with vehicle (methanol or ethanol/DMSO mix) or various

concentrations of the CBD, CBDA or CBD-rich hemp extract rang-

ing from 0.42 to 20 μg/mL in serial dilution for 48 hours. MTT

assays were performed after 48 hours of treatment by adding 20 μL

of MTT dye (0.7 μM filtered 5 mg/mL in phosphate-buffered saline

[PBS]) to each well and incubating at 37�C in 5% CO2 for 2 hours.

The media was then aspirated, washed once with 200 μL of PBS and

then solubilized in 200 μL of ethanol. Immediate analysis of the

optical density of each well was performed using a spectrophoto-

metric plate reader (Epoch; Biotek, Winooski, Vermont) at a wave-

length of 570 nm as previously described.31 The percent

proliferating cells of control for each concentration was averaged

and reported as a mean +/−SD from triplicate wells over three

experiments.

2.4 | Doxorubicin cytotoxicity/proliferation assays

CMT12, 17-71 and D17 cells were plated at a density of 2500 cells

per well in 96-well tissue culture-treated plates (Laboratory Product

Sales, Rochester, New York). All cell lines were treated with identical

concentrations of the pure CBD (0.34, 0.67, 1.25, 2.5, 5, 10, 20 g/

mL) and various concentrations of doxorubicin or vincristine. The

concentration of doxorubicin varied between cell lines in order to

achieve between 20% and 80% proliferation inhibition. The cell lines

were treated with serial dilutions of doxorubicin as follows; CMT12

and D17 (0.067-2 μM) and 17-71 (0.0167-0.5 μM). Methanol was

used as a vehicle control for all CBD treatments and sterile water for

doxorubicin and vincristine at the highest doses used to represent

the vehicle control treated wells. Cells were then incubated for

48 hours prior to performing MTT assays, as previously described.

Wells treated with the vehicle control were considered to represent

100% proliferating cells in triplicate over three experiments. Percent

viable cells for each specific combination were averaged and

reported as mean percent proliferation +/− SD for further CI

evaluation.

2.5 | Trypan blue exclusion assay of cell viability

The trypan blue exclusion assay was performed on canine primary

dermal fibroblasts (CDF) because of the slow rate of proliferation and

low metabolic activity of these normal canine cells, precluding produc-

tive MTT assays. The effects of CBD treatments were compared with

the results obtained on the 17-71, CMT12 and D17 cell lines for com-

parative purposes. For the CDF cells, applied cell extracellular matrix

(ABM) was applied overnight to 24-well tissue culture-treated plates

(Applied Biological Materials [ABM], Richmond, BC, Canada). For all

cell lines, cells were plated at a density of 5 × 103 cells per well and

incubated until 60% confluent before treatment with methanol vehi-

cle control, 3.75, 7.5, and 15 μg/mL of CBD to cells for 48 hours. Cells

were then trypsinized, collected and centrifuged at 1900 g for

10 minutes. With the exception of the 17-71 cell line, cells were

detached with Accumax (Invitrogen, Carlsbad, California). The cell pel-

let was resuspended in 0.1% trypan blue (Sigma Aldrich, St Louis, Mis-

souri) in PBS solution, loaded on a Cell Countess disposable cell

counting slide with automatic counting of all positively stained cells in

the Countess II Cell Counter under identical settings for each cell line

(Invitrogen; ThermoFisher Scientific, Carlsbad, California) using the

same parameters for each cell line. All treatments were performed in

triplicate and the percent of viable cells were averaged.

2.6 | MTT and trypan blue data management and
calculations

Raw data from MTT proliferation assays and trypan blue exclusion

assays (individual optical density of each well) were normalized to the

vehicle control treatment for each cell line, considered to represent

100% proliferating cells (single or combined treatment). The percent

proliferating cells was determined by comparing optical density read-

ings or live counts, respectively, of treatment wells at each concentra-

tion compared with vehicle control wells in each cell line.

For CBD, CBDA and hemp extract concentrations needed to

obtain a 50% inhibition of cell proliferation (IC50) were then calculated

across experiments by Probit analysis using XLFit5 software (IDBS,

Guildford, United Kingdom) for reporting the results for each cell line.

