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Abstract

Introduction: Despite widespread use of cannabidiol (CBD), no lifelong toxicity study has been published to
date. Caenorhabditis elegans is often used in preclinical lifelong toxicity studies, due to an estimated 60-80%
of their genes having a human ortholog, and their short lifespan of ~2-3 weeks. In this study, we examined
both acute and long-term exposure studies of CBD at physiologically relevant concentrations.

Materials and Methods: Acute toxicity was determined by treating day 1 adults with a wide range of CBD concen-
trations (04 uM to 4 mM) and assessing mortality and motility compared to control animals. Thermotolerance was
examined by treating adult animals with CBD (0.4 uM to 4 mM) and exposing them to 37°C for 4 h, and then scoring
for the number of alive animals treated with CBD compared to controls. Long-term toxicity was assessed by expos-
ing day 1 adults to 10,40, and 100 M CBD until all animals perished. Control animals had no active drug exposure.
Results: We report both acute and long-term exposure studies of CBD to adult C. elegans at physiologically
relevant concentrations. Acute toxicity results showed that no animal died when exposed to 0.4-4000 uM
CBD. The thermotolerance study showed that 40 uM CBD, but not other treatment levels, significantly increased
resistance to heat stress by 141% compared to the untreated controls. Notably, whole-life exposure of C. elegans
to 10-100 uM CBD revealed a maximum life extension of 18% observed at 40 uM CBD. In addition, motility anal-
ysis of the same groups revealed an increase in late-stage life activity by up to 206% compared to controls.
Conclusion: These results serve as the only CBD lifelong exposure data in an in vivo model to date. While further
research into the lifelong use of CBD should be carried out in mammalian models, the C. elegans model indicates
a lack of long-term toxicity at physiologically relevant concentrations.
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Introduction

Over the last decade, extensive research has shown that
cannabidiol (CBD) has the potential to treat a variety
of disorders. Extensive preclinical work examining
the ability of CBD to reduce epileptic seizures began
in 2007, resulting in expanded knowledge of CBD phar-
macology and identification of new disease targets.
Studies have highlighted the therapeutic potential of

CBD to treat conditions ranging from epilepsy and
autism, to anxiety and psychiatric disorders." Dosing
and duration of use have varied extensively across stud-
ied indications, with some demonstrating clinical effi-
cacy with single acute doses of 150mg and others
requiring over 1500 mg daily to demonstrate benefit."
A major hurdle in the acceptance of CBD as treatment
for chronic conditions relates to the general paucity of
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long-term safety data. From 2013 to 2018, there were over
1800 patient-years of data generated by the Epidiolex®
clinical trial programs.” These data revealed some safety
concerns following repeated administration of high
doses (e.g, 20 mg/kg).>> While these observations are
an important initial step, long-term CBD safety data
are still missing from the literature. Indeed, the U.S.
Food and Drug Administration (FDA) has publicly stated
that data gaps on long-term safety risks hinder the estab-
lishment of guidelines for the safe and legal use of CBD in
foods and supplements. Given that data on the long-term
CBD use in humans and mammalian surrogate models
may not be available for some time, a well-established
preclinical model of long-term toxicity is critical to im-
mediately inform evidence-based regulation of CBD.

The nematode Caenorhabditis elegans is one species
that has gained widespread acceptance in preclinical
models of lifelong toxicity associated with drug expo-
sure, due to their transparency at all stages of life,
their short lifespan (2-3 weeks), and an estimated 60—
80% of its genes having a human ortholog.* C. elegans
has intact and metabolically active digestive, reproduc-
tive, endocrine, sensory, and neuromuscular systems
and, in previous studies, C. elegans toxicity ranking
assays have been shown to be comparable to rodent
models in reflecting the effect of drugs on the whole
organism.” Motility in C. elegans involves coordinated
neuromuscular actuation to generate propulsive thrust
for animals to crawl. Drug-induced declines in motility
inform an organ-level toxicity compared to death, which
is indicative of whole-organism toxicity and physiolo-
gy.® Because mortality and motility can easily be mea-
sured, C. elegans is frequently used to screen drugs for
toxicity and efficacy, especially in the areas of neurode-
generative disease and aging (e.g., metformin, resvera-
trol, and DAF-16/FoxO transcription factor).”® These
studies demonstrated life and health span extension out-
comes paralleling those in mammalian systems.”

