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Abstract

The United States is swiftly moving toward increased legalization of medical and recreational cannabis. Currently consid-

ered the most commonly used illicit psychoactive drug, recreational cannabis is legal in 11 states andWashington, DC, and

male use is an important and understudied concern. Questions remain, however, about the potential long-term consequen-

ces of this exposure and how cannabis might impact the epigenetic integrity of sperm in such a way that could influence

the health and development of offspring. This review summarizes cannabis use and potency in the USA, provides a brief

overview of DNAmethylation as an epigenetic mechanism that is vulnerable in sperm to environmental exposures includ-

ing cannabis, and summarizes studies that have examined the effects of parental exposure to cannabis or delta-9 tetrahy-

drocannabinol (THC, the main psychoactive component of cannabis) on the epigenetic profile of the gametes and behavior

of offspring. These studies have demonstrated significant changes to the sperm DNA methylome following cannabis use in

humans, and THC exposure in rats. Furthermore, the use of rodent models has shownmethylation and behavioral changes

in rats born to fathers exposed to THC or synthetic cannabinoids, or to parents who were both exposed to THC. These data

substantiate an urgent need for additional studies assessing the effects of cannabis exposure on childhood health and de-

velopment. This is especially true given the current growing state of cannabis use in the USA.
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Introduction
Cannabis sativa has been grown and used for thousands of years

[1]. The versatile plant has served a variety of purposes includ-

ing textile production, medicine and recreation [1]. Cannabis

has been used in the United States since the 1800s, and today it

is considered to be the most commonly used psychoactive drug

[1]. Attitudes about cannabis safety and use have shifted over

time, and more prominent legalization efforts have helped

shape public opinion about medical and recreational cannabis

consumption [1–3]. Along with changing attitudes toward can-

nabis use and acceptability, the composition of cannabis that is

consumed has also changed dramatically in recent years, with
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more potent strains of cannabis being developed and used by

consumers [1–3]. Surveys have gathered information about pat-

terns and trends of cannabis use and to better understand the

shifts in the public perception of the safety of cannabis. This is

important and timely given that legislators and politicians are

frequently discussing plans to increase access to some form of

legal cannabis—either medical or recreational—at the federal

level.

Largely absent from these conversations are the potential

health consequences of cannabis consumption. This is espe-

cially troubling as studies are beginning to demonstrate that

there are adverse health effects of cannabis consumption not

only on the consumer, but also on their children [4, 5]. This is

supported by research using animals exposed to delta-9-

tetrahydrocannabinol (THC, the main psychoactive component

of cannabis) [4, 5]. Epigenetic modifications influence the way a

gene is expressed, for example through the addition or removal

of molecular moieties to the DNA or to the tails of histone pro-

teins around which the DNA is wrapped [6]. The pattern of the

epigenetic modifications in a somatic cell is heritable—that is,

transmitted during cellular division to the daughter cell [6].

Importantly, epigenetic modifications serve as an intermediary

that transmits information between the environment and the

DNA sequence of the genome [6]. Environmental exposures can

elicit changes in the epigenome that result in altered gene activ-

ity without an alteration to the underlying sequence of DNA [6].

Epigenetics therefore provide one potential mechanism through

which parental cannabis exposure can impact the health and

development of their offspring.

A schematic representation of this review is presented in

Fig. 1. We will first highlight the trends in cannabis use and le-

galization in the USA and address the increasing potency of

cannabis as well as the rationale for focusing on male cannabis

use. We will next offer a brief description of epigenetic inheri-

tance mechanisms, with a focus on DNA methylation. This will

be followed by a summary of the current animal model and

human studies that are beginning to reveal how THC exposure

and cannabis use disrupt DNA methylation in sperm, and the

potential impact of such preconception exposures on offspring

development. Lastly, we will briefly discuss the studies that

have focused on the effect of maternal exposure to cannabis

in utero, highlight other potential epigenetic mechanisms that

may also be affected by cannabis use, and outline important

questions that remain unanswered. We will conclude by em-

phasizing the urgent need for more comprehensive studies to

be conducted in this area, and the importance of conveying

these research findings about the potential consequences of ex-

posure to the general public and policymakers to help inform

decisions about personal use and legalization.