The compound interactions of chemotherapy and CBD treatment in

the CI studies were calculated by multiple drug effect analysis using

Compusyn software (v.2; Compusyn Inc, Paramus, New Jersey) which

employs the median equation principle according to the methodology

described by Chou and Talalay to determine a CI value by the formula32:

CI =
Dð Þ1
Dxð Þ1

+
Dð Þ2
Dxð Þ2

+
Dð Þ1 Dð Þ2
Dxð Þ1 Dxð Þ2

where (D)1 and (D)2 are the doses of both compounds in combination

and (Dx)1 and (Dx)2 are the doses of each compound alone at x per-

cent of inhibition. CI values ≤0.9 indicate synergism, a CI value >0.9

and < 1.1 indicates an additive effect, and CI values ≥1.1 indicate

antagonism.
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2.7 | Annexin V-FITC apoptosis assay

Apoptosis after 4 and 8 hours treatment was measured using

Annexin-V staining (Invitrogen Annexin V-FITC staining kit, Carlsbad,

California). Briefly, cells were detached with Accumax (Innovative Cell

Technologies, San Diego, California), collected and centrifuged for

10 m at 1000 g at 4�C. The pellet was washed once with PBS before

resuspension in Annexin Binding Buffer (ABB; 10 mM HEPES,

140 mM NaCl, 2.5 mM CaCl2, pH 7.4) at a density of approximately

1 × 106 cell/mL. Annexin V-FITC conjugate was added according to

the manufacturer's suggestion to the cell suspensions and incubated

for 15 minutes at room temperature. After the incubation, ABB was

added to the cell suspension and kept on ice until fluorescence was

measured with the BD FACScalibur flow cytometer using an argon

laser (BD Biosciences, Ashland, Oregon). Ten thousand events were

collected per sample. Analysis was performed with the FlowJo soft-

ware (Version 10.7.1. Becton, Dickinson, Ashland, Oregon) by first

gating based on the forward- and side-scatter characteristics for each

cell line followed by Annexin V-FITC positive cells. Negative fluores-

cence controls were unstained cells. Three independent replicates

were examined for each treatment.

2.8 | Western blot assessment of signalling
pathways and autophagy

Cells were plated on 100 mm tissue culture-treated plates and incu-

bated overnight in complete medium until 60% confluency was

reached. Cells were treated with methanol vehicle control or 10 μg/mL

of CBD for 2, 4 or 8 hours. Cells were harvested and lysed at each time

point for control and CBD treated cells using mammalian lysis buffer

(25 mM Tris, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, pH 7.4),

and then centrifuged for 5 minutes at 12 000 g at 4�C. The supernatant

was collected and the protein concentration was determined using

the Bradford assay (Coomassie-dye; ThermoFisher Scientific Pierce,

Waltham, Massachusetts). Samples were equilibrated to a common

volume (μg/μL) in lysis buffer and 5× laemmili loading buffer (300 mM

Tris-HCl pH 6.8, 10% sodium dodecyl sulfate, 50% glycerol, 12.5%

β-mercaptoethanol, 0.025% bromophenol blue). For each protein of

interest, 30 μg total protein were subjected to sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) on gels ranging from

6% to 15% based on the molecular weight of the protein of interest.

The proteins were then transferred to 0.45 μm pore size polyvinylidene

fluoride membrane (Immobilon-P Membrane, EMD Millipore, Billerica,

Massachusetts) for 1 hour at 333 mA and then blocked in 5% milk in

tris-buffered saline/0.05% Tween 20 solution (TBST). Membranes were

incubated overnight in primary antibody solutions at a dilution of

1:1000 in TBST on a rocking platform at 4�C. Primary antibodies con-

firmed as cross reactive with canine cells or tissues included mouse

extracellular regulated kinase (ERK) (R&D Biosciences, Boston, Massa-

chusetts); rabbit anti- protein kinase B (AKT), Ser473 phosphorylated-

AKT, stress-activated protein kinase/jun-amino-terminal kinase (SAPK/

JNK), Thr183/Tyr185 phosphorylated-SAPK/JNK, mammalian target of

rapamycin (mTOR), Ser2448 phosphorylated-mTOR, anti-Thr202/

Tyr204 phosphorylated p44/42 MAPK (ERK1/2), anti-p38, anti-

phosphorylated p38, anti-p62 and anti-LC3 A/B (Cell Signalling Tech-

nology, Danvers, Massachusetts).33-36 Membranes were washed three

times with TBST and incubated at room temperature for 1 hour in the

corresponding secondary anti-rabbit IgG or anti-mouse IgG horseradish

peroxidase-conjugated antibody at a dilution of 1:2000 (Cell Signalling

Technology, Danvers, MA). Membranes were washed three times with

TBST and visualized with a chemi-luminescent reagent (Clarity Western

ECL Substrate; Bio-Rad, Hercules, California). Digital images were

captured using an imaging system (Biospectrum 410; UVP, Upland,

California or FluorChem E; Cell Biosciences, San Jose, California). Each

blot was performed twice from two different experiment to confirm

findings.

