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Cannabis is among the most used illicit substances in the world, and approximately 10% of regular cannabis users are estimated to
be susceptible to developing cannabis use disorder (CUD). We examined the effect of different concentrations of delta-9-
tetrahydrocannabinol (THC) on the epigenetic DNA modifiers DNA methyltransferases (DNMTs) and ten-eleven translocation
enzymes (TETs); cannabinoid CB1 and CB2 receptors; and the cytokines IL-1β, IL-6, IL-10, and TNF-α. We used two in vitro study
designs on human peripheral blood mononuclear cells (PBMCs) collected from healthy donors: (a) repeated THC incubations and
(b) repeated THC incubations followed by an “abstinence” period and a THC challenge incubation. We observed no significant
effects on DNMTs and TETs mRNA levels, enzymatic activity, or CB1 and CB2 mRNA levels at an average THC concentration (50 ng/
ml, n= 8 donors). However, repeated incubations at a high THC concentration (200 ng/ml, n= 16 donors) significantly
downregulated DNMTs and upregulated TETs, CB1, and CB2mRNA levels. Both THC concentrations upregulated the gene expression
of IL-1β, IL-6, and IL-10, but had no effect on TNF-α gene expression. At the genome-wide level, repeated THC incubations resulted
in a significant number of differentially hydroxymethylated genes being hyperhydroxymethylated. An additional THC challenge
shifted the hyperhydroxymethylated state to hypohydroxymethylation. The genes with the strongest associations with THC
exposure were found to be functionally significant for various signaling pathways. These findings suggest that repeated incubations
with high concentrations of THC may affect the expression of genes critical for the development of CUD through aberrant
demethylation.

Translational Psychiatry          (2025) 15:198 ; https://doi.org/10.1038/s41398-025-03419-y

INTRODUCTION
Cannabis is one of the most used illicit psychoactive drugs
globally. As its prevalence continues to rise, daily or near-daily use
is becoming increasingly common, and approximately 10% of
regular users are at risk of developing cannabis use disorder (CUD)
[1–3].
The primary component in the cannabis plant responsible for

the psychoactive and rewarding effects is delta-9-
tetrahydrocannabinol (THC), which makes higher THC content in
cannabis samples a risk factor for the development of CUD [4].
THC exerts its effects in the body by binding to cannabinoid
receptor 1 (CB1), which is located primarily in the nervous system,
and cannabinoid receptor 2 (CB2), which is found mostly in the
cells and tissues of the immune system [5–7].
Epigenetic modifications have been investigated as potential

mechanisms that could cause maladaptive synaptic plasticity in
brain regions related to drug-seeking behavior. Thus contributing
to complex processes of adaptation and memory formation, which
play a role in causing long-lasting behavioral changes and,
ultimately, the development of drug addiction [8–10]. One
epigenetic modification of interest is DNA methylation, in which
DNA methyltransferases (DNMT 1, 3 A, 3B) add a methyl group to
the fifth position of cytosine, forming 5-methylcytosine (5-mC).

Cytosine methylation most commonly occurs in the promoter
regions of genes and is generally associated with transcriptional
repression [11, 12]. Conversely, DNA demethylation leads to the
removal of methyl groups through a multistep process mediated
by ten-eleven translocation enzymes (TET 1–3). The first step in
the process involves the addition of a hydroxyl group to 5-mC,
resulting in the formation of 5-hydroxymethylcytosine (5-hmC)
[13, 14].
The epigenetic effects of cannabis have not been thoroughly

studied despite the overall increase in cannabis consumption [15].
Genome-wide association studies have identified significantly
differentially methylated genes associated with cannabis usage
[16–19]. Reduced genome-wide methylation has been reported in
the peripheral blood of adolescent chronic cannabis users [20] and
in the human granulosa cells of cannabis-using women [21].
Another recent study revealed an association between cannabis
smoking and changes in the expression of DNMTs and
cannabinoid receptors [22]. Altered CB1 methylation in peripheral
blood cells was also reported in one candidate gene association
study [23].
Our research team developed and validated an in vitro model of

human peripheral blood mononuclear cells (PBMCs) to examine
the impact of addictive substances on DNA-methylating enzymes
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[24, 25]. In addition, it has been established that PBMCs express
cannabinoid receptors, dopamine receptors, dopamine transpor-
ter, and tyrosine hydroxylase [26, 27]. An advantage of the PBMC
model is that cells can be solely exposed to THC without any other
confounding factors, increasing the reliability of the results of our
study in assessing the effect of THC on DNA methylation in
humans.
At present, it is unclear why occasional cannabis use in some

