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Aims: This study was designed to assess links between lifetime levels of marijuana use and accelerated epigenetic
aging.

Design: Prospective longitudinal study, following participants annually from age 13 to age 30.

Setting and participants: A community sample of 154 participants recruited from a small city in the Southeastern
United States.

Measurements: Participants completed annual assessments of marijuana use from age 13 to age 29 and provided
blood samples that yielded two indices of epigenetic aging (DNAmGrimAge and DunedinPoAm) at age 30.
Additional covariates examined included history of cigarette smoking, anxiety and depressive symptoms,
childhood illness, gender, adolescent-era family income, and racial/ethnic minority status.

Findings: Lifetime marijuana use predicted accelerated epigenetic aging, with effects remaining even after co-
varying cell counts, demographic factors and chronological age (f’s = 0.32 & 0.27, p’s < 0.001, 95% CI's =
0.21-0.43 & 0.16-0.39 for DNAmGrimAge and DunedinPoAm, respectively). Predictions remained after ac-
counting for cigarette smoking (f’s = 0.25 & 0.21, respectively, p’s < 0.001, 95% CI's = 0.14-0.37 & 0.09-0.32
for DNAmGrimAge and DunedinPoAm, respectively). A dose-response effect was observed and there was also
evidence that effects were dependent upon recency of use. Effects of marijuana use appeared to be fully mediated
by hypomethylation of a site linked to effects of hydrocarbon inhalation (cg05575921).

Conclusions: Marijuana use predicted epigenetic changes linked to accelerated aging, with evidence suggesting
that effects may be primarily due to hydrocarbon inhalation among marijuana smokers. Further research is
warranted to explore mechanisms underlying this linkage.

1. . Introduction

Over the past fifteen years, debates around the status of marijuana
(Cannabis sativa) have increased significantly in the United States and
elsewhere as the movement to legalize its possession and use has gained
steam (Caulkins et al., 2016). As marijuana use becomes legal in more
places and its use becomes more common (SAMSHA, 2020), increasing
our understanding of its potential long-term physical effects becomes
critical. Evidence to date regarding negative physical health effects of
marijuana use has been inconsistent. Studies have implicated marijuana
use in a range of physical and mental impairments, including bronchitis,
emphysema, immune function, oral health problems, depression, and

psychosis (Benson and Bentley, 1995; Cho et al., 2005; Han et al., 2018;
Owen et al., 2014; Pletcher et al., 2012). Yet, several long-term studies
have found no links to overall cardiovascular or mortality risk (Reis
et al., 2017; Sidney et al., 1997).

An important limitation of many of these studies has been their
reliance upon retrospective reports of marijuana use. Yet, one of the few
studies to utilize prospective data on marijuana use over a long period of
time also found no significant links of marijuana use to physical health
problems through the mid-thirties (Bechtold et al., 2015). The study
authors noted, however, that in mid-adulthood the low base rates of
many negative health outcome markers limited the power of the study to
detect effects. This low base rate problem highlights one of the most

* Correspondence to: Department of Psychology, University of Virginia, PO Box 400400, Charlottesville, VA 22904-4400, United States.

E-mail address: allen@virginia.edu (J.P. Allen).

https://doi.org/10.1016/j.drugalcdep.2022.109363

Received 18 October 2021; Received in revised form 19 January 2022; Accepted 15 February 2022

Available online 17 February 2022
0376-8716/© 2022 Elsevier B.V. All rights reserved.


mailto:allen@virginia.edu
www.sciencedirect.com/science/journal/03768716
https://www.elsevier.com/locate/drugalcdep
https://doi.org/10.1016/j.drugalcdep.2022.109363
https://doi.org/10.1016/j.drugalcdep.2022.109363
https://doi.org/10.1016/j.drugalcdep.2022.109363
http://crossmark.crossref.org/dialog/?doi=10.1016/j.drugalcdep.2022.109363&domain=pdf

J.P. Allen et al.

important limitations of much of marijuana outcome research: The long
latency to onset of many health problems makes any prospective study
of the health effects of marijuana use highly challenging.