The objective of this study was to examine the ef-
fects of CBD on acute and lifelong toxicity, lifespan,
and aging as measured by mortality and motility in
C. elegans. This study addresses critical data gaps in
long-term CBD toxicity, and helps inform the FDAs
evolving CBD regulatory framework.

Materials and Methods

Culturing, age synchronization, and microfluidic

chip loading

Wild-type Bristol (N2) C. elegans (n=3504) was used
in this study (Caenorhabditis Genetics Center, MN).

523

For age synchronization, animals were cultured on
nematode growth media (NGM) plates (60 mm Petri
dishes; Fisher Scientific) on a standard food source of
20 mg/mL Escherichia coli OP50 and incubated for
48 h at 20°C. Gravid adults were loaded into microflui-
dic chips10 (Infinity Chips; Nemalife, Inc., TX) and
allowed to lay eggs for 2h (coded as day 0). The egg
suspension from the chips was flushed to fresh NGM
plates and incubated at 20°C. Four days later, young
adult animals were loaded into microfluidic chips
along with 20 mg/mL of E. coli OP50 in liquid NGM
with 0.2% dimethyl sulfoxide (DMSO).

Before use, microfluidic chip interiors were filled
with 70% ethanol (Fisher Scientific) for 5 min. Subse-
quently, the device was rinsed four to five times with
NGM solution and treated with 5wt% Pluronic F127
(Sigma-Aldrich) for 30min. The Pluronic-treated
devices were stored in moist Petri dishes at 20°C for
immediate use and at 4°C for future use.

Formulation

Several concentrations of hemp-derived CBD (99.81%
purity; Canopy Growth Corporation) were formulated
in liquid NGM and mixed with 0.2% DMSO (Fisher
Scientific). A wide range of CBD concentrations was
tested in the acute toxicity and thermotolerance assays:
0.4 uM, 4 1M, 10 uM, 40 uM, 100 uM, 400 M, and
4mM, spanning subphysiologic, supraphysiologic,
and physiologic concentrations demonstrated in clini-
cal trials, assuming homogeneous distribution.'"’ In
all tested solutions (those containing CBD and not),
the final concentration of DMSO was maintained at
0.2% v/v and the food concentration was maintained
at 20 mg/mL of E. coli OP50.

Toxicity assays

For acute toxicity assays, day 1 adults were loaded into
microfluidic chips along with 20 mg/mL of E. coli OP50
and 0.2% DMSO NGM solution alone (control) or
with CBD concentrations described above (0.4 uM to
4mM). Videos of animal population in the chips
were recorded and scored using the Infinity Screening
System (NemalLife, Inc.) at three time points: 0, 3,
and 6 h.

The degree to which animals resist heat stress (ther-
motolerance) has been frequently used to predict the
long-term effect of compounds,'” suggesting that
declines in thermotolerance inform understanding of
long-term toxicity. For thermotolerance assays, day 1
adults were loaded into microfluidic chips for 48h at
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20°C with 0.2% DMSO NGM solution alone (control)
or CBD concentrations ranging from 0.4 uM to 4 mM.
Subsequently, animals were exposed to 37°C for 4h,
followed by 30 min of recovery and scoring for the
number of alive animals in the chips by visual inspec-
tion of animal movement.

For lifelong toxicity assay, concentrations consis-
tent with physiologically relevant CBD doses utilized
in human clinical trials were selected for lifelong
toxicity assays (10, 40, and 100 /.LM).“ The lifelong
assay was initiated by loading day 1 adults into the
microfluidic chips. Fresh DMSO (control) or CBD
solutions were administered daily, and chips were in-
cubated at 20°C until all animals perished. Videos
were acquired each day before and after feeding
fresh DMSO or CBD solutions to determine live
counts and animal motility. Control animals had
no active drug exposure, only 0.2% DMSO.

Each C. elegans assay was conducted in triplicate,
except for the acute toxicity assay, and each replicate
consisted of two or more technical replicates. One
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technical replicate is a population in a microfluidic
chamber (with > 60 animals for chronic and >15 ani-
mals for acute assays).

Statistical analyses

The acute and lifelong toxicity assay videos were
analyzed using the Infinity Code software (NemalLife,
Inc.) for animal survival and motility. The number of
living animals in the population was determined
based on detectable movement. Motility was deter-
mined based on the displacement of individual animals
from the rectangular area (bounding box) that encloses
their whole body. Animals that moved more than their
body length within 30 sec were labeled “highly active.”
The percentage of highly active animals in the popula-
tion was then calculated.