individuals leads to CUD. In this study, we focused on THC-
induced aberrant DNA methylation, which may have long-term
effects on the expression of genes in PBMCs. Our aim was to clarify
how different concentrations of THC (50 and 200 ng/ml) affect
epigenetic DNA modifiers (DNMTs and TETs), CB1 and CB2, and
cytokines at the gene expression level. According to our
hypothesis, in addition to having a direct effect on the central
nervous system, repeated exposure to a high concentration of
THC (200 ng/ml) might also produce more substantial epigenetic
and gene expression changes in PBMCs than THC at lower
concentrations (50 ng/ml). These changes could enhance the
ability of cytokines (e.g., interleukins) to penetrate the brain,
thereby influencing neuroplasticity. THC-induced changes in
PBMCs also provide information on possible dysfunctions of the
peripheral immune system. This may be one underlying mechan-
ism for CUD comorbidities, such as major depression, posttrau-
matic stress disorder, and chronic pain [28].
The THC concentrations 50 and 200 ng/ml chosen for our study

should reflect an average and high THC concentration in the
blood after cannabis smoking and are based on studies on
cannabis users’ serum THC levels [29–32]. In this study, we used
PBMCs from healthy men, but we assume that similar changes can
occur elsewhere in the body, including in the brain [24].

METHODS AND MATERIALS
Isolation of PBMCs from the whole blood of healthy donors
Fresh whole blood was collected from healthy male volunteers (n= 16)
aged between 20 and 40 at the Tartu University Hospital Blood Bank. The
volunteers confirmed that they had not used narcotics in the last

12 months. Human PBMCs were isolated using a Ficoll-Paque density
gradient (GE Healthcare, USA) on the day after blood collection. PBMCs
were stored at −150 °C until further use.

Study design and THC incubations
PBMCs were thawed 24 h before the incubations and cultured in RPMI-
1640 medium (Gibco, Thermo Scientific, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Invitrogen, CA, USA) and 1% penicillin‒
streptomycin solution (Pen Strep; Gibco, Thermo Scientific, MA, USA) in
24-well plates. THC (Dronabinol – synthetic oral delta-9-tetrahydrocanna-
binol) was obtained from Lipomed (Lipomed AG, Switzerland) in 1 ml/ml
ethanol.
Two different study designs were used:

1. Repeated THC incubations (R-THC): PBMCs were incubated with
THC (50 ng/ml, n= 8 and 200 ng/ml, n= 16) or a corresponding
amount of vehicle (ethanol solution) for 1 h on five consecutive
days. PBMCs were collected 24 h after each incubation.

2. Repeated THC incubations+THC challenge (THCch): PBMCs were
incubated with THC (200 ng/ml, n= 16) or vehicle (ethanol solution)
for 1 h on five consecutive days, which were followed by five days of
abstinence. After the abstinence, one additional incubation with
THC (200 ng/ml) or vehicle was performed, and all the cells were
collected 24 h after the last incubation.

The purpose of the R-THC study was to imitate daily cannabis use, and
our second study design, THCch the pattern of recreational cannabis use.
PBMCs were supplemented with fresh medium after all R-THC and

THCch incubations and on the third day of the abstinence period and were
grown at 37 °C in an atmosphere of 95% air and 5% CO2.
The collected cells were prepared into cell lysates, RNA, DNA, and

nuclear extracts and stored at −80 °C until further use. A detailed visual
representation of the study design is presented in Fig. 1, and additional
clarifications can be found in the Supplementary Materials.

mRNA analysis by RT‒qPCR
Total RNA was extracted from the PBMCs using a RNeasy Mini Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instructions. cDNA was
synthesized from 400 ng of total RNA using the First Strand cDNA
Synthesis Kit (Thermo Scientific, Waltham, MA, USA). RT‒qPCR was

Fig. 1 Visual representation of the study design. Created with BioRender.com.
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performed using QuantStudio 12 K Flex Software (Thermo Scientific,
Waltham, MA, USA). The primers were designed using Primer3 via BLAST
sequence verification and synthesized by TAG Copenhagen AS (Denmark).
The list of primers used can be found in Supplementary Table 1. All the
samples were amplified in duplicate, and the results were normalized to
B2M using the comparative CTð2�ΔΔCT Þ method [33].

DNMTs and TETs activity measurements
Nuclear proteins were extracted from the PBMCs according to the
manufacturer’s protocol (Nuclear Extraction Kit; ab113474; Abcam, Cam-
bridge, UK). Following the manufacturer’s instructions, DNMTs activity was
measured using the Abcam DNMT activity assay kit (ab113467), and TETs
activity was measured using the TET Hydroxylase Activity Quantification kit
(ab156912).

Reduced representation bisulfite sequencing (RRBS) and
reduced representation oxidative bisulfite sequencing
(RRoxBS)
DNA from the PBMCs (n= 8) was extracted using the QIAamp DNA Mini Kit
according to the manufacturer’s protocol (QIAGEN, Hilden, Germany). The
samples were sent to CD Genomics (The Genomics Services Company,
USA) for library preparation, sequencing, and bioinformatics analysis. A
detailed description of the RRBS and RRoxBS workflows and bioinformatics
analyses can be found in the Supplementary Materials.