Trends in Cannabis Use and Potency in the
USA

Legalized cannabis is becoming increasingly available in the

USA. As of 2020, there are 11 states and Washington, DC that

have legalized the recreational sale and use of cannabis [7]

(Table 1). Medicinal cannabis use has been made legal in 33

states and Washington, DC [7] (Table 1). Cannabidiol (CBD), a

nonpsychoactive cannabinoid that can be derived from either

the cannabis or hemp plant, has also achieved widespread ac-

ceptance and is federally legal as long as it is derived from the

hemp plant and the dried product contains no more than 0.3%

THC. Even in states without legalized cannabis use, CBD is avail-

able in enormous numbers of consumer products. Cannabis

was first regulated at the federal level in the mid-1900s due to

concerns about recreational use and adverse reactions to

cannabis-containing products [1]. However, given that the fede-

ral regulation of cannabis has not been consistently enforced,

cannabis has remained prevalent in the USA and is known to be

the most commonly used illicit psychoactive drug. While legali-

zation is most readily occurring at the state level in the USA,

there is increasing discussion about changes to the federal

Figure 1: overview of cannabis exposure and potential consequences. Image made with graphics fromVCBioRender (biorender.com)
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regulation of cannabis in mainstream politics and news.

Cannabis is currently illegal at the federal level, but individual

states have autonomy to make decisions that are not generally

subjected to federal jurisdiction.

The two most common cannabinoids present in the canna-

bis plant are THC and CBD [1, 8, 9]. THC is responsible for the

psychoactive effects evoked by cannabis consumption, while

CBD is not psychoactive and instead has purported relaxation

and anti-anxiety properties [1]. The potency of cannabis, de-

fined as the percentage by weight of THC, has been progres-

sively increasing in the USA in recent years [5]. This is

especially true in states with legalized recreational cannabis

programs that are able to produce high-potency strains for

hashish and hash oil products, that contain upwards of 65%

THC [1, 3, 10, 11]. Several studies have analyzed changes in po-

tency over time, from 1996 to 2014 as well as from 2008 to 2017

by measuring THC concentration present in samples that were

confiscated by the Drug Enforcement Agency (DEA). This helps

provide information about cannabis products that are being

sold and consumed across that country that would otherwise

not be reported, unlike in states with legal cannabis programs.

These studies have consistently found increasing potency of

THC in these samples over time [11]. Specifically, cannabis

products that were confiscated in 1996 contained roughly 4%

THC, while in 2017, the average amount of THC measured in

confiscated samples was 17.1% [1, 11]. Additionally, the ratio

of THC to CBD has increased nearly 10-fold, from 12 in 2008

to 104 in 2017 [1]. These increases in potency and the increased

ratio of THC to CBD reflects the selective growth over time of

plants with higher THC and lower CBD levels, as well as an in-

creased desire for the consumption of these increasingly potent

strains [1].

Higher potency strains of cannabis are increasingly associ-

ated with adverse health outcomes in users [12]. These adverse

outcomes include an increased risk of developing a cannabis

use disorder and increased risk of the development of, or re-

lapse back into, cannabis-induced psychosis [13–15]. This is

concerning considering that cannabis use has increased across

multiple age groups in the USA as legalization has made canna-

bis more accessible [16]. A 2014 study of age differences in daily

and nondaily cannabis consumers found that 26.3% of all adults

who consumed cannabis were using it five or more days per

week [17]. This is significant because the study reports that fre-

quent cannabis use renders individuals more vulnerable to psy-

chiatric symptoms and substance use disorders, similar to the

harmful effects that are exacerbated by consuming more potent

cannabis [17]. The study found that the adults who consumed

cannabis most frequently were between the ages 18 and 35 [17].

Importantly, this age range includes peak reproductive years.

Additionally, both daily and nondaily use were increased in

these adults from 2002 to 2014, providing further evidence that

more adults are using cannabis more frequently [17, 18].

Surveys of adolescents and adults in the USA during this

same time period, 2002–2014, collected information about the

perception of cannabis safety. Along with increased use, the

perception of harm associated with cannabis use decreased,

while the perception of its safety increased [2]. This trend was

reported for both adolescents and adults. A ‘Monitoring the

Future Study’ found that adolescents were using cannabis more

and were perceiving it as less harmful. In 2016, about 30% of all

12th graders believed cannabis use is risky [2]. The National

Survey of Drug Use and Health (NSDUH) found that between

2002 and 2014, the perception among adults of great risk associ-

ated with cannabis use declined from 50% to 33% [2, 12]. During

this same period, adult perception of no risk increased from 6%

to 15% [6, 12]. The 2018 NSDUH Substance Abuse and Mental

Health Services (SAMHSA) report found that 43.5 million

Americans ages 12 and older used cannabis in the past year [19].

This number represents about 15.9% of the population, and rep-

resents an increase in the number of Americans using cannabis

compared to reports conducted between 2002 and 2017 [19].

