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The pharmacokinetics and tolerability of cannabinoids and their metabolites 
were determined in eight horses after enteral administration of a commercial 
CBD/CBDA-rich hemp oil product. Each horse was administered 2  mg/kg or 
8  mg/kg CBD/CBDA or no treatment in a randomized cross-over design. Serial 
serum samples collected over 48  h were analyzed by high performance liquid 
chromatography with tandem mass spectrometry. Plasma chemistry analysis was 
performed at 0  h and 24  h. Vital parameters, pedometry, and blinded mentation 
and gait evaluations were recorded at intervals up to 24  h. Manure production 
and gastrointestinal transit time were tracked for 48  h after oil administration. 
The median maximal concentration of CBD and CBDA were 5.2 and 36.95  ng/
mL in the 2  mg/kg group, respectively; and 40.35 and 353.56  ng/mL in the 8  mg/
kg group. The median half-life of elimination was not calculated for the 2  mg/
kg CBD treatment due to lack of time points above the lower quantifiable limit 
beyond the Cmax while it was 7.75  h in the 8  mg/kg group. CBDA absorption 
was biphasic. Pharmacokinetic parameters for tetrahydrocannabinol, 
tetrahydrocannabinolic acid, cannabigerolic acid, and 7-carboxy cannabidiol 
are also reported. No significant differences in any of the measured tolerability 
parameters were demonstrated between treatment groups. Single-dose enteral 
administration of CBD/CBDA-rich hemp extract up to 8  mg/kg does not appear 
to produce neurologic, behavioral, or gastrointestinal effects in horses.
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1 Introduction

The endocannabinoid system is a complex yet highly conserved cell signaling pathway 
found in all chordates, consisting of endocannabinoids, cannabinoid receptors, and 
metabolizing enzymes (1). Endocannabinoids are eicosanoids synthesized from the 
polyunsaturated fatty acids present in the lipid membranes of all cells. The most prevalent of 
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the six identified endocannabinoids are anandamide and 
2-arachidonoylglycerol, which serve as ligands for the G-protein 
coupled receptors CB1 and CB2 (2). These receptors are found 
throughout the body, with CB1 highly concentrated in the central 
nervous system and CB2 found more in other organ systems and the 
immune system, where they play diverse roles from regulating 
appetite, neuronal action potentials to mediating immune responses. 
Endocannabinoids are metabolized rapidly in the synapse by the 
enzymes fatty acid amide hydrolase and monoacylglycerol lipase (3).

Phytocannabinoids are chemicals found in Cannabis sativa that 
share structural similarity to the endocannabinoids and may interact 
with cannabinoid receptors or enzymes in the endocannabinoid 
metabolic pathway. At least 113 different phytocannabinoids have 
been identified in Cannabis; the most abundant across strains are 
tetrahydrocannabinolic acid (THCA), cannabidiolic acid (CBDA), 
cannabigerolic acid (CBGA), cannabidivarinic acid (CBDVA), and 
cannabichromenic acid (CBCA), which during extraction are often 
decarboxylated to the neutral cannabinoids cannabidiol (CBD), Δ9-
tetrahyrocannbinol (THC), cannabigerol (CBG), cannabidivarin 
(CBDV), and cannabichromene (CBC) (4). Phytocannabinoids act as 
agonists, inverse agonists or antagonists with cannabinoid receptors, 
metabolic enzymes, and other receptors/channels such as those in the 
transient receptor potential cation channel family (5, 6). Some 
phytocannabinoids, including CBD, show promise in therapeutic 
applications in veterinary species (7–11).

CBD is one of the most abundant phytocannabinoids extracted 
from Cannabis sativa, accounting for as much as 40% of the plant’s 
extract (12). While CBD has low affinity for CB1 and CB2 cannabinoid 
receptors (13), it functions as an endocannabinoid modulator by 
inhibiting fatty acid amide hydrolase and anandamide reuptake, as 
well as other arachidonic acid metabolizing enzymes (14). A variety 
of additional mechanisms of action make CBD an interesting 
candidate as an analgesic agent. CBD activates and desensitizes 
transient receptor potential vanilloid 1 (TRPV1) channels (5), found 
in abundance in central nervous system pain pathways. CBD also 
inhibits glutamate release and suppresses the production of tumor 
necrosis factor-alpha (15, 16). CBD may work synergistically with 
other analgesic agents, such as opioids, inhibiting their metabolism 
via the cytochrome p450 system (17). CBDA can work at similar 
receptor systems as CBD and is a selective inhibitor of 
cyclooxygenase-2, a key enzyme involved in inflammation (18). In 
recent years, interest in cannabinoid medicine has increased rapidly, 
among both the medical and veterinary communities and the general 
public, spurred by the drawbacks of conventional analgesic 
medications such as opioids and non-steroidal anti-inflammatory 
drugs (19, 20). Cannabinoids have been promoted in both human and 
veterinary medicine as alternatives or adjuncts to conventional 
medications in the treatment of pain, seizures, and a variety of other 
disorders (9, 10). Oral CBD formulations are already marketed to and 
used by horse owners, often without veterinary oversight. However, 
only a few published studies exist on the pharmacokinetics, 
pharmacodynamics, or safety of cannabinoids in horses (21–26). Due 
to the scarcity of published data in horses, clinical recommendations 
have often relied on anecdotal experience and extrapolation of data 
from other species. Oral nutraceuticals show significant inter-species 
differences in oral bioavailability, potentially leading to significant 
over- or underdosing when extrapolating doses from one species to 
another (27). CBD isolates and CBD rich hemp products available for 