One-way ANOVA was used to compare the nonex-
posed control and CBD-treated animals in the acute
and thermotolerance assays. Kaplan-Meier curves
from the lifelong toxicity assay were generated using
GraphPad Prism [Version 8.4.2 (679)]. Log-rank test
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Acute toxicity and thermotolerance response of CBD on Caenorhabditis elegans. (a) Percent highly
active animals of C. elegans at 0, 3, and 6 h after exposure to CBD (n=53-65 animals per concentration).
(b) Percentage of C. elegans alive after 30 min recovery from heat stress (4 h at 37°C) at various
concentrations of CBD (n=156-203 animals per concentration). Data are mean + standard deviation.
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was used to compare the survival curves between the
nonexposed control and CBD-treated populations.
We also utilized a multiple comparison test, using the
Bonferroni method, to determine the concentrations
that provided significant thermotolerance benefit.

Results
The acute toxicity results showed that no animal died
prematurely under any of the tested CBD concentra-
tions (data not shown), and only 4000 uM CBD had
a significant negative effect on motility. Highly active
animals declined from 69% at Oh to 39% at 6h at
4000 uM (p<0.05; Fig. la). Due to the absence of
any death event, or other signs of toxicity, only one
replicate was performed. An LCs, was not identified.
Results from the thermotolerance assay showed that
40 uM CBD treatment significantly increased resistance
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to heat-induced molecular stress by 141% compared to
the untreated controls (Fig. 1b). While a trend toward in-
creased thermotolerance was seen at 10 and 100 uM, in-
creases did not meet statistical significance.

Lifelong exposure to CBD did not have significant
negative effects on lifespan or motility (Fig. 2). Exten-
sion in mean lifespan compared to controls was
observed for 10, 40, and 100 uM CBD, significantly
extending mean lifespan by 14.8%, 18.3%, and 12.2%,
respectively (p<0.0001, p<0.0001, and p<0.001, re-
spectively, Fig. 2a, d). No significant changes to maxi-
mum lifespan were observed; control and treated
populations all lived up to 23 days. In addition,
40 uM CBD treatment increased the percentage of
highly active animals at all stages of life, including
old age, compared to controls (Fig. 2b, ¢). On days 5,
8, 12, and 15 at 40 uM CBD, the percentage of highly
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FIG. 2. Effect of long-term exposure of CBD on Caenorhabditis elegans survival and locomotor activity.
(@) Survival curves at 10, 40, and 100 uM CBD. Survival data shown are pooled from three biological
replicates with each biological replicate having two technical replicates. (b) For the same population in (a),
percentage of highly active animals is shown at four time points in life. Mean and p-values, sample size for
motility plots, and survival curves are shown in tables (c, d), respectively.
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active animals increased by 11.2%, 8.6%, 51.0%, and
206.4%, respectively, compared to controls (days 5, 8,
12, and 15; p<0.01, p<0.05, p<0.0001, and p<0.0001,
respectively). Concentrations of 10 and 100 uM CBD
also significantly increased the percentage of highly ac-
tive animals; however, at a lower rate and only on certain
days (10 uM, days 12 and 15, 25.9% and 131.9%, p < 0.05
and p <0.0001, respectively; 100 uM, days 5 and 15, 7.6%
and 78.7%, p<0.05 and p<0.0001, respectively).

Discussion

CBD did not demonstrate any degree of acute or lifelong
toxicity or related liabilities at physiologically relevant
concentrations. Indeed, CBD extended mean lifespan
up to 18.3% and increased late-stage life activity by up
to 206.4% compared to controls. At low (10 uM) and
medium (40 uM) concentrations, CBD attenuated age-
related declines in motility on days 12 and 15. More-
over, treatment with 40 uM CBD significantly increased
thermotolerance compared to the untreated controls.
Acute toxicity assays with CBD did not have a signifi-
cant impact on C. elegans survival or motility, with the
exception of 4000 uM CBD, which significantly reduced
motility; however, this concentration is at least 10 times
outside of physiologically relevant concentrations.