These data support that cannabis use in the USA appears to still

be on an upward trajectory.

Men use cannabis products more so than women, and men

are more likely to develop cannabis use disorders [20, 21]. A

cross-sectional anonymous online survey of 2374 cannabis

users found not only that men use cannabis more frequently,

but they consume higher quantities as compared to cannabis

using women [20]. Furthermore, men are more likely than

women are to become dependent on cannabis [8]. Sex differen-

ces were most pronounced for recreational versus medicinal

use, with 73.4% of men reporting recreational cannabis use as

compared to only 65.5% of women, a significant difference

(P< 0.001) [1].

With expanding cannabis legalization, worldwide cannabis

use and the perception that it is safe are increasing. These

trends are observed among both adolescents and adults.

However, while the normalization of acceptance and patterns

Table 1: list of states with legalized medical and/or recreational can-

nabis as of 2020

State Medical cannabis

legalized

Recreational cannabis

legalized

Alaska Yes Yes

Arizona Yes No

Arkansas Yes No

California Yes Yes

Colorado Yes Yes

Connecticut Yes No

Delaware Yes No

District of Columbia Yes Yes

Florida Yes No

Hawaii Yes No

Illinois Yes Yes

Louisiana Yes No

Maine Yes Yes

Maryland Yes No

Massachusetts Yes Yes

Michigan Yes Yes

Minnesota Yes No

Missouri Yes No

Montana Yes No

Nevada Yes Yes

New Hampshire Yes No

New Jersey Yes No

New Mexico Yes No

New York Yes No

North Dakota Yes No

Ohio Yes No

Oklahoma Yes No

Oregon Yes Yes

Pennsylvania Yes No

Rhode Island Yes No

Utah Yes No

Vermont Yes Yes

Washington Yes Yes

West Virginia Yes No
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of use expand, the associated health concerns remain under-

studied. We have little knowledge about the long-term health

effects of this increasing level of cannabis exposure and how

it might impact child development. Studies have focused on

the potential harmful effects of maternal cannabis use during

pregnancy, and the US Surgeon General and the American

College of Obstetricians and Gynecologists have cautioned preg-

nant women about the potential hazards. However, little has

been done to explore possible consequence of paternal cannabis

use before conception. This is a critical gap in the literature

given higher usage in men combined with emerging studies

showing that exposure to other chemicals and drugs before con-

ception has the potential to elicit harmful effects in children.

Epigenetics and Paternal Epigenetic
Inheritance

How could cannabis use by males prior to conception influence

the health of his children? One possible mechanism is through

epigenetic modifications in the sperm that change gene expres-

sion after fertilization of an egg. Such changes are consistent

with the concept of the Developmental Origins of Health and

Disease (DOHaD), which posits that the environment encoun-

tered during specific critical developmental timepoints elicits a

response in gene expression patterns that allow for optimizing

survival under those conditions [22, 23]. However, those

changes in gene expression, which are thought to be perma-

nent, may be dysfunctional under different environmental con-

ditions encountered at a later time, and could increase the

propensity for adverse outcomes and development of disease

[6, 23]. Epigenetic modifications, including the addition or re-

moval of chemical moieties to histone tails, the actions of non-

coding RNAs and the addition or removal of DNA methylation

to cytosines in the DNA (usually in CpG context), serve as an ar-

bitrator between the environment and the genome, are respon-

sive to changes in the environment, and are one likely

explanation for DOHaD [22]. The patterns of histone modifica-

tions and DNA methylation are transmissible during cell divi-

sion, such that the epigenome in many ways serves as a

compendium of an individual’s exposure history [22].

For the purposes of this review, we will be largely focused on

DNA methylation, as this is the most extensively studied epige-

netic modification, and the literature thus far has concentrated

primarily on investigation of DNA methylation alterations and

cannabis. There are two waves of DNA methylation reprogram-

ming that occur throughout development that may provide

routes for altered DNA methylation patterns to be inherited.

Between gestational weeks 7 and 11 in humans, a wave of epi-

genetic reprogramming occurs in the primordial germ cells

(PGCs) [24–37]. As PGCs migrate from the hindgut to colonize

the genital ridge, they undergo a global demethylation to create

a blank slate onto which an epigenetic profile reflective of the

sex of the developing fetus is established [24, 25, 27, 32, 34, 35].

The second wave of reprogramming begins immediately post-

fertilization, when DNA methylation marks are removed from

the parental genomes. There is active removal of DNA methyla-

tion marks from the paternal genome, while the maternal ge-

nome undergoes a passive loss of methylation [31, 32, 34, 35, 38,

39]. Remethylation occurs in the epiblast during gastrulation,

about 1-week post-fertilization [32, 34, 35].