horses come in a wide range of concentrations, formulations, and 
purity, but few evidence-based guidelines exist for their administration. 
In addition, CBD, THC, and their metabolites are subject to regulatory 
control under certain racing jurisdictions and competition horse 
associations. Further research may demonstrate CBD’s utility as an 
adjunctive analgesic agent. Unfortunately, no such research can 
proceed meaningfully without a basic knowledge of the 
pharmacokinetic, tolerability and pharmacodynamics of cannabinoids 
in full spectrum hemp extracted products which may be different 
from isolates of cannabinoids (28).

The primary aim of this study was to determine the basic enteral 
non-compartmental pharmacokinetics of a single dose of CBD/
CBDA-rich full spectrum hemp oil in fit, exercised horses similar to 
what has been done in dogs at 2 and 8 mg/kg (9). The secondary aims 
of this study were to evaluate if the tested doses of CBD/CBDA 
produced adverse effects on clinical neurologic status, gastrointestinal 
transit time, clinicopathologic variables, or altered spontaneous 
ambulation in horses confined to stalls.

2 Materials and methods

2.1 CBD/CBDA full spectrum oil

CBD/CBDA-rich hemp oil was administered by nasogastric tube 
in a proprietary oil formulation (Hemp CBD + CBDA Oil, ElleVet 
Sciences, ME, USA). Compositional analysis of the oil was performed 
by liquid chromatography by a certified ISO/IEC 17025 third-party 
laboratory (ProVerde Laboratories, MA, USA). The oil contained 
27.73 mg/mL CBD, 34.10 mg/mL CBDA, 1.32 mg/mL Δ9-THC, 
1.27 mg/mL THCA, 0.35 mg/mL CBG, 0.89 mg/mL CBGA, 1.1 mg/mL 
CBC, and trace levels of CBDV and CBN. The oil contained no 
tetrahydrocannabivarin (THCV), Δ8-tetrahydrocannabinol (Δ8-
THC), or exo-tetrahydrocannabinol (exo-THC). The oil product used 
passed all mycotoxin, heavy metal, microbial, pesticide and solvent 
contamination tests and complies with USDA certified hemp GMP 
protocols for hemp production.

2.2 Animals

Eight healthy Thoroughbred horses from a dedicated research 
herd, two castrated males and six intact females, 3–10 years of age, 
weighing 526.5 ± 33.4 kg and of ideal body condition were included in 
the study. Horses were trained for at least 2 months on a high-speed 
treadmill (Mustang 2200, Graber AG, Switzerland) to achieve fitness 
representative of Thoroughbred racehorses prior to commencing the 
study. The standard training regimen was 0.6 km at 4 m/s then 2 km at 
8 m/s and 0.6 km at 4 m/s 3 days per week. Prior to each trial horses 
had to demonstrate adequate fitness by running 1.6 km at 13.5 m/s 
with warm-up and cool-down of 0.96 km at 4 m/s. Following the 
fitness test, heart rate was monitored every 5 min and must be below 
50 beats per minute within 40 min of concluding the test for the horse 
to prove fitness. The standard training regimen was maintained during 
the washout periods but horses were not exercised during the 48-h 
data collection window for each trial. No concurrent medications or 
supplements were permitted during the data collection or intervening 
washout periods. Horses were housed in matted, 13.4 m2 stalls on data 
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collection days and returned to their normal outdoor pastures during 
the intervening washout periods. During the study period, horses 
were allowed free access to water and coastal Bermuda hay and fed a 
proprietary pelleted feed once per day in the morning, approximately 
2 h prior to treatment. All experimental protocols were reviewed and 
approved by the University of Florida Institutional Animal Care and 
Use Committee (protocol 201808925).