The development of epigenetic algorithms to track overall biological
aging processes, however, has the potential to begin to address these
limits (Lu et al., 2019). Recent advances now make it possible to assess
DNA methylation markers of physical deterioration that can be tracked
well prior to the onset of any actual disease. Early epigenetic aging
algorithms—yielding measures of ‘epigenetic age’ based on patterns of
DNA methylation within the epigenome—have been found to yield es-
timates that correlate strongly with chronological age and add value in
predicting future mortality (Horvath, 2013). By covarying out actual
chronological age, these measures produce an indicator of epigenetic
age acceleration—the degree to which an individual’s epigenome sug-
gests that they have aged faster (or slower) than their chronological age
would indicate.

Further research, however, found that these early measures were
often driven more by naturally unfolding biological processes than by
external behavioral or environmental factors (Palma-Gudiel et al.,
2020). This in turn led to the development of second and third genera-
tion ‘epigenetic clocks’ that were specifically designed both to correlate
with actual levels of physiological deterioration and also to be sensitive
to environmental factors. One such clock, DNAmGrimAge, was designed
to capture aspects of epigenetic aging that were most strongly correlated
with actual indicators of physiological deterioration, and has been
linked to a broad range of health indicators (Lu et al., 2019). A second
clock, DunedinPoAm (Dunedin Pace of Aging methylation), was
designed to capture the pace at which aging is currently occurring by
identifying changes in the epigenome that predicted change in
health-linked biomarkers over a seven-year period in mid adulthood
(Belsky et al., 2020). This measure has been found to strongly predict
future health outcomes in samples other than the norming sample, and
even to demonstrate sensitivity to effects of behavioral interventions
designed to slow the aging process (Belsky et al., 2020).

There are multiple reasons to hypothesize links from marijuana use
to epigenetic age acceleration. The broad range of connections between
marijuana use and the markers of physical and mental impairment cited
above certainly make a potential connection to broader aging processes
quite plausible. In addition, marijuana use has already been linked to a
range of changes in the epigenome (Markunas et al., 2020; Szutorisz and
Hurd, 2016). Although the changes observed thus far are not necessarily
reflections of aging or biological deterioration, they do indicate the
potential of marijuana use to impact the epigenome. Finally, marijuana
use has also been linked to vascular aging, which is a significant
correlate of biological aging (Reece et al., 2016). To date, however, no
research has directly examined links of marijuana use to epigenetic
markers of the biological aging process.

Assessing the overall link of lifetime marijuana use to epigenetic age
acceleration is not, of course, sufficient to establish a causal relation of
use to aging. Assessment of several corollary issues can, however, begin
to rule out potential non-causal explanations of such a link. For example,
one concern in assessing marijuana use as a predictor of epigenetic aging
is the possibility that observation of the effects of marijuana use will be
confounded by cigarette smoking behavior, which has been strongly
related to both epigenetic and biological aging and which has also been
found to be correlated with marijuana use (Hindocha et al., 2015; Joe-
hanes et al., 2016; Norman et al., 2012). Likewise, a range of additional
factors have at least the potential to confound observed links between
marijuana use and aging, including gender, family income, education
level, personality traits, hard drug use, childhood physical illness, and
lifetime histories of anxiety and depressive symptoms. All of these po-
tential confounds were considered in this study.

To the extent marijuana use is linked to epigenetic aging, several
questions about the nature of this link also warrant consideration. First,
the presence of a causal link would imply the likely presence of a dose-
response relationship between the level of marijuana use and aging
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when looking just within the population of marijuana users. A related
question regards the potential impact of the timing of any observed
links. A substantial number of early marijuana users later desist from use
(Bechtold et al., 2015; Brook et al., 2011), and cessation of marijuana
smoking by marijuana-only smokers has been associated with resolution
of preexisting symptoms of chronic bronchitis (Tashkin et al., 2012).
Similarly, cessation of cigarette smoking has been linked to many
physiological benefits (Cho et al., 2005). This suggests the possibility
that early marijuana use that later decreases or ceases may be less im-
pactful than continued or more recent use. Whether and how the dis-
tribution and timing of marijuana use across the lifetime is linked to
broader markers of epigenetic aging has never been examined, however.