Statistical analysis and data visualization
Gene expression and enzyme activity data were analyzed using GraphPad
Prism 10.1.1 software (San Diego, CA, USA). The normality of the qPCR and
enzyme activity data sets was determined by Shapiro–Wilk’s test and QQ
plot evaluation (Supplementary Tables 2–6). mRNA levels and enzyme
activity were analyzed with Student’s t-test, one-way ANOVA with Tukey’s
multiple comparisons test, or two-way repeated measures ANOVA with
Šidak’s multiple comparisons test. The Mann‒Whitney test with Holm–Ši-
dak’s multiple comparisons test or the Kruskal‒Wallis test with Dunn’s
multiple comparisons test were used for non-normally distributed data.
The significance level was set to p < 0.05. The detailed two-way repeated
measures ANOVA statistical values are given in Supplementary Table 7.
RRBS and RRoxBS data were visualized using the R package ″ggplot2″.

RESULTS
R-THC and THCch incubations alter DNMTs and TETs gene
expression and activity
RT-qPCR results revealed that repeated incubations with THC at
concentration 50 ng/ml did not affect DNMTs or TETs gene
expression over the course of five days (Supplementary Fig. 1A).
However, a THC concentration of 200 ng/ml had a statistically
significant effect on DNMTs and TETs gene expression (Fig. 2A).
Specifically, compared to the control group over five days, DNMTs
mRNA levels decreased with the greatest changes observed 24 h
after the third consecutive incubation (DNMT1, DNMT3A, DNMT3B,
p < 0.0001; Holm–Šidak’s post hoc test; n= 16). The opposite
occurred for TETs, as their mRNA levels increased, with the
greatest changes observed 24 h after the third incubation
compared to the control group (TET1, TET2, p < 0.0001; Holm–Ši-
dak’s post hoc test; n= 16; TET3, p < 0.0001; Šidak’s post hoc test;
n= 16). However, a subsequent decrease followed, and both
DNMTs and TETs mRNA levels were normalized to the same level
as the control group by the end of the experiment.
In addition to gene expression analysis, we evaluated the activity

of DNMTs and TETs in human PBMCs after exposure to THC. Our
enzyme activity data aligned with our gene expression data. Over
the course of five days, a THC concentration of 50 ng/ml did not
significantly affect DNMTs or TETs activity (Supplementary Fig. 1B).
However, we observed that time and THC exposure at a
concentration of 200 ng/ml significantly affected DNMTs and TETs
activity (Fig. 2B). Compared to the control group, DNMTs activity in
the THC treatment group was significantly lower, while TETs activity
was significantly greater. The most significant changes were
observed 24 h after the third THC incubation (p < 0.0001; Šidak’s

post hoc test; n= 16). Both enzyme activities returned to the same
level as the control group 24 h after the fifth and final incubation.
We continued the THCch study only at a THC concentration of

200 ng/ml. Our RT‒qPCR findings demonstrate the notable effect
of THC challenge incubation on cells previously exposed to THC
(Fig. 3A). THCch incubation significantly decreased DNMTs mRNA
levels compared to the control group (Kruskal‒Wallis test: DNMT1,
p < 0.0001; n= 16; one-way ANOVA main effect of the group:
DNMT3A, F(3,60)= 35.94, p < 0.0001; DNMT3B, F(3,60)= 56.36,
p < 0.0001; Tukey’s post hoc test; n= 16). Conversely, after THCch
incubation, TETs mRNA levels were significantly greater than those
in the control group (Kruskal‒Wallis test: TET1, TET2, p < 0.0001;
n= 16; one-way ANOVA main effect of the group: TET3,
F(3,60)= 116.4, p < 0.0001; Tukey’s post hoc test; n= 16).
The THCch incubation protocol produced a similar effect on

DNMTs and TETs activity, as observed for gene expression
(Fig. 3B). Compared to the control group, DNMTs activity in the
treatment group was lower (p < 0.0001; Dunn’s post hoc test;
n= 16), and TETs activity was greater (p < 0.01; Dunn’s post hoc
test; n= 16).

R-THC and THCch incubations alter the gene expression of
CB1 and CB2
Once we confirmed that THC 200 ng/ml impacts the mRNA levels
and enzyme activity of DNMTs and TETs in a concentration-
dependent manner, we examined whether the mRNA levels of
CB1 and CB2 (CNR1 and CNR2 genes) are similarly affected and
whether these changes are connected to DNA methylation. First,
we confirmed that CB2 have a greater expression profile (CT values
approximately 22–23) than CB1 (CT values approximately 24–25)
in PBMCs (data not shown).
In line with DNMTs and TETs results, repeated THC exposures at a

concentration of 50 ng/ml did not produce any changes in CB1 or
CB2 mRNA levels (Supplementary Fig. 1C), whereas time and a THC
concentration of 200 ng/ml had significant effects (Fig. 2C). During
the five-day period, both CB1 and CB2 mRNA levels increased
gradually, with the peak level observed 24 h after the third
incubation (CB1, p < 0.0001; Šidak’s post hoc test; n= 16; CB2,
p < 0.0001; Holm–Šidak’s post hoc test; n= 16). By the end of the
study period, 24 h after the fifth incubation, the mRNA levels of both
receptors had normalized to the same level as the control group.
In the THCch experiment (Fig. 3C), compared to other groups,

CB1 and CB2 mRNA levels were elevated in the THCch group (one-
way ANOVA main effect of the group: CB1, F(3,60)= 28.34,
p < 0.001; CB2, F(3,60)= 31.84, p < 0.0001; Tukey’s post hoc test;
n= 16).