Reprogramming provides an essential resetting of the epige-

netic information in each generation. However, some epigenetic

marks, including a small proportion of histones along with their

post-translational modifications and some DNA methylation,

are retained during these reprogramming events, providing a

mechanism for potential transmission of altered epigenetic in-

formation from one generation to the next [23, 28, 29, 40, 41].

This means that it is possible that altered epigenetic information

in the sperm could be delivered to the oocyte at fertilization and

then bemaintained in the developing embryo and fetus.

DNA methylation does indeed carry information that guides

gene expression from the father to his children at regions of the

genome subject to genomic imprinting [24]. Imprinted genes are

characterized by expression of only one of the two alleles pre-

sent in a given somatic cell, with the expressed allele dependent

on the sex of the parent from whom it was inherited [24, 42].

This pattern of expression is established by DNA methylation

that is set during formation of the gametes, and this methyla-

tion is subsequently resistant to post-fertilization reprogram-

ming [42]. Any shifts in the establishment and/or maintenance

of methylation at imprinted regions is carried forward into the

next generation. Recently, thousands of other regions of the ge-

nome, aside from those that are imprinted or repetitive ele-

ments, have been shown to also resist post-fertilization DNA

methylation reprogramming [40, 41]. These regions are there-

fore also able to carry gene regulatory information forward into

the next generation and provide a mechanism for the intergen-

erational inheritance of altered epigenetic states from sperm in

a manner that could impact the development and health of the

child.

The majority of DOHaD-related studies have focused on the

effects of in utero exposures on the health, development and

epigenetic profile of the offspring, while the potential contribu-

tion of the father’s exposures to early life health has been long

overlooked. Recent studies have begun to emphasize that the

father’s exposure prior to conception may be playing an impor-

tant role [43]. There are now emerging efforts to better under-

stand the effects of paternal exposures prior to conception and

how they impact the epigenetic integrity of the sperm [37, 44].

Studies have found that exposures such as obesity, nutrition,

cigarette smoke and pesticides alter sperm DNA methylation,

with obesity and cigarette smoke doing so in a heritable fashion

in humans [37, 43–50]. The effects of cannabis on the sperm epi-

genome, a substance with increased access and use by men in

particular, however, have been largely understudied, and the

potential effects of paternal preconception cannabis exposure

on offspring health are poorly understood.

Effects of THC and Synthetic Cannabinoids on
DNA Methylation: Rodent Models

The effects of parental THC exposure on offspring behavior and

epigenetic changes were analyzed by Szutorisz et al. [51], and

Watson et al., using a rat model of exposure [52]. In their studies,

both male and female rats were dosed with a moderate level of

THC (1.5mg/kg i.p.) or vehicle control (saline containing 0.3%

Tween 80) during adolescence, one injection every third day

during postnatal days 28 to 49. These rats were subsequently

mated (THC-exposed male mated with THC-exposed female,

and vehicle-exposed male mated with vehicle-exposed female)

during adulthood and their offspring were analyzed for behav-

ioral and molecular outcomes. There was a significant in-

creased self-administration of heroin in the adult males born to

THC-exposed parents compared to controls, as well as associ-

ated molecular changes in the brains of these offspring [51]. In

particular, there were significant changes in expression of genes

4 | Environmental Epigenetics, 2020, Vol. 6, No. 1
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involved in synaptic plasticity as measured in the dorsal and

ventral striatum of the adult offspring [51]. There were also

changes in the expression of receptors involved in dopaminer-

gic and glutamatergic signaling [51]. This is important and rele-

vant for their observed phenotype, given the role of those

pathways in addiction-related behaviors. There were significant

changes in the expression of Cnr1, Grin2A and Grin1, Drd2, Gria1

and Gria2 [51]. Another endpoint that the authors analyzed was

long-term depression (LTD), which plays an important role in

synaptic plasticity, a neurological process that is critical for

memory and learning [53]. They observed an increase in LTD in

the dorsal striatum of the adult F1 offspring following parental

THC exposure, demonstrating the ability for preconception pa-

rental THC exposure to have a physiological consequence [51].

Using the same parental THC exposure paradigm and focus-

ing on epigenetic effects, Watson et al. demonstrated changes to

DNA methylation in the F1 adults born to the THC-exposed

parents as compared to the controls [52]. Methylation changes

in the offspring were measured specifically in the nucleus

accumbens, and were ultimately related to the behavioral

changes identified by Szutorisz et al. as a result of the adoles-

cent exposure to THC of the parents. DNA from these nucleus

accumbens from these offspring underwent enhanced reduced

representation bisulfite sequencing to measure DNA methyla-

tion changes, and quantitative reverse transcription PCR (qRT-

PCR) was performed for a subset of genes to determine if the

changes to methylation were associated with changes in ex-

pression in brain tissues.