A final important question is as to the potential mechanisms under-
lying any observed links between marijuana use and aging. Given that
many of the potential deleterious effects of marijuana use are pulmonary
in nature (Moore et al., 2005; Tashkin, 2013), it is reasonable to ask
whether effects of use potentially reflect the inhalation of a smoked
substance (vs. the ingestion of THC, the active ingredient in marijuana).
Marijuana smoke is typically inhaled deeply and contains high levels of
polycyclic aromatic hydrocarbon procarcinogens (e.g., benzopyrene and
benzanthracene) even relative to cigarettes (Sidney et al., 1997). One
epigenetic site (cg05575921), located within a putative enhancer of the
aryl hydrocarbon receptor repressor (AHRR) gene, has particular
promise for exploring potential epigenetic effects of marijuana use.
Hypomethylation at this site has been robustly linked to smoked (but not
non-smoked) tobacco use (Andersen et al., 2021, 2017). Further,
although the link to tobacco use has been strong enough that hypo-
methylation of this site has been proposed as a proxy for tobacco use
(Andersen et al., 2021), more recent research indicates that it is actually
quite sensitive to inhalation of fine particulate matter (PMy5) even
among non-smokers (Tantoh et al., 2019). Additionally, ¢g05575921
methylation is significantly associated with AHRR gene expression in
monocytes and mediates the effect of cigarette smoking increasing
AHRR expression, indicating a functional role for this site in mediating
the biological effects of smoking (Reynolds et al., 2015). This site thus
provides an excellent avenue for testing the proposition that links of
marijuana use to epigenetic aging may be mediated via epigenetic ef-
fects of smoke inhalation.

To address each of these issues, this seventeen-year, multi-method,
prospective study utilized a diverse community sample to examine links
between lifetime average marijuana use from 13 to 29, and two mea-
sures of epigenetic age acceleration assessed at age 30. The study
considered the following specific hypotheses:

1. Lifetime marijuana use will be linked to epigenetic age acceleration
and this link will exist over and above history of cigarette use.

2. There will be evidence of a dose-response relationship within the
group of marijuana users from levels of lifetime use to epigenetic age
acceleration.

3. Recent marijuana use will be more strongly linked to epigenetic age
acceleration than use at earlier periods.

4. Links of marijuana use to epigenetic aging will be at least partially
mediated via hypomethylation at site cg05575921, as an indication
that effects may be in part due to effects of smoke inhalation when
ingesting marijuana.

5. Links to epigenetic aging will exist over and above a range of po-
tential behavioral and personality confounders, including education
level, personality traits and history of use of harder drugs, childhood
physical illness, anxiety, and depressive symptoms.

Note that because these hypotheses were not envisioned at the outset
of the study, they were not pre-registered and results should be
considered exploratory.
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2. Methods
2.1. Participants

This report is drawn from a larger longitudinal investigation of the
long-term outcomes of adolescent social development in familial and
peer contexts. The final sample of participants for analyses included 154
participants of 184 originally assessed at age 13 and for whom epige-
netic data was obtained at age 30 (M = 29.70, SD = 2.16; 84% reten-
tion). Adolescents were recruited from the 7th and 8th grades of a public
middle school drawing from suburban and urban populations in the
Southeastern United States. The final sample was racially/ethnically and
socioeconomically diverse as seen in Table 1. Prior to turning 18, par-
ticipants provided informed assent before each interview session, and
parents provided informed consent for their adolescents. After age 18,
all participants provided informed consent for each interview session.

Confidentiality was assured to all study participants and adolescents
were told that their parents would not be informed of answers they
provided. Data were protected by a Confidentiality Certificate issued by
the U.S. Department of Health and Human Services.

2.2. Measures

2.2.1. Epigenetic age (age 30)

Eight and a half milliliters of whole blood were drawn into a PAX-
gene Blood DNA Tube (PreAnalytiX, Hombrechtikon, Switzerland).
Samples were stored at — 20 °C for short-term storage (up to 3 months)
then transferred to — 80 °C for long-term storage. DNA was extracted
using the PAXgene Blood DNA kit (PreAnalytiX, Hombrechtikon,
Switzerland) according to manufacturer instructions. DNA concentra-
tion was determined by Quant-iT™ PicoGreen® dsDNA reagent (Ther-
mofisher Scientific, Waltham, MA, USA) per manufacturer’s instruction.
Fluorescence was detected using a Tecan Infinite M200 Pro microplate
reader (Tecan, Switzerland). 500 ng of DNA was bisulfite treated using a
Zymo EZ DNA Methylation kit (Zymo Research, Irvine, CA) using PCR
conditions for Illumina’s Infinium Methylation assay. Four uL of bisul-
fite converted DNA was used to measure DNA methylation using the