The U.S. regulatory implications of the findings
demonstrated by this study are of paramount im-
portance. Following the passage of the Agriculture
Improvement Act of 2018," also known as the “Farm
Bill,” hemp-derived CBD was removed from the Con-
trolled Substance Act. Under this regulatory frame-
work, management of CBD product manufacturing
and sale falls under the FDA and Federal Trade Com-
mission, yet no formal regulations of manufacturing or
sale have been implemented. Widespread use of CBD
products continues to proliferate, despite lack of regu-
lation. The FDA has publicly stated that two significant
concerns that are both difficult to address and have lit-
tle available data remain a barrier to formalized regula-
tions: safe levels of CBD for daily consumption and the
effects of lifelong use."* The results of this study di-
rectly address these two needs, and fill some of the
data gaps needed to establish evidence-based safety-
oriented regulations.

Because this study was the first to examine the effects
of lifelong exposure to CBD, many unanswered ques-
tions remain. First, although CBD extended lifespan
and increased measures of health span in this C. elegans
model, future research is needed to determine potential
mechanisms for these findings. Similar to metformin, '’
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CBD can inhibit folate and methionine metabolism,"®
suggesting at least one mechanism for future explora-
tion. Second, data from this study can only be used
to inform our understanding of toxicity associated
with CBD isolate. These data do not inform toxicity
associated with more complex botanical CBD formula-
tions (e.g., “full spectrum” and “broad spectrum”), or
the over 120 other potentially biologically active phy-
tocannabinoids produced by the cannabis plant.'” Sim-
ilar studies should be conducted on other cannabinoids
in isolation and combination, given widespread com-
mercial availability of cannabinoid formulations.
Finally, this study was conducted with wild-type Bristol
(N2) C. elegans. While this strain of C. elegans is most
commonly used in lifelong toxicity studies,” findings
suggest that future research would benefit from exam-
ining the studied effects in strains known to suffer from
deficits in motility and thermotolerance to determine
whether CBD could act as a potential novel therapeutic
agent for prevention of age-related decline in motility
and improvement in longevity.

In conclusion, CBD extended lifespan and drastically
improved activity levels in the late stage of life at studied
concentrations of 10, 40, and 100 uM. Furthermore, no
toxicity effect was observed at any concentration tested
(0.4 uM to 4 mM) in any study, outside of the decrease
in motility observed at 4000 uM. These findings address
critical gaps associated with lifelong toxicity of CBD, and
can inform FDA regulation surrounding CBD safety.

Authors’ Contributions

Mr. Land wrote article, designed research, analyzed
data, and contributed new reagents/analytical tools.
Dr. Toth wrote article, designed research, performed
research, analyzed data, and contributed new
reagents/analytical tools. Dr. MacNair wrote article.
Dr. Vanapalli wrote article, designed research, per-
formed research, and analyzed data. Mr. Lefever
wrote article. Dr. Peters wrote article. Dr. Bonn-Miller
wrote article.

Acknowledgments

We would like to thank Aleksandra Trajkovic and
Megan Brunstetter for their operational support and
Dr. Graham Eglit for his statistical guidance.

Author Disclosure Statement

Mr. Land is an employee of Canopy Growth Corpora-
tion, during which time, he has received stock options
and was a prior employee of GW Pharmaceuticals.



CANNABIDIOL TOXICITY LIFESPAN

Dr. Toth is an equity holder at NemalLife, Inc.

Nemalife, Inc. has received fees from Canopy Growth
Corporation for research services.

Dr. MacNair is an employee of Canopy Growth

Corporation, during which time, she has received
stock options.

Dr. Vanapalli is an equity holder in NemalLife, Inc.

Dr. Vanapalli holds a faculty appointment at Texas
Tech University and a conflict of interest mitigation
plan is in place. NemaLife Inc. has received fees from
Canopy Growth Corporation for research services.

Mr. Lefever is an employee of Canopy Growth

Corporation, during which time, he has received
stock options.

Dr. Peters is an employee of Canopy Growth Corpo-

ration, during which time, she has received stock
options. She reports personal fees, nonfinancial support
and other from Canopy Growth Corporation, and per-
sonal fees from Battelle outside the submitted work.

Dr. Bonn-Miller is an employee of Canopy Growth

Corporation, during which time, he has received stock
options. He served on the Board of Directors for Aus-
Cann Group Holdings Limited, was a prior employee
of Zynerba Pharmaceuticals, and has received consul-
ting fees from Tilray, Inc.

Funding Information
The study was funded by Canopy Growth Corporation.

References

1.

Crippa JA, Guimaraes FS, Campos AC, et al. Translational investigation of
the therapeutic potential of cannabidiol (CBD): toward a new age. Front
Immunol. 2018;9:2009.