R-THC and THCch caused genome-wide alterations in
methylation and hydroxymethylation
After confirming that a high concentration of THC 200 ng/ml
influences the gene expression and enzyme activity of DNMTs and
TETs in human PBMCs in vitro, we investigated its effects at the
genome-wide level. RRBS and RRoxBS sequencing were per-
formed on three groups: “CTRL”, “R-THC”, and “THCch”.
A total of 737 differentially methylated regions (DMRs) (381

hypermethylated, 356 hypomethylated) and 468 differentially
hydroxymethylated regions (DhMRs) (310 hyperhydroxymethy-
lated, 158 hypohydroxymethylated) were significantly associated
with THC exposure between the R-THC group and the control
group after correcting for multiple testing (Fig. 4A, B). After R-THC
incubations, the ratio between hypermethylation and hypomethy-
lation was balanced, but 66.24% of the differentially hydroxy-
methylated regions were hyperhydroxymethylated (Fig. 4E, F).
In the THCch group, a total of 693 DMRs (334 hypermethylated,

359 hypomethylated) and 442 DhMRs (174 hyperhydroxymethy-
lated, 268 hypohydroxymethylated) were significantly associated
with THC incubations compared to the control group after
multiple testing was corrected (Fig. 4C, D). Again, the ratio of
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hypermethylated to hypomethylated regions was balanced, but
exposure to THCch resulted in 60.63% of the differentially
hydroxymethylated regions being hypohydroxymethylated
(Fig. 4G, H).

Gene ontology (GO) and kyoto encyclopedia of genes and
genomes (KEGG) analyses
We performed GO and KEGG analyses to identify functionally
relevant differentially methylated and hydroxymethylated genes

Fig. 2 Repeated high-concentration THC incubations cause alterations in epigenetic DNA modifiers and cannabinoid receptors. Repeated
THC incubations. The cells were collected 24 h after every incubation. A mRNA levels of DNMTs and TETs; B enzyme activity of DNMTs and TETs;
and C mRNA levels of CB1 and CB2 following repeated vehicle (CTRL) or THC (200 ng/ml) incubations (R-THC) in vitro in human PBMCs. Two-way
repeated measures ANOVA followed by Šidak’s post hoc test (TET3, CB1, DNMTs activity, and TETs activity); Mann‒Whitney tests with Holm–Šidak’s
post hoc test (DNMT1, DNMT3A, DNMT3B, TET1, TET2, and CB2); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n= 16. The error bars indicate SDs.
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associated with THC incubations. Our focus was on DMRs/DhMRs
at the promoter regions because changes in methylation in gene
bodies on the expression of genes are more complex than those
in gene promoter regions.

In the R-THC group, 41 GO terms, and in the THCch group, 8 GO
terms associated with differential methylation at the promoter
regions after THC exposure remained significant (adj. p < 0.05)
(Fig. 4I, J). In the R-THC group, the most enriched GO term was

Fig. 3 High-concentration THC challenge incubation induces significant effects on epigenetic DNA modifiers and cannabinoid receptors
in cells with prior exposure to THC. Repeated THC incubations+ THC challenge (THCch). The cells were collected 24 h after the last challenge.
A mRNA levels of DNMTs and TETs; B enzyme activity of DNMTs and TETs; C mRNA levels of CB1 and CB2 following repeated vehicle
incubations+ vehicle challenge (CTRL), repeated vehicle incubations+ THC (200 ng/ml) challenge (CTRL+THCch), repeated THC (200 ng/ml)
incubations+ vehicle challenge (R-THC) and repeated THC (200 ng/ml) incubations+ THC (200 ng/ml) challenge (THCch) in vitro in human
PBMCs. One-way ANOVA followed by Tukey’s post hoc test (DNMT3A, DNMT3B, TET3, CB1, and CB2); Kruskal‒Wallis test followed by Dunn’s post hoc
test (DNMT1, TET1, TET2, DNMTs activity, and TETs activity); *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n= 16. The error bars indicate SDs.
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obsolete signal transducer activity (adj. p < 0.05), and among the
differentially methylated genes were those related to G-protein
signaling, such as AXIN1, GNAS, and GNAI2. In the THCch group, the
most enriched GO term was chemical synaptic transmission (adj.
p < 0.05), and amongst the differentially methylated genes were