Mlumina Infinium MethylationEPIC BeadChips according to
Table 1
Means and standard deviations of primary measures and demographic variables.
Mean s.d.
Naive CD8 + T cells 285.8 44.3
CD8 + CD28-CD45 RA-T cells 3.28 3.13
Plasmablasts 1.94 0.191
Naive CD4 + T cells 770.3 95.9
Natural Killer cells 0.194 0.032
Monocytes 0.058 0.269
Granulocytes 0.634 0.104
Chronological Age 29.7 2.176
DNAmGrimAge 37.6 4.95
DunedinPoAm 1.00 0.08
Lifetime Cigarette Use 2.49 4.17
Average Days/Month Lifetime Marijuana Use 2.68 4.25
Average Marijuana Use Last 4 Years 3.39 6.51
Average Marijuana Use 5-8 Years Prior 3.42 6.16
Average Marijuana Use 9-12 Years Prior 3.35 5.82
Family Income in Adolescence $45,400 $24,400
% %
Participant Gender
Male 67 44%
Female 87 56%
Race/Ethnicity
White 86 56%
Black/African-American 48 31%
Asian 2 1%
Hispanic 1 < 1%
American Indian 1 < 1%
Mixed race or other groups 14 9%
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manufacturer’s protocol. Preprocessing and quality control were per-
formed using previously described methods (Abdulrahim et al., 2019).
All samples passed Illumina quality controls.

Unnormalized betas were filtered to include CpGs specified by
Horvath as necessary for calculation of various clocks. The betas were
uploaded to Horvath’s online DNA methylation age calculator (htpps
://dnamage.genetics.ucla.edu), which provides measures of Horvath’s
multi-tissue age estimator (Horvath, 2013), DNA methylation GrimAge
(Lu et al., 2019), and cell type abundance. A sample annotation file was
included. The options to normalize data and apply advanced analysis
were selected. Dunedin Pace of Aging Methylation (Belsky et al., 2020)
was calculated in R statistical software using code available from htt
ps://github.com/danbelsky/DunedinPoAm38.

2.2.2. History of marijuana use (annual assessments, ages 13-29)

Marijuana use was assessed annually using the Monitoring the Future
surveys (Johnston et al., 1987). Participants indicated the number of
times in the past 30 days that they had smoked marijuana on a scale
ranging from “none” to “1-2 times” to “3-5 times” to “6-9 times” to “10
or more”. These were recoded as average monthly times of use as 0, 1.5,
4,7.5 and 20, respectively. Scores were averaged across years to obtain a
measure of lifetime use. In addition, scores were also averaged across
consecutive four-year periods, to obtain measures of use in the most
recent four years, use 5-8 years prior to the epigenetic assessment, and
use 9-12 years prior to the epigenetic assessment.

2.2.3. Lifetime history of cigarette smoking (multiple waves, ages 13-30)

Level of smoking was assessed annually each year from age 13-18 as
packs smoked per day. At age 30, data were also obtained regarding year
at which smoking began, year at which smoking ceased (if applicable)
and average amount smoked. These two types of data were then
harmonized; where data were inconsistent, the higher level of reported
smoking was used. The final score is calculated as the product of the
number of years smoked X the average number of packs smoked each
year.

Lifetime History of Alcohol Use (ages 13-29) was assessed in the same
format as marijuana use, above.

Lifetime History of Hard Drug Use (Ages 13-29) was also assessed in
the same format as marijuana use, above, regarding any use of halluci-
nogens, tranquilizers, barbiturates, heroin, amphetamines, inhalants,
cocaine and any other illicit drugs.

2.2.4. Highest education level (age 30)
Education level was reported on a scale ranging from 1 — Eighth grade
or less, to 8 — Post-college degree.

2.2.5. History of serious illness prior to age 18

During the adult phase of the study, participants reported on pres-
ence vs. absence of 43 distinct significant health problems first experi-
enced prior to age 18 and which lead at some point to a hospitalization.
The total number of such health problems was used as a marker of po-
tential pre-existing health difficulties (Allen et al., 2015).

2.2.6. Lifetime history of depressive symptoms (ages 13-29)

Depressive symptoms were assessed annually at ages 13-17 using the
Child Depression Inventory (CDI) (Kovacs and Beck, 1977) and from 18
to 29 using the Beck Depression Inventory. Internal consistency for both
measures was good (Cronbach’s o’s ranged from.84 t0.90). Scores were
standardized and averaged to yield a measure of lifetime depressive
symptoms.