2.9 | D17 and CMT12 immunofluorescence

CMT12 and D17 adherent cell lines were split into Nunc chamber

slides (ThermoFisher Scientific, Rochester, New York) and the cells

were 70% confluent they were treated for 6 hours with either metha-

nol control or 10 μg/mL of CBD. Cells were fixed with 4% paraformal-

dehyde for 1 hour and then permeabilized with PBS containing 0.1%

Triton X-100 for 30 minutes. Cells were then washed with PBS and

incubated with bovine serum albumin (Sigma Aldrich, St. Louis, Mis-

souri) for 30 minutes and then goat anti-serum (Vector Labs, Burlin-

game, California) for 1 hour and then washed twice with PBS for

10 minutes while rocking at room temperature. Equal concentrations

of rabbit polyclonal non-specific antibody (Vector Labs, Burlingame,

California) or polyclonal rabbit-anti LC3A/B antibody (Cell Signalling,

Danvers, Massachusetts) at identical concentrations as described by

Syrja and colleagues.33 The cells were incubated overnight at 4�C and

then washed twice with PBS. Cells were then incubated with a 1:400

dilution of Oregon green 488-conjugated secondary goat anti-rabbit

antibody (Invitrogen, Carlsbad, California) for 2 hours at room temper-

ature. Coverslips were mounted using Vectrashield DAPI mounting

media (Vector Labs, Burlingame, California) and the images were cap-

tured at the same fluorescence intensity for each image at 400 or

600 magnification and processed using an Olympus fluorescent micro-

scope and DP controller software (Olympus Corp., Center Valley,

Pennsylvania).

2.10 | Statistical analysis

All statistical analysis regarding percent proliferating cells as measured

by MTT assay and Annexin-FITC assay were performed using JMP

Pro (v. 11.2.1; SAS Institute Inc., Cary, North Carolina). The residuals

of the statistical model were evaluated for normality and found to be

not normally distributed in most analyses. Therefore, non-parametric

Kruskal-Wallis testing was used to compare differences in percent

proliferating cells for every treatment dose used within each cell line

across experiments. Comparisons between each treatment group and
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vehicle control group were carried out using the Steel method

adjusting alpha risk for multiple comparisons.

For the outcome of percent viability determined by the trypan

blue exclusion assay residuals of the statistical model were found to

be normally distributed, and therefore analysed using analysis of vari-

ance with Dunnett's method for comparison to vehicle control, con-

trolling for multiple comparisons. Differences were considered

statistically significant at P < .05 for all statistical testing.

3 | RESULTS

3.1 | 48 hours MTT assays CBD, CBDA and whole
hemp extract

When examining the Probit analysis of CBD on the 5 cell lines it was

found that the IC50 for 17-71 cells was 2.5 μg/mL and the concentra-

tions that caused significantly diminished proliferation were 2.5 μg/

mL and above. The CMT12 cell line exhibited a similar profile with sig-

nificantly diminished proliferation at 2.5 μg/mL and above with a

slightly higher probit IC50 of 3.5 μg/mL. The Abrams, D17 and

HMPOS showed similar probit analysis concentrations of 4.1. 4.1 and

3.6 μg/mL respectively, with the concentrations of 5 μg/mL and

above being significant for slowing cell proliferation when compared

with vehicle control treated cells (Figure 1A).

Whole hemp extract using concentrations of CBD in the

extract of 20 μg/mL and lower in conjunction with other cannabi-

noids and terpenes show that lesser CBD concentrations are

needed across all cell lines. The hemp extract showed that the

probit IC50 was approximately 0.8 μg/mL for the 17-71 cell

line, with the first significantly different concentration to slow

proliferation being 0.67 μg/mL and higher. CMT12, Abrams, D17,

and HMPOS cells probit revealed and IC50's of 1.5, 1.3, 1.6 and

1.7 μg/mL, respectively; and these cell lines showed significant

decreases in proliferation at 1.25 μg/mL and higher when com-

pared with vehicle control treated cells (Figure 1B).

Considering the hemp extract used had a significant proportion

of CBDA, 48 hours MTT assays were performed with CBDA. CBDA

treatment of 17-71 cells exhibited an IC50 of 15.1 μg/mL, with con-

centrations of 5 μg/mL and above showing significant slowing of cell

proliferation. The CMT12 cell lines showed significant slowing of

proliferation starting at 10 μg/mL and higher, and an IC50 could not

be determined since 50% growth inhibition was not achieved in the

assay. The three osteosarcoma cell lines, Abrams, D17 and HMPOS

showed significant growth inhibition at 20 μg/mL, while IC50 calcula-

tions could not be calculated because of lack of growth inhibition

(Figure 1C).