GABRB3, SLC6A2, KCNK2, KCNB1, CACNA1E, and CACNG8. A detailed
list of GO terms and differentially methylated genes associated with
THC incubations can be found in Supplementary Table 8.
Table 1 presents the KEGG pathways enriched with genes

associated with differential methylation at the promoter regions
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after THC incubations. In the R-THC group, 16 KEGG pathways
remained statistically significant, and the most significantly
enriched pathway was pathways in cancer (adj. p < 0.05). Among
the differentially methylated genes were GNAS, GNAI2, and genes
necessary for the regulation of the transcription of CREBBP and
FOXO1. In the THCch group, three pathways remained significantly
different: RNA degradation, the mRNA surveillance pathway, and the
MAPK signaling pathway (adj. p < 0.05).
GO analysis of genes with differential hydroxymethylation after

THC incubations revealed six significantly enriched GO terms in
the R-THC group, with protein secretion being the most
significantly enriched GO term (adj. p < 0.05). In the THCch group,
we identified one statistically significant GO term, response to
fibroblast growth factor (adj. p < 0.05). The detailed lists can be
found in Supplementary Table 9. KEGG pathway analysis of the
DhMR-annotated genes did not reveal significantly enriched
pathways (adj. p < 0.05).
The GO terms and KEGG pathways enriched with genes

associated with DMRs/DhMRs in the gene bodies after R-THC

and THCch incubation can be found in Supplementary Tables
10–12.
Based on the statistically significant DMR/DhMR-related enrich-

ment at the promoter region, we selected four genes, GNAS,
FOXO1, IL1R1, and CD93, for qPCR gene expression validation. Our
results showed that changes in DNA modifications correlated with
changes in the mRNA levels of these genes (Supplementary Fig. 2).

R-THC and THCch incubations alter the expression of genes
related to cytokine production
We studied how 50 and 200 ng/ml THC modulates the immune
system, particularly whether it leads to aberrant cytokine
production. We examined the expression of genes that encode
the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α and the anti-
inflammatory cytokine IL-10 (Fig. 5A, B). Surprisingly, the changes
in pro-inflammatory or anti-inflammatory cytokine-encoding
genes were not dependent on the THC concentration. Our
findings showed that daily incubations with THC at both
concentrations (50 and 200 ng/ml) increased the mRNA levels of

Fig. 4 Differential methylation and hydroxymethylation associated with high-concentration THC exposure. A Differentially methylated
regions (DMRs) and B differentially hydroxymethylated regions (DhMRs) between the repeated THC (200 ng/ml) incubations group (R-THC) and the
control group. C DMRs and D DhMRs between the repeated THC (200 ng/ml) incubations+ THC challenge (200 ng/ml) group (THCch) and the
control group. After adjusting for multiple comparisons, annotations are displayed for the ten most statistically significant DMRs/DhMRs. The y-axis
shows the –log10(adjusted p-value), and the x-axis represents the difference in methylation/hydroxymethylation (red – hypo(hydroxy)methylated,
blue – hyper(hydroxy)methylated). E Hypermethylation and hypomethylation among the R-THC-associated DMRs. F Hyperhydroxymethylation and
hypohydroxymethylation among the R-THC-associated DhMRs. G Hypermethylation and hypomethylation among the THCch-associated DMRs.
H Hyperhydroxymethylation and hypohydroxymethylation among the THCch-associated DhMRs. I Gene Ontology (GO) analysis of genes associated
with differential methylation at promoter regions after THC exposure between the repeated THC (200 ng/ml) incubations group (R-THC) and the
control group. J GO analysis of genes associated with differential methylation at the promoter regions after THC exposure between the repeated THC
(200 ng/ml) incubations+ THC challenge (200 ng/ml) group (THCch) and the control group. Adjusted p-value < 0.05, if more than 15 significant
entries than 15 most significant GO terms are displayed. The number on the horizontal bar indicates the number of enriched genes in the GO term.

Table 1. KEGG pathways enriched with genes associated with differential methylation at promoter regions after THC exposure.

Term: Fold change: Adjusted p-
value:

Pathway: Gene list:

R-THC group vs control group:

hsa05200 6.336011 0.006850595 Pathways in cancer NTRK1;AXIN1;CREBBP;GNAI2;GNAS;RALGDS;CBLC;FOXO1;

hsa04950 37.540826 0.006850595 Maturity onset diabetes of the
young

HNF1B;NKX2-2;PAX6;

hsa05032 13.904048 0.011635664 Morphine addiction GABRB3;GNAS;PDE1C;GNAI2;

hsa04750 12.640028 0.012360714 Inflammatory mediator
regulation of TRP channels

IL1R1;NTRK1;GNAS;ALOX12;

hsa04726 11.074013 0.015991563 Serotonergic synapse GABRB3;GNAS;ALOX12;GNAI2;

hsa04730 15.642027 0.025426552 Long-term depression GNAS;RYR1;GNAI2;

hsa04924 14.438765 0.027174152 Renin secretion GNAS;PDE1C;GNAI2;

hsa05202 7.030124 0.043917513 Transcriptional misregulation
in cancer

NTRK1;FLT1;HIST1H3E;FOXO1;

hsa05034 6.990856 0.043917513 Alcoholism GNAI2;HIST1H3E;GNAS;HIST1H2AJ;

hsa04713 9.776286 0.043917513 Circadian entrainment GNAS;RYR1;GNAI2;

hsa05169 6.28825 0.043917513 Epstein-Barr virus infection POLR2L;SPN;CREBBP;HSPA1L;

hsa04915 9.385206 0.043917513 Estrogen signaling pathway HSPA1L;GNAS;GNAI2;

hsa04922 9.385206 0.043917513 Glucagon signaling pathway FOXO1;GNAS;CREBBP;

hsa04916 9.292299 0.043917513 Melanogenesis GNAS;CREBBP;GNAI2;

hsa00512 20.183264 0.043917513 Mucin type O-Glycan
biosynthesis

WBSCR17;GALNT6;

hsa04015 5.987379 0.043917513 Rap1 signaling pathway RALGDS;FLT1;GNAI2;GNAS;

THC challenge (THCch) group vs control group:

hsa03018 18.272433 0.008912327 RNA degradation PFKP;PABPC1L2A;PABPC3;PABPC5;

hsa03015 15.430075 0.008912327 mRNA surveillance pathway PABPC1L2A;PABPC3;SSU72;PABPC5;

hsa04010 6.807389 0.036304807 MAPK signaling pathway FGF3;FGF11;CACNA1E;CACNG8;MAP4K4;
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the pro-inflammatory cytokines IL-1β and IL-6 and the anti-
inflammatory cytokine IL-10 compared to the control group. After
five consecutive days of incubations with 50 ng/ml THC, the IL-1β,
IL-6, and IL-10 mRNAs were upregulated 24 h after the last
incubation (Student’s t-test: IL-1β, t= 7.160, p < 0.0001; IL-6,
t= 5.627, p < 0.001; IL-10, t= 4.879, p < 0.001; CTRL vs THC
50 ng/ml; n= 8). A concentration of 200 ng/ml similarly upregu-
lated the IL-1β, IL-6, and IL-10 mRNA levels 24 h after the fifth daily
incubation. An additional THCch treatment further increased the
mRNA levels (one-way ANOVA main effect of the group: IL-1β,
F(2,21)= 32.62, p < 0.0001; IL-6, F(2,21)= 9.161, p < 0.01; and IL-10,
F(2,21)= 5.934, p < 0.01; Tukey’s post hoc test; n= 8). However, THC
incubations on five consecutive days and an additional incubation
after a period of abstinence did not affect the mRNA levels of the
TNF-α gene.

DISCUSSION
A critical question related to CUD is why some occasional cannabis
users become addicted and what the underlying mechanism of
such a change is. We hypothesize that this may be due to a
combination of genetic predisposition [34], a critical period for
brain development [35, 36], and high concentrations of THC in the
body [37]. We speculate that a high concentration of THC-induced
aberrant DNA methylation may underlie long-term changes in
gene expression, which in turn may be one of the factors
contributing to the development of CUD. This study emphasizes

the dose-dependent effect of THC on the enzymatic activity of
DNMTs and TETs, which is supported by prior studies that link
DNA methylation to the interplay between cannabis use and gene
expression changes [19, 38]. Additionally, some changes in DNA
methylation induced by environmental factors can be long-term
and, consequently, have a lasting effect on gene expression,
whereas others are dynamic and transient [39, 40]. Our results do
not exclude the possibility that posttranslational histone mod-
ifications and microRNAs may also be involved in THC-induced
alterations in gene expression.
First, we investigated how repeated incubations with THC at

concentrations of 50 and 200 ng/ml regulate DNMTs and TETs
mRNA levels and enzymatic activity in PBMCs. Acute incubation
with THC at 50 or 200 ng/ml did not affect the mRNA levels or
enzyme activity of DNMTs and TETs. These findings support our
earlier finding that acute treatment with cocaine and ampheta-
mine did not affect DNMTs and TETs expression in human PBMCs
[25], indicating that acute exposure to environmental factors does
not affect epigenetic DNA modifiers.
To assess the long-term effects of THC incubations on DNMTs

and TETs, we collected PBMCs 24 h after incubations. Repeated
50 ng/ml THC did not affect DNMTs and TETs mRNA levels or
enzyme activity, while dynamic changes occurred after
repeated incubations with 200 ng/ml THC. We found significant
alterations in DNMTs and TETs mRNA levels and enzyme
activity after three days of repeated incubations with THC at
200 ng/ml.