2.2.7. Lifetime history of anxiety symptoms (age 13-29)

Anxiety was assessed annually at ages 15-17 using the Beck Anxiety
Inventory (BAI), and from 18 to 29 anxiety was assessed with the trait
anxiety scale from the State-Trait Anxiety Inventory (Spielberger et al.,
1999). Internal consistency was strong across both measures


http://htpps://dnamage.genetics.ucla.edu
http://htpps://dnamage.genetics.ucla.edu
https://github.com/danbelsky/DunedinPoAm38
https://github.com/danbelsky/DunedinPoAm38

J.P. Allen et al.

(Cronbach’s a’s = 0.89 and.94). Scores were standardized and averaged
to yield a measure of lifetime anxiety symptoms.

2.2.8. Big five personality traits (ages 24, 27, 30)

Personality traits were assessed with the International Personality
Item Pool (Goldberg et al., 2006), tapping constructs of extraversion,
agreeableness, conscientiousness, emotional stability, and imagination. In-
ternal consistency for the scales ranged from Cronbach’s a = 0.74 t0.89.
Scores were averaged across assessment periods.

2.3. Statistical analyses

Attrition analyses revealed no differences on any baseline measures
between the 154 participants in the final sample and the 30 excluded
because they lacked epigenetic data. In terms of missing data for pri-
mary measures, no participant was missing lifetime marijuana or ciga-
rette use data. On average participants had available marijuana use data
for 87% of the annual assessment points that went into calculating
lifetime use. Between one and three participants were missing data for
the various 4-year interval marijuana use assessments; these were
handled using full information maximum likelihood techniques as
described below.

For primary analyses, SAS PROC CALIS (version 9.4, SAS Institute,
Cary, NC) was employed using full information maximum likelihood
handling of missing data. Analyses began by regressing the epigenetic
aging measure on blood cell counts, followed by chronological age, and
participant demographic characteristics. Blood cell counts were esti-
mated using the Horvath method for naive CD8 + T cells, CD8 + CD28-
CD45RA-T cells, plasmablasts (B cells) and naive CD4 + T cells (Horvath
and Levine, 2015). The Houseman method was used to estimate natural
killer cells, monocytes, and granulocytes (Houseman et al., 2012). By
examining predictors of epigenetic age after accounting for blood cell
counts and chronological age, the result is a prediction of epigenetic age
acceleration (e.g., the extent to which a participant has epigenetically
aged faster than their chronological age would suggest).

3. Results
2.1. Preliminary analyses

Means and standard deviations for all primary variables used in the
study are presented in Table 1. Marijuana use and epigenetic aging

Table 2
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scores were examined for distributional properties and skewness and
kurtosis and were both within acceptable levels (i.e., less than 2).
DNAmGrimAge and DunedinPoAm were correlated at r = 0.72; both
measures were correlated with methylation at site cg05575921 (r’s = —
0.75 and — 0.65 for DNAmGrimage and DunedinPoAm, respectively; all
p’s < 0.001).

3.2. Primary analyses

Hypothesis 1. Lifetime marijuana use will be linked to epigenetic age
acceleration and this link will exist over and above history of cigarette use.

Analyses first examined the effect of lifetime marijuana use. As
shown in the first two columns of results in Table 2, there was a highly
significant effect of marijuana use in predicting accelerated epigenetic
aging, whether this was assessed via the DNAmGrimAge or the Dun-
edinPoAm measure. As shown in the second set of columns in Table 2,
although cigarette smoking was a significant predictor of accelerated
epigenetic aging, even after accounting for this effect, lifetime mari-
juana use remained a significant predictor of both measures of epige-
netic age acceleration.

Hypothesis 2. There will be evidence of a dose-response relationship
within the group of marijuana users to epigenetic age acceleration.

Analyses next examined whether levels of marijuana use would
predict epigenetic aging if assessed just within the group of individuals
who had ever used marijuana. Table 3 presents results for predictions to
epigenetic outcomes, while also accounting for cigarette smoking,
among the 113 individuals who reported ever having smoked mari-
juana. Results indicate that within this group, a strong link from amount
of marijuana use to both measures of epigenetic age acceleration was
observed.

Hypothesis 3. Recent marijuana use will be more strongly linked to
epigenetic age acceleration than use at earlier periods.