The methylation data from this study demonstrated that

there were 406 hypermethylated and 621 hypomethylated dif-

ferentially methylated regions (DMRs) consisting of 5611 indi-

vidual CpG sites [52]. There were 196 hypermethylated DMRs

and 317 hypomethylated DMRs that mapped to the promoters

or exons/introns of 492 RefSeq genes [52]. To understand the

functional significance of the genes possessing differentially

methylated regions, gene ontology terms were analyzed. There

was enrichment for processes involved in synaptic plasticity

and neurological behavior and function, all of which are in line

with the behavioral and molecular findings reported by

Szutorisz et al [51, 52]. However, the parental origin of the epige-

netic changes observed in the offspring here cannot be attrib-

uted solely to one parent or the other, given that both parents

were exposed to THC prior to mating, and no germline epige-

netic analyses were conducted.

A rodent study that focused solely on paternal exposure was

performed by Andaloussi et al. In this study, male rats were ex-

posed to the synthetic cannabinoid, Win55,212-2, which acts as

a CNR1 agonist. Male rats were then mated to drug-naı̈ve

females and offspring were examined for behavioral effects

when they reached adolescence [54]. The offspring of exposed

and control dads were first exposed to 1 week of unpredictable

and variable stress [54]. One day after the cessation of the stress,

behavioral tests were conducted in the adult animals to assess

anxiety-like behaviors, locomotor behavior and episodic-like

memory. There were no significant effects of the paternal expo-

sure or unpredictable stress on locomotor behavior or episodic-

like memory. However, there were significant effects of stress

on anxiety-like behaviors as demonstrated with the open field

test in the rats born to the Win55,212-2-exposed dads [54].

Global DNA methylation was analyzed in these animals

through the use of a 5-mC ELISA assay [54]. These experiments

showed that there was a significant interaction between stress

and paternal Win55,212-2 exposure compared to control on

global DNA methylation in offspring prefrontal cortex (PFC) [54].

Specifically, increased levels of genomic 5-mC was found in the

PFC of these animals. Global DNA hypermethylation was ac-

companied by concurrent upregulation of Dnmt1 and Dnmt3a

transcription [54].

Our group assessed the effects of paternal exposure to THC

alone on DNA methylation in rat sperm. A group of adult male

rats were exposed to 2mg/kg THC (equivalent to moderate daily

cannabis use) or vehicle control (10% ethanol, 1% Triton X-100

in saline) via oral gavage for 12days to determine the effects of

the exposure on rat sperm [55]. DNA from sperm of these ani-

mals underwent reduced representation bisulfite sequencing

(RRBS) and demonstrated significant changes with the THC ex-

posure. There were 621 genes associated with CpG sites signifi-

cantly impacted by THC [55]. The majority of the affected CpG

sites were located in intronic (44%) and exonic (33%) positions.

Additionally, 25% were located in CpG islands, 24% were located

in shores and 4% were located in shelves. The remaining 49%

were located elsewhere throughout the genome outside of CpG

islands [55]. If and how these sites might escape reprogramming

remains unknown, but it is of interest that they are located pri-

marily within the gene body and that a majority of them have

some association with a CpG island, shore, or shelf. Analysis of

the affected genes using the DAVID bioinformatics database

revealed KEGG pathways enriched in differentially methylated

genes including the hippo signaling pathway, pathways in cancer,

MAPK signaling pathway and regulation of actin cytoskeleton

[55]. THC-exposed and control male rats were bred to drug-naı̈ve

females and the adult offspring were examined for neurobehavio-

ral outcomes. The F1 offspring exhibited long-lasting impairment

of attention tasks as compared to controls, and they displayed a

significant increase in the habituation of locomotor activity in the

figure-8maze [56].

We also examined the potential overlap between genes we

identified as being significantly differentially methylated in

sperm of THC-exposed rats and those affected in the nucleus

accumbens of rats born to THC-exposed parents from the

Watson et al. study. There was indeed a significant number of

genes that were identified as differentially methylated in both

datasets [52, 55].