. Buracchio T, Bastings E, Dunn B. FDA Briefing Document—~Peripheral and

Central Nervous System Drugs Advisory Committee Meeting April 19,
2018 NDA210365 Cannabidiol. 2018. https://www.fda.gov/media/
112565/download (accessed November 13, 2020).

. Iffland K, Grotenhermen F. An update on safety and side effects of can-

nabidiol: a review of clinical data and relevant animal studies. Cannabis
Cannabinoid Res. 2017;2:139-154.

. Markaki M, Tavernarakis N. Caenorhabditis elegans as a model system for

human diseases. Curr Opin Biotechnol. 2020;85:1888-1900.

. Hunt PR. The C. elegans model in toxicity testing. J Appl Toxicol. 2016;37:

50-59.

527

6. Wang D, Xing X. Assessment of locomotion behavioral defects induced
by acute toxicity from heavy metal exposure in nematode Caenorhabditis
elegans. J Environ Sci (China). 2008;20:1132-1137.

7. Alexander AG, Marfil V, Li C. Use of Caenorhabditis elegans as a model to
study Alzheimer’s disease and other neurodegenerative diseases. Front
Genet. 2014;5:279.

8. Tullet JM, Araiz C, Sanders MJ, et al. DAF-16/FoxO directly regulates an
atypical AMP-activated protein kinase gamma isoform to mediate the
effects of insulin/IGF-1 signaling on aging in Caenorhabditis elegans. PLoS
Genet. 2014;10:e1004109.

9. Castillo-Quan JI, Kinghorn KJ, Bjedov I. Genetics and pharmacology of
longevity: the road to therapeutics for healthy aging. Adv Genet. 2015;90:
1-101.

10. Rahman M, Edwards H, Birze N, et al. NemalLife chip: a micropillar-based

microfluidic culture device optimized for aging studies in crawling C.
elegans. Sci Rep. 2020;10:1.

11. Millar SA, Stone NL, Bellman ZD, et al. A systematic review of cannabidiol

dosing in clinical populations. Br J Clin Pharmacol. 2019;63:1888-1900.

12. Zhou Kl, Pincus Z, Slack FJ. Longevity and stress in Caenorhabditis elegans.

Aging (Albany NY). 2011;3:733-753.

13. Mead A. Legal and regulatory issues governing cannabis and

cannabis-derived products in the United States. Front Plant Sci.
2019;10:697.

14. Consumer Updates. What You Need to Know (And What We're Working

to Find Out) About Products Containing Cannabis or Cannabis-derived
Compounds, Including CBD. FDA. 2020. https://www.fda.gov/consumers/
consumer-updates/what-you-need-know-and-what-were-working-find-
out-about-products-containing-cannabis-or-cannabis (accessed July 23,
2020).

15. Cabreiro F, Catherine A, Lwung K, et al. Metformin retards aging in

C. elegans by altering microbial folate and methionine metabolism. Cell.
2013;153:228-239.

16. Perry CJ, Finch P, Muller-Taubenberger A, et al. A new mechanism for

cannabidiol in regulating the one-carbon cycle and methionine levels in
Dictyostelium and in mammalian epilepsy models. Br J Pharmacol. 2020;
177:912-928.

17. ElSohly M, Gul W. Constituents of Cannabis Sativa. In Pertwee RG (ed.).

Handbook of Cannabis. Oxford University Press: Oxford, 2014,
pp. 3-22.

Cite this article as: Land MH, Toth ML, MacNair L, Vanapalli SA, Lef-
ever TW, Peters EN, Bonn-Miller MO (2021) Effect of cannabidiol on
the long-term toxicity and lifespan in the pre-clinical model Caeno-
rhabditis elegans, Cannabis and Cannabinoid Research 6:6, 522-527,
DOI: 10.1089/can.2020.0103.

Abbreviations Used

CBD = cannabidiol

DMSO = dimethyl sulfoxide
FDA =Food and Drug Administration
NGM = nematode growth media



https://www.fda.gov/media/112565/download
https://www.fda.gov/media/112565/download
https://www.fda.gov/consumers/consumer-updates/what-you-need-know-and-what-were-working-find-out-about-products-containing-cannabis-or-cannabis
https://www.fda.gov/consumers/consumer-updates/what-you-need-know-and-what-were-working-find-out-about-products-containing-cannabis-or-cannabis
https://www.fda.gov/consumers/consumer-updates/what-you-need-know-and-what-were-working-find-out-about-products-containing-cannabis-or-cannabis