Analyses next sought to assess a potential recency effect, in which
marijuana use would be more strongly associated with epigenetic aging
if use was recent rather than distal. Predictions from average levels of
use for the most recent four years were compared to predictions from the
prior four years, and from the four years prior to that. As before, cell
counts, chronological age, demographic variables, and cigarette smok-
ing were all covaried, although for simplicity of presentation, only the

Predicting epigenetic age acceleration from marijuana use (with and without considering lifetime cigarette smoking history).

Epigenetic age effects without covarying smoking

Epigenetic age effects covarying smoking

DNAmGrimAge DunedinPoAm DNAmGrimAge DunedinPoAm
i p i p

Blood Cell Counts

Naive CD8 + T cells -.35% -.33* -.28*

CD8 + CD28-CD45 RA-T cells .14 207 .09

Plasmablasts -12 .20 -.10

Naive CD4 + T cells 267 .30" .20

Natural Killer cells -.06 .00 -.04

Monocytes -.00 -.10 .02

Granulocytes 28% %% 17 267"

Chronological Age A41% .07 .36%

Demographic Characteristics

Gender (Male = 1, Female = 2) -.07 13 140

Racial/Ethnic Minority Membership .30 42% .31 42+

Family of Origin Income -11 -12 -.06 -11
-.09

Lifetime Cigarette Use - - .23% 227

Lifetime Marijuana Use .32 27% .25% .21%

Note. p weights are from the full model.
" p < .001.
" p<.0L

" p < .05.
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Table 3
Dose effects predicting epigenetic age acceleration from marijuana use among
users only.

Epigenetic age measure

DNAmGrimAge DunedinPoAm

p B
Blood Cell Counts
Naive CD8 + T cells -.20* -14
CD8 + CD28-CD45 RA-T cells .14 23%*
Plasmablasts -11 .20
Naive CD4 + T cells .18* .14
Natural Killer cells .02 .05
Monocytes -.03 -14*
Granulocytes .33 .15
Chronological Age .39 .03

Demographic Characteristics
Gender (Male = 1, Female = 2)
Racial/Ethnic Minority Membership
Family of Origin Income

Lifetime Cigarette Use

Lifetime Marijuana Use

Note. p weights are from the full model.
N =113.

"p<.05.

" p<.01.

" p <.001.

final  weights for marijuana use are shown in Fig. 1. In addition, models
also accounted for autoregressive effects between marijuana use at
various time points. Results revealed that only the most recent period of
marijuana use was linked to epigenetic aging (and links were actually
stronger for this recent use than for lifetime use, as reported in Table 2).
Follow-up analyses revealed that the difference in the magnitude of
predictions for the most recent four-year period as compared to the two
prior periods was significant (xz(z) =9.14, p = .01, and Xz(z) =10.06, p
= .01 for DNAmGrimAge and DunedinPoAm respectively). In addition,
examination of the correlations between each four-year period and
lifetime levels of use indicates that the recency effect observed was not
likely due to the most recent use being simply the best proxy for lifetime
use, as the correlations to lifetime use were .85, .91, and .77 for use in
the most recent four-years, 5-8 years prior, and 9-12 years prior,
respectively (all p’s < 0.001) (e.g., the 5-8 years prior period actually

.00 (.12)

-.10

Marijuana Use
9-12 Years Prior

Marijuana Use
5-8 Years Prior

65+ >

.87

~.07 (.05)
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was more strongly correlated to lifetime use, yet less strongly related to
epigenetic aging).

In parentheses, Fig. 1 also shows the direct links (i.e., not accounting
for marijuana use at other time periods) between marijuana use during a
given period and epigenetic aging. These estimates provide an indica-
tion of what could be predicted of epigenetic aging knowing only about
the level of use during a single period. These results also suggest a
recency effect for prediction from marijuana use to both of the assessed
markers of epigenetic aging.

Hypothesis 4. Links of marijuana use to epigenetic aging will be at least
partially mediated via hypomethylation at site cg05575921, as an indication
that effects may be in part due to effects of smoke inhalation when ingesting
marijuana.