2.3 Animal treatments and blood sampling

The study was conducted in three 48-h trials in a randomized 
cross-over design, each separated by a minimum 2-week washout 
period during which time the horses were returned to their normal 
pastures. Each horse completed a no treatment control (water only) 
trial as well as a 2 mg/kg and 8 mg/kg CBD/CBDA-rich oil dose trial. 
The dose was calculated based on body weight and a total combined 
CBD/CBDA concentration in the oil formulation of 62.0 mg/mL 
(28 mg/mL CBD + 34 mg/mL CBDA). Approximately 2 h after feeding 
on the first morning of each trial, barium spheres were delivered in 
approximately 2 L of water via nasogastric tube. Then, in the treatment 
groups, CBD/CBDA rich hemp oil (Ellevet Sciences, Portland, ME) 
was delivered via nasogastric tube to ensure accuracy in dosing. The 
nasogastric tube was flushed again with approximately 2 L of water to 
flush in residual oil. Nasogastric tubes, water buckets, and funnels 
were designated as CBD/CBDA treatment or no treatment throughout 
the study to ensure there was no risk of contamination of control 
treated horses with CBD/CBDA oil.

Blood was collected by jugular venipuncture into 10 mL red top 
tubes immediately prior to CBD/CBDA oil administration and at 0.5, 
1, 1.5, 2, 3, 4, 8, 12, 24, and 48 h after administration. Blood samples 
were allowed to coagulate for 1 h and then centrifuged, and the serum 
was separated into new tubes and stored at −80°C until analysis.

2.4 Cannabinoids analysis in horse serum 
by LC–MS/MS

Analysis was performed using an exploratory (fit-for-purpose) 
method for measurement of thirteen cannabinoids and their 
metabolites at the Toxicology Research Laboratory, University of 
Illinois at Chicago. The reference standards for CBD and CBDA were 
obtained from Restek Corporation (Bellefonte, PA); all other reference 
and internal standards were obtained from Cerilliant Corporation 
(Round Rock, TX). Cannabinoids (CBD, CBDA, THC, THCA, CBN, 
CBC, CBG, and CBGA) and their metabolites (11-OH-THC, 7-OH-
CBD, 7-COOH-CBD, COOH-THC, and COOH-THC-Glu) 
concentration in horse serum was determined using high performance 
liquid chromatography with tandem mass spectrometry (LC–MS/MS) 
(Nexera X2 and MS 8050, Shimadzu Corp., Kyoto, Japan).

Horse serum (40 μL) was mixed with 20 μL of internal standards 
(100 ng/mL of CBD-d3, THC-d3, THCA-d3, 7-COOH-CBD-d3, 
7-OH-CBD-d5, 11-OH-THC-d3, COOH-THC-d9, and COOH-
THC-Glu-d3  in 50% methanol) in a 96 well plate. Proteins were 
precipitated and compounds were extracted by adding 100 μL of 
ice-cold acetonitrile to the samples, then vortexing for 1–2 min and 
centrifuging at 4,000 rpm (2,300 g) for 10 min at 4°C. Supernatants 
(80 μL) were mixed with 80 μL of water in a different 96 well plate, and 

centrifuged again. The processed samples (10 μL) were injected into 
Waters Atlantis T3 HPLC column (3 μm 2.1 × 50 mm) with a guard 
cartridge (Waters VanGuard Atlantis T3) coupled to LC–MS/MS. The 
column was equilibrated with mobile phase A (0.1% formic acid in 
water) and mobile phase B (acetonitrile) at 50% B. The compounds 
were eluted by a linear gradient from 50% B to 95% B over 6 min, and 
then held at 95% B for 1 min. Subsequently, the column was 
re-equilibrated at initial composition for 1 min. Flow rate was 0.3 mL/
min. The autosampler and column temperature were set at 4 and 30°C, 
respectively. The compounds were detected in electrospray ionization 
positive and/or negative mode as described in the 
Supplementary Table  1. Interface voltage was 4 kV and −3 kV, 
respectively. Interface, desolvation line, and heat block temperature 
were 300, 200, and 400°C, respectively. Nebulizing, heating, and 
drying gas flow were 2.7, 5, and 5 L/min, respectively.

Concentrations of cannabinoids were calculated by LabSolutions 
software (Shimadzu Corp., Kyoto, Japan) using a quadratic calibration 
curve with 1/c2 weighing based on relative response (peak area of 
cannabinoids/peak area of internal standards). The calibration curve 
range, lower limit of detection and quantitation in horse serum is 
shown in Supplementary Table 1 and assay accuracy and precision is 
shown in Supplementary Table 2.

Pharmacokinetic analysis examining maximal serum 
concentration as ng/mL(Cmax), time of maximal absorption in hours 
(Tmax), time half-life elimination in hours (T0.5 elim), serum 
concentration area under the curve as ng*hr/mL (AUC0- > t) and mean 
residence time in hours (MRT), using a pharmacokinetic software 
package (PK Solutions 2.0, Montrose, CO) for all measurable 
cannabinoids with sufficient data points for evaluation.