These animal studies demonstrate the ability for paternal

and parental exposure to THC or synthetic cannabinoids to sig-

nificantly impact the epigenetic profile and behavior of off-

spring. These are important findings and may be relevant to

humans since more adults of reproductive age are using in-

creasingly potent strains of cannabis products. It is also impor-

tant given that more than half of all US pregnancies are

unplanned, meaning one or both of the parents may have been

unknowingly exposed to cannabis prior to the time of concep-

tion. These findings stress the need for more research using ro-

dent models and human studies to determine the potential

breadth of intergenerational and potential for transgenerational

effects of preconception cannabis use.

Effects of Male Cannabis Use on DNA
Methylation: Human Studies

To date, only one study, published by our group, has reported

on the effects of adult male cannabis use on the human sperm

DNA methylome [55]. This study was done in tandem with our

rat model, described above. Murphy et al. enrolled 12 men who

used cannabis as well as 12 matched nonuser controls. All men

provided urine samples to measure the concentration of THC

metabolites present in urine, which was used to verify user

Cannabis use and the sperm epigenome | 5
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status and to quantify exposure levels. Additionally, all men

provided a semen sample which underwent semen analysis

and from which DNA was extracted. The genomic DNA was

then used to generate RRBS data, which provides quantitative

DNA methylation data for millions of CpG sites across the

genome.

The findings indicated a significant reduction in the sperm

concentration of men who used cannabis compared to those

who did not [55]. Furthermore, this was the first study to associ-

ate urinary THC concentrations with decreased sperm concen-

trations [55]. This finding is in line with the existing literature.

Cannabis has been associated with decreased sperm quality

and an increased risk of the development of testicular germ cell

cancers in previous studies [57]. Others have attempted to de-

termine the mechanism through which these effects occur,

which led to the discovery that the endocannabinoid system

(ECS) plays a critical role in the regulation of spermatogenesis

[57]. There is stage and cell-type specific expression of ECS sig-

naling components found in germ and somatic cells in the tes-

tes [57, 58]. While this helps to clarify the role of the ECS in

spermatogenesis, the ability of cannabis to directly impair sper-

matogenesis through the ECS is still unresolved.

There were significant effects of cannabis use on sperm DNA

methylation, with 3979 CpG sites that were differentially meth-

ylated in the sperm of cannabis users compared to the nonuser

controls [55]. There were 46 genes for which there were 10 or

more CpG sites affected by cannabis exposure [55]. About 78% of

the altered CpGs exhibited decreased DNA methylation in the

users compared to the controls [55]. For 183 individual CpG sites

representing 177 genes, there was a significant correlation be-

tween the amount of THC measured in the urine and the level

of methylation present, suggestive of a dose–response relation-

ship [55]. We also assessed the genomic locations of these af-

fected CpG sites and again found that the majority were located

in introns (41%) and that 22% were in CpG islands, 16% were in

shores and 4% were in shelves [55]. Intriguingly, both in our hu-

man and rat analyses, the majority of affected CpG sites are

intronic. It is also noteworthy that there are substantial num-

bers of affected sites within CpG islands, shores and shelves.

Genes names associated with the affected CpG sites were

entered into the DAVID bioinformatics database to determine if

there was enrichment for genes with specific functions. Several

KEGG pathways were identified, including ascorbate and alda-

rate metabolism, pathways in cancer, hippo signaling, MAPK

signaling pathway and circadian entrainment [55]. These path-

ways are known to be involved in early life development, partic-

ularly hippo signaling and circadian entrainment, and may

provide insights into the potential role that paternal cannabis

use could have in affecting offspring health [59, 60]. Strikingly,

there was a similarly in the pathways that were enriched for in

both our rat and human studies. These include hippo signaling,

pathways in cancer and MAPK signaling pathway. There was a

small number of genes in common between the pathways in

the two different species (hippo signaling pathway: APC2, GDF6,

LLGL1, TCF7L1, BMP7, and BMP6; pathways in cancer: FGF12,

PRKACA, GNG7, GNB2, APC2, TCF7L1; MAPK signaling pathway:

CACNA2D1, CACNA1I, FGF12, PRKACA, CACNA1A) suggesting

that there is potential for both gene-specific and pathway-

specific effects of the exposure that are shared between

humans and rodents [55]. The fact that there was minimal over-

lap in the genes in both species, yet similar pathways were sig-

nificantly affected suggests that the function of the pathway, or

sequence features that characterize the genes in these path-

ways, may be the target of the exposure. This finding also

suggests that a significant portion of the effects of cannabis ex-

posure in humans may be due to THC, since this was

the common compound in both exposures. This is notable

given that the amount of THC in cannabis has markedly and

intentionally increased since the 1970s [11].