3.2 | Trypan blue exclusion assay for CBD

The percent trypan blue positive dermal fibroblasts for methanol vehi-

cle control cells were 16 ± 3% of the cell population. This was

significantly higher when treated for 48 hours with 15, 7.5 and

3.75 μg/mL of CBD at 77 ± 12%, 58 ± 7% and 32 ± 5%, respectively

(Figure 2). 17-71 cells showed a 3 ± 1% trypan blue positive cell popu-

lation when treated with methanol as vehicle control. There was a sig-

nificant increase in trypan blue positive cells at both 15 μg/mL and

F IGURE 1 Cannabinoid treated 48 hour MTT proliferation assays
with mean and standard deviations presented at each concentration.
(A) Cannabidiol (CBD); (B) Cannabidiolic acid (CBDA) and (C) CBD-rich
whole plant extract. Assays depict assay results on 3 different time
points performed in duplicate. * Depicts initial concentration that is
significantly different from vehicle control treated baseline for 17–71
including any higher concentrations (P < .05), ^depicts initial point
that is significantly different from vehicle control treated baseline for
CMT12 including any higher concentrations (P < .05). # Depicts initial
point that is significantly different from vehicle control treated
baseline for D17, HMPOS and Abrams including any higher
concentrations (P < .05)
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7.5 μg/mL at 55% ± 6% and 27 ± 8%, respectively. 17-71 cells treated

with 3.75 μg/mL were no different from vehicle control treated cells

at 7 ± 4% positive cells. D17 cells showed a 5 ± 1% trypan blue posi-

tive cell population when treated with methanol as vehicle control.

There was a significant increase in trypan blue positive cells at 15 μg/

mL at 35 ± 4%. D17 cells treated with 7.5 and 3.75 μg/mL were no

different from vehicle control treated cells at 5 ± 2% and 4 ± 2% posi-

tive cells, respectively. CMT12 cells showed a 3 ± 1% trypan blue pos-

itive cell population when treated with methanol as vehicle control.

There was a significant increase in trypan blue positive cells at 15 μg/

mL at 87% ± 8% and 7.5 μg/mL with 9 ± 3%. CMT12 cells treated

with 3.75 μg/mL showed no difference from vehicle control treated

cells at 4 ± 2% (Figure 2).

3.3 | Combination index MTT dual treatment
assays with CBD and chemotherapeutics
(doxorubicin/vincristine)

When all three cell lines were treated with doxorubicin the 17-71

lymphoma cell line was most sensitive with inhibitory concentrations

from IC20-IC80 between 0.033 and 0.125 μM, while CMT12 and D17

cell lines required higher concentrations to hinder cell proliferation

(0.5-2 μM). Regardless of the cell line treated with doxorubicin, when

coupled with IC20-IC80 concentrations of CBD, it was evident that at

higher concentrations of CBD (10 and 5 μM), there was synergy or

additive effects with CI values of less than 1.1 (Table 1). The only uni-

versally antagonistic effects (CI values above 1.1) observed across the

cell lines were at lower concentrations of CBD (2.5 and 1.25 μg/mL)

and lower concentrations of doxorubicin suggesting that lower con-

centrations of both may have antagonistic effects during treatment.

When all three cell lines were treated with vincristine the 17-71

lymphoma cell line again showed to be most sensitive to the treat-

ment with IC20-IC80 values between 0.25 and 1 nM, while CMT12

and D17 cell lines treated with vincristine required higher concentra-

tions to hinder cell proliferation (1.7-6.8 nM). Nearly universally, the

treatment of vincristine and CBD showed synergistic or additive

effects regardless of the cell line examined with nearly all CI values

being 1.1 or lower, suggesting that vincristine and CBD are likely to

augment the effects of one another in canine neoplastic cell lines

examined (Table 1).

3.4 | Annexin V apoptosis assay

Annexin V apoptosis assays using flow cytometry were performed at

4 and 8 hours after treatment with 15 μg CBD or vehicle control

F IGURE 2 Mean and SD percent trypan blue positive fibroblast,
17-71, D17 and CMT12 at 48 after treatment with CBD at 15, 7.5,
3.75 ug/mL and with methanol vehicle control (VC). Each cell line was
assessed for trypan positive cell death across three experiments with
* indicating a significant increase in trypan positive cells as compared
with VC cells (P < .05)

TABLE 1 17-71, D17 and CMT12
cell lines CI values under dual treatment
with CBD and doxorubicin (Dox) or CBD
and vincristine (Vin) at various
concentrations between the IC80-IC20