2.5 Gastrointestinal transit time

During each trial, each horse was administered 200 
0.125 cm-diameter barium-filled low-density polyethylene plastic 
resin balls (Precision Plastic Ball Company, IL, USA) by nasogastric 
tube at time 0, as previously described by Sano et al. (29). Every 6 h for 
48 h total, all manure in the stall was collected, sealed in a plastic bag, 
and weighed. At the conclusion of each trial, all plastic bags were 
radiographed, and the number of barium-filled spheres present in 
each manure collection was counted (Table 1).

2.6 Pedometry

To quantify independent movement by the horses, pedometers 
were placed on the right front and hind pastern. The pedometers 
(Omron Healthcare, Inc., Hoffman Estates, IL) were used for activity 
monitoring of foals in a study reported by Grubb et  al. (30). The 
pedometers were secured on the dorsal aspect of the pastern by creating 
a pocket made of gauze and elastic tape (Elastikon, Johnson & Johnson, 
NJ, USA), so that each pedometer would stay in place over the course 
of the study. Measurements were collected starting at time point zero 
after the baseline neurological evaluation. Subsequent readings were 
documented before and after gait evaluation at 0.5, 1, 2, 4, 12, and 24 h 
after treatment so that steps due to forced activity during the gait exam 
could be subtracted from the total step count.
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2.7 Vital parameters, hematology and 
blood chemistry

Horses were weighed on a calibrated scale prior to each trial. 
Heart rate and respiratory rate were recorded at time 0, 0.5, 1, 2, 4, 12, 
and 24 h. Blood samples were collected by jugular venipuncture into 
10 mL EDTA and heparinized tubes prior to each trial and submitted 
for hematology and plasma chemistry analysis, respectively, to ensure 
general health. Heparinized blood samples were collected again 24 h 
after nasogastric intubation with control or either CBD/CBDA oil 
treatment for repeat plasma chemistry analysis.

2.8 Mentation and gait scoring

Mentation and gait exams were video recorded at times 0, 0.5, 1, 
2, 4, 12, and 24 h and reviewed in randomized order by a board-
certified large animal internal medicine specialist blinded to the 
treatment, trial number, and time point. Each exam consisted of 
observing the horse from a distance undisturbed in the stall, during 
approach of the handler and interaction with the horse, walking the 
horse in a straight line viewed from the front, back and either side, 
turning the horse in tight circles in either direction, and backing the 
horse. Horses were assigned mentation scores as follows: 0 (bright and 
alert, normal, appropriate responsiveness to stimuli and environment); 
1 (lethargy, somewhat blank facial expression with slight drooping of 
the ears and eyelids, sluggish responsiveness to stimuli, and reduced 
voluntary activity); 2 (stupor, stands in one place with the head held 
low, responds only to strong stimuli); 3 (semi-coma, stuporous and 
recumbent); and 4 (coma, recumbent and does not respond to any 
stimulus). The reviewer also provided a “Yes” or “No” response to 
indicate hyperesthesia, excitability, or ataxia in each video.

2.9 Statistics

Data were statistically evaluated using Statistix 10.0 (Analytical 
Software, Tallahassee, FL). Continuous variables (heart rate, 
respiratory rate, pedometry data, manure production in kilograms, 
barium ball recovery (%), pharmacokinetic parameters, and plasma 
chemistry parameters) were assessed for normality using a Shapiro–
Wilk test. Physiologic variables (heart rate and respiratory rate) were 
compared between treatment groups using a repeated measures 
ANOVA. Pedometry, plasma chemistry, and mentation and gait score 
data were compared using a Kruskal-Wallis test. Manure production 

and cumulative barium ball recovery by time and treatment were 
evaluated by factorial ANOVA.

3 Results

3.1 Pharmacokinetics

No cannabinoids were detected in any of the baseline blood 
samples. Pharmacokinetic parameters could not be determined for 
CBC, CBCA, CBG, 11-OH, CBN, or 7-OH-CBD due to falling below 
the quantitation limits for all samples in both groups. THC and CBGA 
were measured in only a few samples in the 2 mg/kg CBD/CBDA 
group; all others were below the limit of quantification. CBD serum 
concentrations were near the lower limit of quantitation (1–2 ng/mL) 
in 5 of the horses and below the limit of quantitation in 2 horses by 
12 h when treated with 2 mg/kg CBD/CBDA treatment. The final 
horse only had 3 time points with CBD concentration above the lower 
limit of quantitation thereby only allowing for reporting of Cmax, 
Tmax and AUC. When treated with 8 mg/kg CBD/CBDA the CBD 
concentration in the serum was at the lower limit of quantitation 
(1–2 ng/mL) at 48 h with 4 horses being in that range and 4 horses 
being below. Due to a later than expected T max (8 h) T0.5 elim and MRT 
were based on 6 of 8 horses with sufficient data points for analysis and 
are thus reported. The median maximal concentration of CBD was 
40.35 ng/mL and the median half-life of elimination of CBD was 7.75 h 
in the 8 mg/kg group. The mean concentration-time curve for CBD in 
all horses at 2 and 8 mg/kg is represented in Figures  1A,B at the 
respective concentrations.