An unexpected finding relates to the aryl hydrocarbon recep-

tor repressor (AHRR) gene. The RRBS data showed that there

were 94 CpG sites within AHRR that were differentially methyl-

ated in the sperm of the cannabis users as compared to con-

trols. While two of these CpG sites were found to be located

very close to CpGs that are known to be hypomethylated in

infants born to cigarette-smoking mothers, the other 92 are lo-

cated in a 62-nucleotide repeat sequence of which there are 47.7

tandem copies [55]. This repetitive region is unique to the AHRR

gene and is present in an intronic CpG island [55]. All 92 CpG

sites were hypomethylated in the cannabis user’s sperm [55].

The consequences, if any, of this finding for expression of AHRR

are unclear, but remain novel and appear to be specific to can-

nabis. Overall, the findings from this initial study demon-

strated, for the first time, the association between cannabis use

and altered DNA methylation in sperm.

Multi-Species Effects of Cannabis and THC on
Methylation of Imprinted Autism Candidate
Gene DLGAP2

In a follow up study, our group focused on the effects of canna-

bis exposure on DNA methylation of the gene Disks-large asso-

ciated protein 2 (DLGAP2) [61]. This gene exhibited 17

differentially methylated CpG sites by RRBS in the sperm of can-

nabis-exposed men compared to controls [61]. DLGAP2 is impli-

cated in autism spectrum disorders (ASD) [62, 63]. For this

study, we used sperm DNA from the same cohort described in

Murphy et al. to validate a significant loss of methylation pre-

sent in the seventh intron of DLGAP2, a region that contained

nine of the 17 initially identified differentially methylated CpG

sites, all of which were hypomethylated. We validated with bi-

sulfite pyrosequencing that there was a significant loss of meth-

ylation present across this intronic region in sperm of adult

male cannabis users compared to controls, with methylation ef-

fect sizes ranging from 7% to 15% for the individually affected

CpG sites in the sperm [61]. We also demonstrated that the

methylation present at this region in human fetal brain tissues

is correlated with gene expression levels, indicative of a func-

tional methylation–expression relationship at this region [61].

Using human fetal testes tissues, a tissue type in which DLGAP2

is known to exhibit imprinted expression [64], we confirmed

that the region of interest in DLGAP2 is unlikely to be the im-

print control region for this gene given a very high level of

methylation (average 72.5%) in these diploid cells.

To begin to address the question of intergenerational inheri-

tance of an altered sperm DNA methylation pattern, we turned

to a rat model of THC exposure. We first looked at the sperm of

male rats exposed to 4mg/kg THC (a dose reflecting daily con-

sumption) or vehicle control (4% TWEEN-80 in saline) via injec-

tion for 28days, and analyzed methylation changes in the first

intron of this gene. From this we observed significant losses of

methylation at Dlgap2 in the sperm of the THC-exposed rats

compared to the controls [61]. To then address the question of

intergenerational inheritance, DNA methylation of Dlgap2 was

analyzed in the hippocampus and nucleus accumbens of rats

born to THC-exposed fathers compared to controls, the regions

of the brain where Dlgap2 function is most critical [61, 62]. A
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significant loss of methylation was detected at the same CpG

sites in the nucleus accumbens as in the sperm of the exposed

dads, beginning to suggest the potential for a paternal exposure

that alters the epigenetic profile of sperm to contribute to the

epigenetic profile of the offspring [61]. Interestingly, Watson et

al. also found there to be significant changes in methylation

and expression of Dlgap2 in the offspring of rats born to THC-

exposed parents [52]. Given the small sample size of this pilot

study, additional larger studies are necessary to confirm this

finding.

Other Considerations: Maternal Exposure,
Routes of Exposure and Alternative Epigenetic
Mechanisms

Cannabis use among pregnant women is a serious growing con-

cern [65], with 7.1% of pregnant women in 2016 reporting canna-

bis use, largely to alleviate morning sickness [66]. This

percentage represents a 69% increase over the number of preg-

nant women reporting use in 2009 [66]. The health consequen-

ces of such in utero exposure are also understudied [67]. Some

studies are beginning to suggest the possibility for changes in

DNA methylation or gene expression in offspring born to moth-

ers who use or are exposed to cannabis during pregnancy, but

this too is an area that urgently needs further investigation [68].

Maternal use of cannabis during pregnancy has been associated

with an increased likelihood for the newborn to require the neona-

tal intensive care unit, decreased infant birth weights, the potential

of an impaired fetal immune system and neurodevelopmental de-

lay and autistic-like deficits [69–72].