concentrations for each drug
combination

17–71 17–71

CBD μg/mL 10 5 2.5 1.25 CBD μg/mL 10 5 2.5 1.25

Dox 0.125 μM 0.7 0.8 1.7 >2.0 Vin 1 nM 1.0 0.8 0.5 0.4

Dox 0.067 μM 0.8 1 >2.0 >2.0 Vin 0.5 nM 1.0 0.8 0.5 0.5

Dox 0.033 μM 0.7 0.8 >2.0 >2.0 Vin 0.25 nM 1.0 0.9 0.9 1.1

D17 D17

CBD μg/mL 10 5 2.5 1.25 CBD μg/mL 10 5 2.5 1.25

Dox 2 μM 1.1 0.6 0.7 0.7 Vin 6.6 nM 1.1 0.9 1.3 0.9

Dox 1 μM 1.1 0.6 0.7 0.9 Vin 3.3 nM 0.9 0.7 1.0 1.0

Dox 0.5 μM 1.1 0.6 >2.0 > 2.0 Vin 1.7 nM 0.8 0.5 0.9 0.8

CMT12 CMT12

CBD μg/mL 10 5 2.5 1.25 CBD μg/mL 10 5 2.5 1.25

Dox 2 μM 1.0 0.6 0.5 0.5 Vin 6.6 nM 0.8 0.5 0.4 0.3

Dox 1 μM 1.0 0.7 0.8 1.1 Vin 3.3 nM 0.7 0.5 0.5 0.3

Dox 0.5 μM 1.0 0.9 1.5 1.7 Vin 1.7 nM 0.6 0.7 0.7 0.3

Note: CI values less the 0.9 suggest synergistic interactions, 0.9-1.1 suggest additive interactions and

values above 1.1 suggest antagonism between the drug combination. All bolded numbers indicate

additive or synergistic interactions while italicized numbers are antagonistic interactions.
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(methanol) for 8 hours. Annexin V staining revealed a mean per-

centage and SD of 31.0 ± 10.8% and 79.0 ± 6.1% positive staining

cells at times 4 and 8 hours respectively in the 17-71 cell line,

showing significant increases in positive cells at both 4 and 8 hours

when compared with VC cells and untreated cells (10.1 ± 0.4% and

9.9 ± 1.2%, respectively). D17 cells treated with CBD showed a

significant increase in Annexin V positive cells at only the 8 hours

time point (24. 0 ± 3.6%) when compared with VC cells

(6.5 ± 0.6%) and untreated cells (3.3 ± 1.0%). D17 cells treated for

4 hours with 15 μg of CBD (9.4 ± 1.8%) were higher that VC or

untreated cells, but this increase was not significant. Similarly, the

CMT12 cell line showed a significant increase in positive cells at

the 8 hours time point with 21.5 ± 2.5% of the cells staining for

Annexin V. In the CMT12 cell line there were also increases in

Annexin V stained cells (15.7 ± 2.2%) at 4 hours, but they were not

significantly increased from VC treated cells (10.9 ± 2.0%) or

untreated (13.9 + 0.6%) when using nonparametric conservative

statistical testing (Figure 3B).

F IGURE 3 Apoptosis of neoplastic
cell lines 17-71, D17 and CMT12 after
treatment with 15 μg/mL of CBD.
(A) Immunoblotting for cleaved caspase
3 (17 Kda) after 8 and 16 hours of CBD
treatment as compared with methanol
vehicle control showing cleaved caspase
across all cell lines at both time points.
(B) Annexin V apoptosis assay
representing relative percent of Annexin
V positive cells identified via flow
cytometry. Mean and SD from baseline
vehicle control treated cells
(VC) comparing untreated and 4 and
8 hours of 15 μg/mL CBD treatment. *
indicates a significant increase percentage
from VC treatment (P < .05)
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3.5 | Time course western blot analysis for
pathway implications

After treatment of cells with methanol vehicle control or 10 μg/mL of

CBD for 2, 4 and 8 hours numerous immunoblots were performed.

The immunoblots performed using AKT and phosphorylated-AKT or

mTOR and phosphorylated-mTOR showed no depression or increased

intensity of the signal over time regardless of treatments over two dif-

ferent time course analyses experiments. The lack of changes suggest

there is no alteration in the PI3Kinase-AKT-mTOR pathway as it

relates to induction of autophagy or apoptosis. Assessment of the

MAP kinase pathway showed repeatable increases in both ERK and

JNK phosphorylation across all three cell lines in the presence of

10 μg/mL of CBD when compared with equal amounts of methanol

vehicle control treatment over the 8 hour time-course (Figure 4). The

presence of baseline ERK and JNK phosphorylation were not evident

in 17-71 cells and both showed abundant phosphorylation peaking at

4 hours of treatment with CBD. The ERK baseline phosphorylation

was more evident in D17 and CMT12 cells and was rapidly induced

peaking at 2-4 hours in these cell lines (Figure 4). The JNK phosphory-

lation status was robust in the CMT12 cells lines after CBD treatment,

while the D17 cells showed a more mild induction of phosphorylated

JNK. Overall, the baseline JNK and ERK protein expression across the

cell lines did not change substantially regardless of treatment or time.

The blots presented are representative of duplicate time course

immunoblotting experiments performed.