THC was only quantifiable in four horses in the 2 mg/kg dose 
group, with quantifiable concentrations at 1–5 timepoints between 1 
and 8 h after dosing with concentrations being near the lower limit of 
quantification at 1–2 ng/mL. THC was measured in all horses in the 
8 mg/kg dose group, with a median maximum concentration of 
6.65 ng/mL occurring at 6 h. Time to maximum concentration was 
highly variable, from 2 h in one horse to 12 h in 2 horses. All but one 
horse had quantifiable THC in the serum at 1.5 h, and all horses were 
at or near the lower limit of quantification (1.0–2.6 ng/mL) with only 
one horse being below the limit of quantification at 24 h, and no horses 
had measurable THC by 48 h. The mean concentration-time curves 
for THC are represented in Figure 1D for the 8 mg/kg treatment and 
are not represented for the 2 mg/kg time point as 4 of 8 horses had no 
measurable THC at any time point with only 4 horses showing 
between 1 and 2 ng.

TABLE 1 Median (95% CI) pharmacokinetic parameters after enteral dosing of CBD/CBDA-rich hemp oil in horses using a non-compartmental model.

Analyte Cmax Tmax T0.5Elim AUC MRT

CBD (2 mg/kg) 5.2 (2.93–8.95) 3.0 (1.52–5.48) NA 44 (26.52–66.34) NA

CBD (8 mg/kg) 40.35 (27.70–52.17) 8.0 (4.16–10.34) 8.3 * (6.37–8.93) 501.5 (343.25–687.50) 12.6 (10.29–14.16)

THC (8 mg/kg) 6.65 (5.52–8.25) 6.0 (3.54–9.96) NA 98.0 (70.74–121.51) NA

THCA (2 mg/kg) 7.65 (5.32–14.47) 1.25 (0.97–2.63) 10.6 ** (8.58–18.21) 127.0 (100.73–185.3) 12.45 (11.42–13.78)

7-COOH-CBD (2 mg/kg) 133.75 (89.71–169.89) 12.0 (7.87–19.14) NA 4,450.5 (3206.9–6520.6) 71.4 (57.34–100.44)

7-COOH-CBD (8 mg/kg) 777.5 (630.1–857.4) 12.0 (7.87–19.14) NA 27,874 (22,851-32,108) 97.1 (73.73–136.82)

Maximum plasma concentration (ng/mL), Cmax; time at maximum plasma concentration (hours), Tmax; elimination half-life (hours), T0.5Elim; area under the curve (h*ng/mL), AUC; mean 
residence time (hours), MRT. *T 0.5 elim is based on 6/8 horses with three points beyond Cmax; ** T 0.5 elim is based on 7/8 horses with three points beyond Cmax. NA – not applicable due to 
being a metabolite or horse number for proper analysis being less than 6 horses in the cohort.
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CBDA was measurable for pharmacokinetic assessment in both 
the 2 and 8 mg/kg group however due to a biphasic curve a Tmax1/
Tmax 2 and Cmax1 and Cmax 2 are reported as well as AUC and 
MRT (Table  2). THCA was measurable for pharmacokinetic 
assessment in 7 of 8 horses in the 2 mg/kg group following typical 
pharmacokinetic modeling allow for calculations of all parameters 
including MRT and T0.5 elim, while when horses were treated with 
8 mg/kg they displayed atypical biphasic Cmax1 and Cmax2 
pharmacokinetics in 5 of the 8 horses and are thus reported in 
Table  2, similar to CBDA results. The mean concentration-time 
curves for CBDA, THCA, and CBGA for all horses are represented 
in Figures 1A–E, respectively.

The major metabolite 7-COOH-CBD Cmax was at 12 h for both 
the 2 mg/kg and 8 mg/kg group at 133.7 mg/mL and 777.5 ng/mL, 

respectively. The AUC for 7-COOH CBD at 8 mg/kg was 27,874 ng/
mL which was 50 fold greater than CBD suggesting very rapid 
metabolism of CBD (Table 2 and Figure 1F).

3.2 Gastrointestinal transit time

The mean cumulative manure production over 48 h was 36.9 (SD 
9.9) kg in the control group, 38.7 (SD 4.8) kg in the 2 mg/kg group, and 
39.1 (SD 9.4) kg in the 8 mg/kg group (Figure 2A). The mean recovery 
of barium spheres over 48 h was 50.5% (SD 14.6) in the control group, 
55.2% (SD 10.3) in the 2 mg/kg group, and 50.1% (SD 14.4) in the 8 mg/
kg group (Figure 2B). Neither manure production nor gastrointestinal 
transit time were significantly different between any of the groups.