Analyses assessed the link between: a) lifetime marijuana use and the
methylation status of ¢g05575921, b) methylation of ¢g05575921 and
the two epigenetic aging outcomes, and c) marijuana use and epigenetic
aging after accounting for methylation of cg05575921. Results, shown
in Fig. 2, reflect full mediation of effects of marijuana use via
cg05575921 hypomethylation. After accounting for cg05575921, effects
of marijuana use became non-significant (fs =.02 and .03 for pre-
dictions of DNAmGrimAge and DunedinPoAm, respectively, p’s > 0.60).
Formal tests of mediation using a bootstrapping approach via the
PROCESS macro in SAS (Hayes, 2019) indicated that the mediated
pathways from marijuana use to both DNAmGrimAge and Dun-
edinPoAm were significant (standardized indirect effects = 0.31, 95%
CI [.19,.43] and .24, 95% CI [.15,.35], respectively).

To further rule out the possibility that apparent effects of marijuana
use were confounded by cigarette smoking, we examined the link of
marijuana use to cg05575921 for just the subsample of participants who
reported never having smoked cigarettes. The resulting estimate
(p=—0.60,p < .001) is consistent with the explanation that the link of
marijuana use to hypomethylation at this site exists independently of
history of cigarette smoking. Further, when both cigarette smoking and
marijuana use were examined together to predict methylation at this
site, marijuana use not only added to predictions from cigarette smok-
ing, it was and is of comparable magnitude to the effects of cigarette
smoking (ﬂMan‘juanaUse = 0-40, ﬁCigaretteSmoking = 0~32, both
p’s < 0.001). This is consistent with the interpretation that lifetime
history of marijuana use was affecting this hydrocarbon receptor

DNAmGrimage

-06 (21**) 32" (28**)

Marijuana Use
Last 4 years

~03(17%)  .29%* (.24

DunedinPoAm

Fig. 1. Relation of timing of marijuana use to epigenetic aging. Note: Standardized estimates above are after accounting for cell counts, chronological age,
demographic factors, lifetime history of cigarette smoking (not shown) and other variables shown in model. Estimates in parentheses are from marijuana use at a

given time point without considering/accounting for use at other time points.
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DNAmGrimage

617

Lifetime Marijuana

- 4Q* >

Methylation at
Use €g05575921

L 49*

DunedinPoAm

Fig. 2. Mediating role of ¢g05575921 in link between marijuana use and epigenetic aging. Note: Standardized estimates above are after accounting for cell

counts, chronological age, and demographic factors.

repressor site to a similar degree as lifetime history of cigarette smoking.

Hypothesis 5. Links to epigenetic aging will exist over and above a range
of potential behavioral and personadlity confounders, including education
level, personality traits and history of use of harder drugs, childhood physical
illness, anxiety, and depressive symptoms.

All of these potential confounders were added simultaneously to the
model predicting epigenetic aging, and when added, the relation of
lifetime marijuana use to epigenetic aging outcomes was virtually un-
changed from results shown in Table 2 (Bumarijuanause = -31 and .27 for
predictions to DNAmGrimAge and DunedinPoAm respectively, both
p’s < 0.001).

4. Discussion

This study found a substantial link between lifetime levels of mari-
juana use and two different measures of epigenetic aging, assessed at age
30. This link remained even after accounting for the effects of lifetime
cigarette smoking history. Further, the predictive link from lifetime
marijuana use to epigenetic age acceleration was of similar magnitude to
the observed effect of cigarette smoking. Follow-up analyses suggest
these links are likely to be mediated by the epigenetic effects of smoke
inhalation among marijuana users. Strengths of the study include
collection of marijuana usage data contemporaneously on an annual
basis over a 17-year period, use of a diverse community sample, use of
recently developed and well-validated epigenetic measures of age ac-
celeration, and consideration of a wide array of potential confounding
factors.

Prior to considering the implications of these findings, an important
limitation to note is that even prospective longitudinal data is not suf-
ficient to establish a causal link between marijuana use and epigenetic
aging. For example, this study cannot determine whether the epigenetic
links observed were effects of marijuana use, predisposing factors for
this use, or even whether marijuana use and epigenetic changes were
both driven by other unmeasured factors. This study did, however, seek
to rule out several alternative explanations for the observed links and to
test other hypotheses that a causal model would generate. For example,
the link between marijuana use and epigenetic age acceleration was not
found to be an artifact of prior health problems, a range of family in-
come, gender, personality traits, nor lifetime history of anxiety and
depressive symptoms—all of which could potentially have driven both
aging and marijuana use. In addition, there was a dose-effect relation
observed such that just within the population of marijuana users, higher
levels of lifetime use were linked to greater epigenetic age acceleration.