In tandem to these time course analyses the assessment of LC3

protein was assessed as part of the autophagy response in cells over

8 hours. Universally, in all three cell lines there was an increase in the

LC3II proportion of LC3 protein which represents the ethanolamine

conjugated form of the protein found in autophagy vesicles or

autophagosomes. This increase in LC3II was prominent starting at

2 hours of treatment and persists throughout the 8 hours of treat-

ment which is not observed in vehicle control treated cells.

(Figure 5A). Coupled with the LC3II response one also observes a mar-

ked decrease in western blotting for the autophagy cargo carrier pro-

tein p62 which is another marker for autophagy often discussed in

the literature.37 These observations are also accompanied by an acti-

vation of caspase 3 which can also be seen at 2 hours in the 17-71

cells, but is not evident until hour 8 in the CMT12 and D17 CBD

treated cells showing autophagy appears to precede the apoptotic

response in these cells (Figure 5A).

3.6 | Immunofluorescence for LC3I/II

Cellular fluorescence imaging was captured at 400 and 600 times

magnification for the D17 and CMT12 cell lines, respectively. The use

of rabbit polyclonal antibody as a control showed a mild background

fluorescence that is minimal with or without 10 μg/mL of CBD treat-

ment (Figure 5B). When using the LC3A/B rabbit polyclonal antibody

there was a mild diffuse cytoplasmic staining in methanol vehicle con-

trol treated cells regardless of the cell line used. In both the CMT12

and the D17 cells when treated with 10 μg/mL of CBD immunofluo-

rescence with the LC3A/B antibody showed numerous discrete punc-

tate intensely staining vesicles which are consistent with LC3 protein

localization to autophagosomes or autophagolysosomes (Figure 5B).

4 | DISCUSSION

Client pursuits of complementary and/or alternative therapies follow-

ing the diagnosis of cancer in their animal companions is not

F IGURE 4 Time-course immunoblotting for phosphorylated MAP
kinases in relationship to baseline protein expression with vehicle
control treated or 10 μg/mL CBD. (A) ERK and phosphorylated ERK
expression at time 2, 4 and 8 hours compared with methanol vehicle
control treated cells showing extensive phosphorylation of 17-71,
D17 and CMT12 cell lines at 2, 4 ad 8 hours. (B) JNK and
phosphorylated JNK expression at time 2,4 and 8 hours compared
with methanol vehicle control treated cells showing variable
phosphorylation of 17-71, D17 and CMT12 cell lines at 2, 4 and
8 hours
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uncommon. Because of the increasing interest and availability, the use