FIGURE 1

Mean  ±  standard error analyte concentrations in horses after enteral administration of a single dose of a full spectrum CBD/CBDA-rich hemp oil at 2 or 
8  mg/kg doses in a randomized cross-over design. (A) CBD and CBDA at 2  mg/kg dose (n =  8), (B) CBD (n =  8) and CBDA (n =  8) at 8  mg/kg dose 
(C) THCA at 2  mg/kg dose (n =  8) (D) THC (n =  8) and THCA (n =  8) at 8  mg/kg dose (E) CBGA at 8  mg/kg dose (n =  8), and (F) 7-COOH-CBD at 2 and 
8  mg/kg dose (n  =  8).
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3.3 Pedometry

The median, quartile, and range of the number of steps recorded 
by each horse’s pedometer during the study periods are represented in 
Figure 3. The median number of forelimb and hindlimb steps recorded 
by each horse’s pedometers was not significantly different between 
treatment groups.

3.4 Vital parameters, hematology and 
blood chemistry

All horses were determined to be  healthy with no clinically 
relevant abnormalities on pre-trial hematology and plasma chemistry. 
There were no significant differences in heart rate or respiratory rate 
between groups at any time before or following treatments. There were 
no significant differences between pre-nasogastric intubation time 0 
samples and 24-h post samples for any analyte on plasma chemistry 
in the control group. Median blood urea nitrogen was significantly 
decreased at 24 h post-dosing (17.5 mg/dL, 95% CI 16.0–18.7) in the 
2 mg/kg CBD group compared to the pre-dosing time 0 sample 
(20.5 g/dL, 95% CI 18.0–21.8; p = 0.016). Median glucose was 
significantly increased at 24 h post-dosing (108 mg/dL, 95% CI 97.8–
121.9) in the 8 mg/kg CBD group compared to the pre-dosing time 0 
sample (90 mg/dL, 95% CI 85.9–97.4; p = 0.003). Median bicarbonate 
was significantly decreased at 24 h post-dosing (31 mEq/L, 95% CI 
29.9–31.1) in the 8 mg/kg CBD group compared to pre-dosing time 0 
sample (32 mEq/L, 95% CI 31.2–32.3; p = 0.0018). There were no 

significant differences for any plasma chemistry variable between 
treatments at each time-point (Supplementary Tables 3, 4).

3.5 Mentation and gait scoring

Mentation scores did not differ between the control and treatment 
groups at any time, and no horse was assigned a mentation score 
greater than 1 across groups. None of the horses in any treatment 
group demonstrated hyperesthesia, excitability, or ataxia at any time 
during the study based on blinded video assessment.

4 Discussion

Pharmacokinetic variables for CBD found in this study were 
comparable to those previously reported in horses, with a relatively 
short Tmax and a highly variable Cmax and elimination half-life (21–26). 
Though the present study administered CBD oil by nasogastric tube, 
these Cmax values are similar to previously reported Cmax in horses 
administered oral doses; Ryan et al. reported a Cmax of 6.14 ng/mL with 
a 2 mg/kg dose (21), and Yocom et al. reported a Cmax of 4.3 ng/mL 
with a 1 mg/kg oral dose and 19.9 ng/mL with a 3 mg/kg oral dose 
(22). However, the Cmax reported in the present study is dramatically 
lower than that reported by Williams et al. who administered 2 mg/kg 
CBD in a pelleted formulation at the time of feeding and reported a 
Cmax of 51 ± 15 ng/mL, after 7 days of dosing which would equate to a 
dose of 4 mg/kg of our CBD/CBDA rich hemp oil, providing 2 mg/kg 

TABLE 2 Median (95% CI) pharmacokinetic parameters of CBDA and THCA after enteral dosing of CBD/CBDA-rich hemp oil in horses using a non-
compartmental model.

Analyte CmaxP1 TmaxP1 CmaxP2 TmaxP2 AUC MRT

CBDA (2 mg/kg) 20.05 (4.14–69.76) 0.5 (0.24–1.13) 17.7 (10.12–28.97) 8.0 (4.53–10.05) 410.5 (289.53–560.97) 12.8 (11.49–14.14)

CBDA (8 mg/kg) 312.2 (92.67–614.45) 0.5 (0.43–1.07) 164.45 (115.88–251.54) 4.0 (3.54–7.21) 3,353 (2,753.3–4,006.7) 13.1 (11.03–15.77)

THCA (8 mg/kg)* 76.3 (16.03–121.75) 1.3 (0.97–4.43) 59.3 (38–43-89.97) 4.0 (3.83–7.57) 1,130 (789.2–1,336.72) 14.4 (13.05–15.55)

Maximum plasma concentration of peak 1 (ng/mL), CmaxP1; time of maximum plasma concentration of peak 1 (hours), TmaxP1; maximum plasma concentration of peak 2 (ng/mL), CmaxP2; time 
of maximum plasma concentration of peak 2 (hours), TmaxP2; area under the curve (h*ng/mL), AUC; mean residence time (hours), MRT. *THCA CmaxP2 and TmaxP2 are data from 5 horses as 3 
did not show a “double peak.”