Fig. 5 Low and high concentration of THC alter the expression of genes related to cytokine production. A mRNA levels of IL-1β, IL-6, IL-10,
and TNF-α in PBMCs following repeated vehicle (CTRL) or THC (50 ng/ml) incubations (R-THC) in vitro. Student’s t-test. B mRNA levels of IL-1β,
IL-6, IL-10, and TNF-α in PBMCs following repeated vehicle incubations+ vehicle challenge (CTRL), repeated THC (200 ng/ml) incubations+
vehicle challenge (R-THC) or repeated THC (200 ng/ml) incubations+ THC (200 ng/ml) challenge (THCch) in vitro. One-way ANOVA followed
by Tukey’s post hoc test (for IL-1β, IL-6, and IL-10); Kruskal‒Wallis test followed by Dunn’s post hoc test (for TNF-α); *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; n= 8. The error bars indicate SDs.
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The findings of this study demonstrated that repeated
incubations with 200 ng/ml THC can induce tolerance, as we
observed a decrease in CB1, CB2 and TETs mRNA levels on the 4
and 5th THC incubation days compared with the maximum THC
effect on the 3rd day in PBMCs. The development of tolerance
may be attributed to a decrease in the activity of intracellular
signaling originating from cannabinoid receptors and/or a
decrease in the number of cannabinoid receptors on the plasma
membrane [41]. Like in previous studies, our THC challenge
experiments showed that tolerance can be reversed through a
period of drug abstinence [42]. However, the results also
demonstrated the normalization of DNMTs mRNA levels on the
4th and 5th days after THC incubation, suggesting that this
normalization could be the result of mutual regulation between
DNMTs and TETs.
Our in vitro THC-induced changes in the gene expression of

epigenetic DNA modifiers and CB1 and CB2 receptors did not
replicate many of the findings in chronic cannabis users. This
discrepancy may be due to the additional components of
cannabis cigarettes compared to those of pure THC, the
investigational time point chosen, or various environmental
factors to which cannabis users may be exposed. Specifically,
Smith and colleagues assessed the acute effects of cannabis
cigarette smoking (55 min, 1 h 20min, and 4 h later) on DNMTs,
TETs, CB1 and CB2 mRNA levels in chronic marijuana smokers [22].
Although their experimental design resembles the challenge
experiment in our study, we studied THC-induced changes in
epigenetic DNA editors in PBMCs 24 h later to assess persistent
changes. Therefore, our findings are not in conflict with the
aforementioned study, as both investigations evaluated the
effects of THC at distinct time intervals. Other studies also suggest
that the effect of marijuana smoking on DNA methylation can be
extensive, with several factors potentially influencing the out-
come. For instance, Fang and others speculated that cannabis use
and cigarette smoking could independently influence DNA
methylation levels, possibly due to shared common combustible
chemicals [19]. These findings indicate that the effects of
marijuana smoking and THC incubations on epigenetic DNA
modifiers may vary and depend on co-factors.
Our findings corroborate prior research showing that PBMCs

express CB2 at higher levels than CB1 [22, 43]. Intriguingly, after
repeated doses of 200 ng/ml THC, the mRNA levels of both CB1
and CB2 shifted in a manner consistent with TETs enzyme activity.
Several studies have shown potential crosstalk between endo-
cannabinoid system activity and DNA methylation modifier
enzymes. For instance, THC-dependent patients exhibit reduced
methylation of the CB1 gene promoter and increased CB1 mRNA
levels in peripheral blood cells [23]. Similarly, increased CB1 gene
mRNA levels are associated with reduced DNA methylation at the
CB1 gene promoter in schizophrenic patients [44]. Compared to
DNA methylation mechanisms, THC-induced TETs enzyme activity
has been less studied; therefore, its effects remain largely unclear.
We speculate that the activity of the PI3K-Akt and ERK1/2 signaling
pathways following CB1 and CB2 stimulation may modulate TETs
activity in PBMCs.
In subsequent investigations, we explored how THC at 200 ng/ml

affects genome-wide DNA methylation and hydroxymethylation in
human PBMCs. THC incubations led to a balanced ratio between
differential hypermethylation and hypomethylation. However, after
repeated THC incubations, the differentially hydroxymethylated
genes mostly contained hyperhydroxymethylated regions. Interest-
ingly, even though we observed increased TETs activity after THCch
treatment, at the genome-wide level, more genes contained
hypohydroxymethylated regions. One possible explanation may
be that as 5-hmC is the first step in the demethylation process, the
increased activity of TETs causes greater conversion of 5-hmC to
subsequent 5-formylcytosine and 5-carboxylcytosine and, ulti-
mately, their replacement with unmodified cytosine.