of CBD-based products in people and their pet companions is becom-

ing quite prevalent, with cancer and quality of life during cancer treat-

ment being a commonly reported reason for hemp related treatments

in pets, regardless of doctor recommendations.30 Although there are

numerous cell culture reports on the cytotoxicity of cannabinoids in

human cancer cell lines there are no reports available in canine cancer

cell lines. CBD-induced cell death, has been well documented in

murine models and human cancer cell lines from a wide range of his-

tology.16,38-40 A main objective of our study was to examine whether

CBD and its native acidic form (CBDA) caused similar cytotoxic effect

in a select number of common canine cancers, representing mesen-

chymal, round, and epithelial origins. In accordance with numerous

human cell lines studies, our results show that CBD resulted in similar

canine cancer cell death uniformly, while CBDA has little to no effect

at the concentrations used except for a mild effect on the lymphoma

cell line at the highest concentrations. These assays were allowed to

incubate for 48 hour similar to other natural products studied by our

laboratory, which often required longer than 24 hours to induce cyto-

toxicity. The MTT assay used provides a limited view into the anti-

proliferative/viable cell mass effects of CBD since its action is purely

based on NADH ability to reduce the formazan dye in mitochondria

and CBD might have directly inhibited this reaction. However, short

duration MTT assays of 6 hours using CBD with these cell lines sug-

gests that the NADH oxidase activity is not decreased by CBD (data

not shown; supplementary figure 1). Therefore, the MTT assay is suf-

ficient to assume relative cytotoxicity regardless of CBD's ability to

potentially alter mitochondrial permeability since NADH electron

donation to the formazan dye should still be present in the face of

permeability changes.41,42

Our data demonstrates significant reductions in canine cancer cell

proliferation when treated with CBD concentrations ranging from 2.5

to 10 μg/mL with similar effects on all 5 cell lines examined. Interest-

ingly, the CBD-rich whole hemp extract used in this study resulted in

a significant reduction in cancer cell proliferation at the lowest CBD

concentrations, ranging from 0.67 to 10 μg/mL. When using the

whole hemp extract we used CBD concentrations identical to what

was used in the pure CBD experiments. The lethality of CBD in the

presence of CBDA and/or other phytocannabinoids and terpenes at

lower concentrations are likely what potentiated the whole plant

extract effects in this study. This synergistic finding is commonly

reported in as the “entourage effect”, whereby the mixture of canna-

binoids and terpenes work in concert to produce an augmented

effect. This interplay is indeed complex, involving factors such as the

F IGURE 5 (A) Time course immunoblotting for LC3 A/B autophagy phase shift because of prenylation, p62 degredation and caspase
3 activation in 17-71, CMT12 and D17 cell lines. Cells treated for 2, 4 or 8 hours with vehicle control or 10 μg/mL CBD. LC3I to LC3II shift
occurs in all three cell lines observed within 2 to 4 hours with caspase activation occurring between 2 and 8 hours suggesting autophagy
precedes apoptosis. (B) Immunofluorescence for LC3A/B (6 hours of treatment). CMT12 cells (600×) and D17 (400×) cell lines depicted in
columns. Control Rabbit Antibody immunostaining on vehicle control treated cells (Row 1). Control Rabbit Antibody immunostaining on CBD
10 μg/mL treated cells (Row 2). Rabbit LC3 A/B antibody immunostaining in vehicle control treated cells showing variable staining of cell
cytoplasm (Row 3). Rabbit LC3A/B immunostaining in cells treated with 10 μg/mL CBD showing punctate autophagosomes in cytoplasm of cells
(Row 4)
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specific chemovars and the cannabimimetic receptor expression pat-

terns of the specific cancer cell line, and recent research shows that

certain hemp cultivars (or chemovars) are vastly different in their cyto-

toxic effects, making cannabis biology interesting for future investiga-

tions into disease specific cultivar/chemovar treatments.43

The effects on cell death appear to be universal across both pro-

liferative and normal slow growing fibroblasts. Given their slow-

proliferative nature, it is unlikely that the mechanism of cell death in

these cells is attributable to perturbation of proliferation pathways.

Although the exact nature of this decreased viability of slow or non-

proliferative cells was not explored further in this study, CBD-induced

apoptosis through alterations in cellular levels of reactive oxygen spe-

cies (ROS) and reductions in intracellular thiols leading to autophagy

and apoptosis has been described in a number of other slow or non-

proliferating cell models.44-46

The cell proliferation response of 17-71, CMT12 and D17 cell

lines when treated with 10 to 15 μg/mL CBD results in apoptosis, as

substantiated by Annexin V staining and cleaved caspase 3 immuno-

blotting, and occurs within 8 hours of treatment. In addition, an auto-

phagic response is observed with a proportional phase shift of LC3-I

to the phosphatidyl-ethanolamine LC3-II moiety of the protein, p62

degredation and localization of autophagosomes-associated LC3 pro-

teins. In conjunction with this rise in LC3-II there is a concomitant

decrease in the autophagy cargo adapter protein SQSTM1/p62. This

adaptor protein is often used as a confirmatory marker of autophagy

response, however nuances in its upregulation can often prove nega-

tive results and when changes are not observed other protease inhibi-

tors or autophagy inhibitors are needed to confirm autophagy

flux.37,47 Based on our results autophagy flux is worth further investi-

gation utilizing such techniques across cell lines because of the differ-

ences in timing of induction with a prompt response in 17-71 cells

and longer time to p62 degredation in CMT12 cells. Given this time

course, the autophagy response we observe likely promotes the apo-

ptosis response in these cell lines. CBD, as well as other cannabinoids'

ability to induce autophagy is well established and further supported

by our data.48-50 The underlying mechanism by which autophagy and

apoptotic responses are elicited at different time points in these cell

lines require future investigation and may not be ubiquitous across

cancers. Further studies in canine cancer cell systems examining mito-

chondrial dysregulation and mitophagy could also be fruitful to better

understand this autophagy response, as our focus was limited to

examination on cellular signalling pathways and apoptosis induction.

Investigation into the basic cellular signalling mechanisms rev-

ealed no alterations that were pronounced in signalling pathways

through AKT or mTOR signalling. However, there was a repeatable

and dramatic rise in the phosphorylation of MAP kinase pathways, in

particular ERK and JNK signalling, with minimal influence on the p38

phosphorylation and activation. Prior studies have implicated pertur-

bation of major MAP kinase pathways, observed by alterations in ERK

and JNK phosphorylation in human melanoma, colon, ovarian, thyroid

and leukaemia cancer cell lines.51-55 ERK phosphorylation is often

implicated as a cellular growth and survival pathway, while JNK has

been implicated in cellular stress and induction of apoptosis and

potentially even autophagy.56 The exact receptor activation leading to

these events are likely through the poorly defined orphan G protein

receptor pathways which have been implicated in CBD signalling and

further study in this area is warranted to better understand the juxta-

position of ERK and JNK dual activation with CBD treatment.