These findings are all consistent with, though cannot conclusively
establish, a causal role of marijuana use in epigenetic aging.

Follow-up analyses provided evidence that links to epigenetic aging
were dependent upon the recency of marijuana use, with more recent
use strongly linked to age acceleration and with this effect fading for use
in the more distant past. Related analyses suggested that this fade out
was not simply a reflection of more recent use being more strongly
related to overall use. These findings potentially help explain the lack of
consistent findings linking marijuana use to longer-term markers of
mortality and morbidity. If use creates impairment, but the impairment
begins to subside over time if use decreases, this would suggest that the
potential effects of marijuana use on the epigenome were less likely to be
durable and cumulative in the longer-term. Notably, this pattern of
decreasing morbidity following cessation or reduction in use has also
been observed in at least some areas with respect to both marijuana use
and cigarette smoking (Cho et al., 2005; Tashkin et al., 2012). An
alternative explanation is that marijuana use may have had greater ef-
fects among users who were older (given that recency of use and age
were of necessity confounded in this study). It is also possible that recent
increases in the potency of marijuana available for consumption could at
least partially account for these effects.

This study also found that the link between marijuana use and
epigenetic aging was statistically mediated via hypomethylation at site
cg05575921. This site is in a hydrocarbon receptor repressor gene, and
hypomethylation of this site has also been linked, even among non-
smokers, to exposure to fine particulate matter (PMg ) such as that
produced by car exhausts, wood burning and factory smoke (Tantoh
et al.,, 2019). This mediational finding is thus consistent with the
explanation that the epigenetic aging effects observed reflect effects of
marijuana smoke inhalation (as opposed to ingestion of THC). This is
consistent with the large body of findings regarding effects of marijuana
use that are bronchial in nature (Tashkin et al., 2012). It also may help to
further explain the dropoff in links to epigenetic aging for marijuana use
in the more distal past, given the prior finding that hypomethylation of
cg05575921 begins to revert among smokers upon their cessation from
smoking (Philibert et al., 2020). As a methodological note, these find-
ings also suggest that research use of cg05575921 to assess cigarette
smoking among populations with significant marijuana use may require
particular care, as marijuana use appears to render this site as less than a
pure marker of cigarette smoking history.

If marijuana use effects are primarily a reflection of links to this site
and associated physical effects, this might help explain why effects were
so clear in this study, even though long-term studies of marijuana use
have found only inconsistent evidence of significant physical harm: It
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may be that marijuana does have significant epigenetic aging effects, but
that these are readily reversible when use ceases. In contrast, some as-
pects of cigarette use may display this characteristic, but many others
may not. This would potentially explain the general lack of findings of
long-term effects of marijuana use. For example, two of the strongest
studies of these effects followed individuals well into middle age, but
asked about lifetime levels of use (Reis et al., 2017; Sidney et al., 1997).
Yet, given that levels of use decline with age, it may be that effects of
more distal use were no longer present. On the one hand, these findings
are consistent with a lack of effects of lifetime levels of use (presuming
usage levels generally decline substantially with age), but they also
suggest the possibility that potential deleterious effects of use may exist
and may continue for as long as use continues. Further research is clearly
needed to begin to parse out these possibilities.

In addition to the limitations noted above, several additional limi-
tations also warrant consideration. Although this study identifies links
from marijuana use to two broad epigenetic aging measures, further
work exploring links of use to epigenetic changes at specific sites will be
needed to more fully flesh out potential mechanisms by which these
links come to exist (Szutorisz and Hurd, 2016). In addition, marijuana
use was assessed only in terms of number of times of use, hence infor-
mation about effects of quantity, quality, and potency could not be
considered. Further, this study did not distinguish between whether use
was via smoking vs. other forms of ingestion. Similarly, cigarette use was
measured less frequently than marijuana use and reduced precision in
this measurement could have reduced the relative apparent contribution
of cigarette smoking in analyses. Finally, it should be recognized that
health outcomes of marijuana use are only one aspect of debates
regarding legalization of use, and this study was clearly not in a position
to address the advisability of such legalization efforts.

Notwithstanding these limitations, this study raises important
questions about broad health implications of marijuana use. It also
provides insights regarding the potential role of the timing of such use
and of links to epigenetic changes that may be linked to inhalation of
smoke. To the extent that marijuana use is linked to markers of broad
aging processes, research is now needed to further clarify the nature and
extent of this linkage.
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