FIGURE 2

Mean (95% CI) cumulative (A) Manure production and (B) barium sphere recovery after enteral administration of a single dose of CBD/CBDA rich hemp 
oil to stall-confined horses (n  =  8) using placebo (water), 2  mg/kg or 8  mg/kg in a randomized cross-over design.
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of CBD suggesting some level of tissue accumulation being possible 
with chronic administration (23). Eichler and colleagues showed long 
term dosing of 3 mg/kg twice daily resulting in Cmax concentrations 
of only 12 ng/mL after 12 h, while after 2 weeks serum nadir and peak 
concentrations were between 8 and 50 ng/mL range (26). Twelve 
senior horses treated with a single oil based 2 mg/kg dose of CBD 
displayed an average Cmax of approximately 19 ng/mL which is 
similar to prior results, yet slightly higher, suggesting that age may play 
a role in metabolism of CBD (24). Sanchez and colleagues studied 
naked oil preparations of CBD and micellar forms of CBD at 10 mg/
kg to assess absorption over 12 h suggesting that AUC for both 
formulation were similar, yet Cmax was higher in the micellar form 
of CBD again suggesting that form of CBD deliver may also influence 
absorption kinetics (25). These data indicate a difference in the 
bioavailability of the supplements used and/or significantly enhanced 
absorption when CBD is administered concurrently with feed or as 
part of the pelleted ration and that bioaccumulation is tissue may 
occur with CBD in horses. In humans, the intake and composition of 
a meal has been shown to significantly affect CBD absorption (31, 32). 
Overall, enteral absorption of CBD in this oil-based formulation was 
noticeably lower in horses than has previously been reported in dogs. 
While a 2 mg/kg dose in dogs produced a median peak plasma 
concentration of 102 ng/mL and nearly 600 ng/mL at the 8 mg/kg dose 
(9), the median peak plasma concentration in horses was 5.2 ng/mL 
at the 2 mg/kg dose and only 40.3 ng/mL at the 8 mg/kg dose, therefore 
more sensitive assays may be required for individual cannabinoids 
that are detected at the lower limit of quantification for precise results, 
particularly in the lower dosing.

The present study also evaluated additional cannabinoids, and peak 
plasma concentrations of CBDA were much higher than those of 
CBD. Approximately half of the CBD administered in this study was in 
the form of CBDA (approximately 1 mg/kg in our CBD/CBDA rich 
hemp dose of 2 mg/kg). These data suggest CBDA may be  more 
bioavailable than CBD in horses. CBDA itself has been associated with 
antinociceptive and antihyperalgesic effects in rodent models (33, 34), 
although these effects have yet to be demonstrated in horses. There is 
very little clinical data on CBDA and its nocioceptive effects, a recent 
study evaluating CBDA-rich hemp in cows suggested that providing 
CBDA rich hemp may mitigate stress and make cows more comfortable 

(11). Also notable are the much higher concentrations of 7-COOH-
CBD found in horses in this study in comparison to previous findings 
in dogs. Dogs administered a 2 mg/kg dose of CBD/CBDA-rich hemp 
oil in a similar oil-based formulation achieved a Cmax of 13 ± 2 ng/mL 
and AUC of 159 ± 6 ng/mL, compared to a mean Cmax of 129.8 ± 40 ng/
mL and AUC of 4,863 ± 1656.9 ng/mL in horses in the present study. 
This difference suggests that horses have a higher metabolic capacity for 
CBD than dogs and cats (35). Our data is very consistent with other 
studies showing that the major metabolite of CBD in horses is 7-COOH-
CBD when dosed at 1–2 mg/kg showing T max in the 8–12 h time range 
with AUC ranging from 4,000 to 11,500 h*ng/mL with Cmax being 
between 307 at 2 mg/kg dosing and 85 ng/mL at 1 mg/kg dosing (21, 24).

CBDA, THCA, and CBGA demonstrated biphasic absorption, 
with two concentration peaks that were more pronounced at the high 
dose. This “double peak phenomenon” seen with enteric 
administration of some drugs has been attributed to separate sites of 
absorption in the gastrointestinal tract, with the absorption limit of 
the first site determining the magnitude of the second absorption peak 
(36–38). This phenomenon could also be attributed to enterohepatic 
recirculation, delayed gastric emptying, or a feeding time phenomenon 
(39). Double-peak phenomenon is relatively common in horses, and 
has been demonstrated for phenylbutazone, trimethoprim-
sulphachlorpyridazine, and other orally-administered drugs (39, 40).