Most importantly to the clinical oncology community is the docu-

mented synergistic and antagonistic results on cancer cell proliferation

when canine cancer cells were treated with commonly utilized chemo-

therapeutics in combination with CBD. The combination of vincristine

and CBD consistently potentiated the decrease in cell viability as com-

pared with either treatment alone proving that at lethal to sublethal

dosing of both CBD and vincristine there is a prominent synergistic

response. Interestingly, combination treatment of doxorubicin and

CBD resulted in both synergistic and antagonistic outcomes

depending on the specific concentrations of each compound used.

Based on our results it appears that as more lethal doses of CBD and

doxorubicin are utilized there is an additive to synergistic response,

while at sublethal dosing the effect may be antagonistic. The doses of

doxorubicin used in these in-vitro assays was at the higher end of

what is observed in serum of dogs during IV infusion when treating

the CMT12 and D17 cell lines (1-2 uM) while the 17-71 cell line was

far more sensitive to doxorubicin treatment at nearly 1/10th the con-

centration.57 Similarly, the 17-71 cell line was more sensitive to vin-

cristine than the D17 and CMT12 cell lines and all of the

concentrations used were at 5-20-fold lower than what has been

observed to be effective in canine clinical use which is approximately

20 to 40 nM.58,59 Exactly how these in-vitro incubations with the che-

motherapies translate into physiologically achievable transient con-

centrations is surely speculation, but we appear to be at

physiologically achievable concentrations of these chemotherapies.

Unfortunately, the CBD concentrations necessary to induce cytotox-

icity are relatively high and likely not physiologically achievable

(>1 μg/mL); as the highest concentrations to date using 20 mg/kg

body weight orally twice a day could only achieve approximately

0.7 μg/mL at a steady state in the bloodstream of dogs.60 This finding

is of critical clinical importance as many clients are concurrently pro-

viding CBD with chemotherapy at far lower concentrations than what

we find to be effective on cell proliferation, but the exact effects of

this lower dosing may alter cytochrome p450 metabolism and has the

potential to affect chemotherapeutic dosing.61 Currently, there is little

to no information regarding doxorubicin or vincristine clinical applica-

tion and how CBD co-administration during chemotherapy affects

serum concentrations or chemotherapy efficacy which is sorely

needed to safely administer CBD during treatment as CBD is known

to affect many other pharmacologics.62 In dogs, this information is

paramount as dogs appear to metabolize CBD differently than rodents

and humans suggesting that results could be different across

species.63,64

As previously discussed, CBD has been shown to result in cyto-

toxic autophagy, but in certain instances, CBD may prompt cyto-

protective autophagy through the attenuation of oxidative stress and

prevention of JNK/MAPK activation.65 Herein, we have identified

that the cellular effects resulting from CBD treatment, as it relates to
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the induction of autophagy and apoptosis may be related to the acti-

vation of the MAP kinase pathway as demonstrated by the prompt

induction of ERK and JNK phosphorylation with autophagy. CBD has

been shown to be a potent redox modulator, increasing intracellular

levels of ROS.66,67 In accordance with our results, ROS-induced JNK

and ERK activation has been implicated in the induction of both

autophagy and apoptosis concurrently.68 JNK is thought to regulate

autophagy by a number of mechanisms with the role of JNK signalling

and expression of autophagy-related genes (ATG) being a leading the-

ory.56 To the authors knowledge, the relationship between MAP

kinase signalling, specifically JNK signalling, and the classically associ-

ated autophagy regulatory pathways, that is, mTOR and PI3K/Akt, has

yet to be described and warrants further research, however we could

show no apparent alteration in AKT signalling or mTOR signalling

when performing western blots. In addition, since CBD does not

affect CB1 or CB2 receptor signalling, which is a primary means of

THC stimulation of cancer cells, the prompt signalling effects

observed in these cell lines implicates other orphan G protein recep-

tors such as GPCR 18 and GPCR 55 as potential targets and have yet

to be interrogated in canine cancer cells regarding their presence or

involvement.

In conclusion, this study demonstrated the in vitro anti-neoplastic

properties of CBD on five canine cancer cell lines representative of all

three major cancer lineages when used as a single agent, as well as in

combination with commonly utilized chemotherapeutics. Our results

are in accordance with other cannabinoid based research and offers

initial insights into this field of research in veterinary medicine. Pend-

ing additional research, CBD and other cannabinoids may be utilized

as adjuvant therapy for canine cancer patients, but must take into

account the current chemotherapeutic protocol with trepidation

because of potential drug-drug interactions. Further research into cel-

lular signalling and receptor biology implicated by MAP kinase signal-

ling with CBD treatment is essential to understand how CBD

cytotoxic responses may lead to other chemotherapeutic synergies

that utilize MAP kinase inhibitors and common chemotherapeutics for

enhanced therapeutic responses.
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