A study conducted by Reece and Hulse that analyzed the in-

cidence of autism in states with legalized use of medicinal or

recreational cannabis reported that the most common form of

cannabis-associated clinical teratology in the USA is autism

[69]. Their statistical models projected that there would ulti-

mately be a 60% excess of autism cases in states with some

form of legal cannabis compared to those without by the year

2030 [2]. In addition to autism and autism-like behaviors, Reece

and Hulse also determined in the state of Colorado, where me-

dicinal and recreational cannabis use has been legal since 2000

and 2014, respectively, that there was a correlation between

cannabis use and congenital anomalies from 2000 to 2014, a

time when cannabis was the only drug whose use increased

over that period of time [73]. These associations and correla-

tions were identified independent of epigenetics, but it is possi-

ble that such alterations may have a role in contributing to

some of these phenotypes.

Another emerging issue to consider is the use of electronic

cigarettes for both nicotine and cannabis products. The CDC

reports that e-cigarettes are the most commonly used tobacco

product among adolescents in the USA, though e-cigarettes are

also frequently used as a marijuana delivery system [74]. In

2019, over five million teenagers in middle and high school

reported use of an e-cigarette in the past 30 days [74]. Focusing

specifically on THC in e-cigarettes, 14% of 12th graders and

12.6% of 10th graders reported THC vaping in the past 30 days,

while 3.5% of 12th graders and 3% of 10th graders reported using

THC e-cigarettes daily in 2019 [75]. In fact, the rates of teen vap-

ing of cannabis almost doubled from 2018 to 2019, which raises

serious concerns [76]. Little information is known about the po-

tential effects of e-cigarette use on the health, development and

epigenetic profile of the individual and the potential effects on

their offspring. Studies are needed to delineate the effects of

cannabis use via different routes of consumption.

It is important to recognize that no one epigenetic mecha-

nism exerts its influence in isolation. In fact, different types of

epigenetic modifications often work together to convey regulatory

instructions to the cell in a meaningful way. Future studies are

needed to assess other epigenetic mechanisms that may be im-

pacted in sperm as a result of cannabis exposure. These include

changes to chromatin structure, histone modifications, and the

presence and activity of small noncoding RNAs [46, 77].

Integration of these findings will help to convey a more complete

picture of how cannabis exposure can affect all parts of the sperm

epigenome, how these epigenetic effects may work together to

impact offspring health and potential strategies for amelioration

of cannabis-induced changes.

What Research Is Needed?

There is a pressing need for additional fact-gathering studies in

this field. Multiple questions remain about the health conse-

quences of male cannabis use, but our policies are changing be-

fore we have all of the answers. One critical question that

remains is whether or not abstinence from cannabis use will al-

low the methylation changes in sperm to be ‘washed out’ and

resolved. If true, for family planning purposes, it needs to be de-

termined how long of an abstinence period from cannabis use is

necessary. This will provide answers as to whether the sperma-

togonial stem cells themselves are affected, or if the methyla-

tion changes are occurring in the differentiating sperm. A

second important question is whether or not the cannabis-asso-

ciated methylation changes present in sperm are retained fol-

lowing PGC and/or post-fertilization reprogramming in the

offspring. Should they escape the reprogramming process and

be retained, the role of the altered methylation state in early life

development must be determined. A third area of need is to de-

termine the long-term consequences of preconceptional canna-

bis use on offspring health and development. Given the

preliminary studies exploring the statistical association be-

tween cannabis use and increased autism incidence, as well as

our work focused on cannabis use and altered DNA methylation

at an autism candidate gene, further studies exploring these

associations are warranted. This is especially true as the inci-

dence of autism continues to climb. Lastly, it will be critical to

determine whether the methylation changes associated with

cannabis use can be transmitted intergenerationally and trans-

generationally through sperm of offspring born to cannabis us-

ing fathers.

Conclusions

Cannabis use is clearly on the rise across the USA, and the push

toward legalization is moving rapidly. However, largely left out

of the conversations surrounding increased legalization efforts

are the potential health consequences resulting from the ex-

pansion of cannabis accessibility and use, and the long-term

effects of this increased exposure. This is especially true for

men of reproductive age, the predominant group of cannabis

consumers. There is a large gap in knowledge about the associ-

ated risks of preconception cannabis exposure, and while the

studies presented here begin to provide data about these

effects, there is still more work to be done. Larger studies in

both animals and humans are necessary to better understand

the potential epigenetic consequences of cannabis use in order

to allow individuals to make the best-informed decisions about
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their cannabis use habits, and to gain a comprehensive under-

standing of how their cannabis use may affect not only their

health, but the health of their children.
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