The doses of CBD evaluated in this study were well-tolerated, with 
no observable alterations in mentation, activity in stalls or 
gastrointestinal transit effects. Few statistically significant changes in 
blood chemistry parameters were noted 24 h after a single 
administration of 2 mg/kg or 8 mg/kg CBD, and the values fell within 
normal reference ranges and were not large enough differences to 
be clinically relevant. However, further research is needed to elucidate 
the effects of longer-term administration of cannabinoids in this 
species. While this study only evaluated single doses, Gamble et al. 
reported increases in alkaline phosphatase in dogs in the fourth week 
of daily CBD administration (9). Similarly, increases in alanine 
transaminase consistent with drug-induced liver injury have been 
reported in healthy human adults after 2–4 weeks of CBD exposure 
(41). Horses administered CBD demonstrated increases in gamma-
glutamyl transferase, aspartate transaminase, and sorbitol 
dehydrogenase after 6 weeks of administration in a previous study, 

FIGURE 3

(A) Forelimb and (B) hindlimb steps taken after enteral administration of a single dose of CBD/CBDA-rich hemp oil to stall-confined horses (n  =  8) at 
2  mg/kg or 8  mg/kg in a randomized cross-over design.
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returning to normal 10 days after discontinuation (22). However, the 
potential for chronic cannabinoid exposure to cause liver dysfunction 
or other side effects in horses is currently unknown.

Feed and water intake was free choice in all treatment groups and 
was not measured. However, no significant differences were observed 
in either cumulative manure production or in gastrointestinal transit 
time, and may have affected our pharmacokinetics. Further research 
may investigate whether the timing and availability of feed and water 
have an effect on the enteric bioavailability of cannabinoids in horses.

The study and adoption of cannabinoid products in veterinary 
medicine continues to be  face legal hurdles, even though hemp 
production and distribution of products containing less than 0.3% 
THC are federally legal in the United States. State regulations may vary 
considerably between jurisdictions, but a majority of states allow 
hemp production, distribution and sales. The oil used in the present 
study contained approximately 0.13% Δ9-THC and 0.13% THCA. In 
final analysis, the major metabolite associated with psychotropic 
activity, 11-OH-THC, was undetectable. Serum concentrations of 
THC reached a mean Cmax of nearly 7 ng/mL with no adverse events, 
suggesting that the THC levels are safe with this acute dosing. THCA 
concentrations using similar dosing were nearly 10-fold higher, 
further supporting that acidic forms of cannabinoids are absorbed 
better than their decarboxylated forms. Fortunately, THCA is 
non-psychotropic and thought to be neuroprotective (42).

Given the variability between products, data on the 
pharmacokinetics of specific formulations is critical information for 
veterinarians as CBD, THC, and their metabolites are regulated by 
many racing jurisdictions and competition horse associations. While 
the product tested falls well within legal levels of THC, this compound 
is a Class 1 substance under the Association of Racing Commissioners 
International (ARCI) and a banned substance under the Federation 
Equestre Internationale (FEI), meaning that no detectable levels are 
acceptable. All horses in the 8 mg/kg CBD/CBDA group and 2 horses 
in the 2 mg/kg CBD group had detectable levels of THC in serum. The 
ARCI also classifies CBD as a Class 2 substance, for which no 
detectable levels are acceptable, while the FEI classifies CBD as a 
controlled and specified substance. It is of note, that while THC, CBD 
and CBDA are rapidly cleared, the half-life of elimination of 7-COOH 
CBD is long at 52 h for 2 mg/kg CBD and 71.9 h for 8 mg/kg CBD 
following a single dose. Additionally, it is important to point out that, 
to date, there has been no formal studies showing efficacy for any 
indication in horses in placebo blinded studies with the only study on 
equine behavior being negative, and one case report suggesting 
alleviation of cribbing behavior (43, 44). Further studies are needed 
utilizing proper dosing intervals as it is becoming evident that horses 
may require increased dosing compared to other species for 
pharmacodynamic effects and that considering the superior 
absorption of CBDA that further research on CBDA is needed.

5 Conclusion

CBD concentrations following enteral administration of CBD oil 
were low and elimination relatively rapid, while CBDA appeared to 
be the predominant cannabinoid present with potential therapeutic 
benefit in horses provided a CBD/CBDA-rich hemp oil. No adverse 
effects were encountered; however, this was a single dose study. The 
results of this study can be used to guide bodyweight dosing and 
dosing interval in future multi-dose studies. Further evaluation of 

therapeutic effects as well as potential adverse effects in multi-dose 
studies in horses are warranted.
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