GO and KEGG pathway analyses revealed that the observed
alterations in DNA methylation and hydroxymethylation only
partially replicated the findings of previous studies. We found
differential methylation of the G protein-related GNAS gene in both
the R-THC and THCch groups compared to the control group. The
GNAS gene was enriched in multiple GO terms and KEGG pathways
and encodes the alpha-subunit of guanine nucleotide-binding
protein, which mediates the actions of many hormones and
neurotransmitters through the signal transduction process [45].
In the THCch group, the most enriched GO term was chemical

synaptic transmission. Among the differentially methylated genes
was the calcium channel subunit encoding gene (CACNA1E), which
was hypermethylated in promoter regions. Previous studies have
linked aberrant DNA methylation to multiple psychiatric disorders
[46, 47], and various constituents of cannabis are being researched
for the treatment of epilepsy by targeting calcium signaling and
MAPK signaling pathways, among others [48]. The MAPK signaling
pathway remained significantly different in our study, which aligns
with the findings of other epigenome-wide studies on cannabis
use [17, 49]. Abnormal activity of the MAPK signaling pathway has
been implicated in the pathogenesis of schizophrenia [50], and
cannabis use, especially at higher THC concentrations, is
associated with immunomodulating properties and an increased
risk of psychosis [51].
We validated the expression of four genes (GNAS, FOXO1, IL1R1,

and CD93) that exhibited significant DMRs/DhMRs at the promoter
region and found that these changes correlated with alterations in
the mRNA levels of these genes. Although we also observed
significant changes in the mRNA levels of DNMTs, TETs, CB1, and
CB2 genes in the THCch 200 ng/ml treatment group, these
changes did not manifest in the DMR/DhMR findings. This finding
suggested that, in this model DNMTs, TETs, CB1, and CB2
expression changes are not solely regulated by DNA methylation.
We speculate that THC incubations cause a dose-dependent
increase in TETs activity and elevated 5-hmC levels in PBMCs.
5-hmc is not only an intermediate of DNA demethylation but also
has distinct epigenetic regulatory functions. For example, 5-hmC is
associated with activating the histone marks H3K4me1, H3K4me3,
and H3K27ac [52–54], causing chromatin to open, thereby
promoting gene transcription. The changes in DNMTs, TETs, and
CB1/2 receptor expression observed after THCch may result from a
combination of DNA hydroxymethylation and histone modifica-
tions. These THCch effects can persist and act as epigenetic
priming [55], where changes in DNA methylation and chromatin
modifications in the promoter region facilitate gene expression.
Previous studies suggest that epigenetic priming may be a key
mechanism underlying long-lasting alterations in gene regulation
[56], which can remain latent until triggered by re-exposure to
drug-associated stimuli or the drug itself [55].
THC affects signal transduction, alters synaptic plasticity, and is

implicated in immunomodulatory responses [6, 57–60]. This led us
to examine the relationship between repeated THC (50 and
200 ng/ml) incubations and the immune response. Our study
revealed that repeated incubations with both 50 and 200 ng/ml
THC led to increased mRNA levels of IL-6 and IL-1β, consistent with
prior findings of elevated pro-inflammatory cytokines in marijuana
users [61–63]. No change in TNF-α mRNA levels was observed
following repeated THC incubations. Interestingly, exposure to THC
at both concentrations also increased the IL-10 mRNA level,
suggesting the activation of anti-inflammatory pathways upon CB1
and CB2 stimulation. After the abstinence period, THCch incuba-
tion further elevated the mRNA levels of both pro-inflammatory
and anti-inflammatory cytokines compared to the control and
repeated THC incubations groups. Although previous research has
indicated that DNA methylation changes can regulate IL-6, IL-10,
and IL-1β gene expression [64–66], our DMR/DhMR analysis did not
detect any methylation or hydroxymethylation changes in the
promoter regions of these genes in PBMCs. Therefore, the
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upregulation of the expression of these cytokine-encoding genes
following repeated THC incubations was not due to aberrant DNA
methylation, suggesting that other regulatory mechanisms influ-
ence the changes in the expression of these genes.

CONCLUSIONS
Our findings demonstrated that repeated incubations with THC at
200 ng/ml resulted in alterations in the mRNA levels of DNMTs and
TETs, as well as in the enzyme activities in PBMCs. At the genome-
wide level, repeated incubations with THC led to increased
hydroxymethylation. Following the THC challenge, the hyperhy-
droxymethylated state shifted to hypohydroxymethylation. These
findings suggest that repeated incubations with high concentra-
tions of THC induce genome-wide demethylation, potentially
affecting the expression of genes critical for the development of
CUD. However, the aberrant DNA methylation observed in our
in vitro studies with THC partially differs from previous DNA
methylation results obtained in studies of cannabis users, which
may limit the biological significance of these changes.

DATA AVAILABILITY
The raw RRBS data sets were deposited in the SRA BioProject under the accession
number PRJNA1190049. Extended results for DMRs/DhMRs are available in the
Figshare repository https://doi.org/10.6084/m9.figshare.27653313. Additional data is
available from the corresponding author upon reasonable request.
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