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Marijuana (Cannabis sp.) is among the most recurred controlled substances in the world, and there is a growing tendency to legalize its possession and use; however, the genotoxic effects of marijuana remain under debate. A clear definition of marijuana's genotoxic effects remains obscure by the simultaneous consumption of tobacco and other recreational substances. In order to assess the genotoxic effects of marijuana and to prevent the bias caused by the use of substances other than cannabis, we recruited marijuana users that were sub-divided into three categories: (1) users of marijuana-only (M), (2) users of marijuana and tobacco (M+T), and (3) users of marijuana plus other recreative substances or illicit drugs (M+O), all the groups were compared against a non-user control group. We quantified DNA damage by detection of γH2AX levels and quantification of micronuclei (MN), one of the best-established methods for measuring chromosomal DNA damage. We found increased levels of γH2AX in peripheral blood lymphocytes from the M and M+T groups, and increased levels of MNs in cultures from M+T group. Our results suggest a DNA damage increment for M and M+T groups but the extent of chromosomal damage (revealed here by the presence of MNs and NBuds) might be related to the compounds found in tobacco. We also observed an elevated nuclear division index in all marijuana users in comparison to the control group suggesting a cytostatic dysregulation caused by cannabis use. Our study is the first in Mexico to assess the genotoxicity of marijuana in mono-users and in combination with other illicit drugs.
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INTRODUCTION

Marijuana is the most used illicit drug worldwide, and millions of people are exposed to it annually. Different studies have suggested that a direct relationship between marijuana consumption and increased risk to certain types of cancer exists, such as neonatal tumors of the soft tissues or acute myeloid leukemias in the progeny (1–3). Among young individuals, marijuana use has been linked to head and neck cancer; as well as to testicular and lung cancers (4–8). Nonetheless, neither the whole-plant cannabis extract nor the Δ9-Tetrahydrocannabinol (THC), the main psychoactive compound in marijuana, have been confirmed as mutagenic or carcinogenic (9–12).

Marijuana smoke, however, consists to a certain extent, of compounds commonly found in cigarette smoke, and that have been identified as carcinogens by the International Agency for Research on Cancer (IARC) (13). Previous studies have shown that marijuana smoke can alter DNA content and induce aneuploidies in human lung explants (14). In addition, exposure to marijuana smoke condensates has been described to generate DNA damage, DNA adducts, reactive oxygen species (ROS) and cellular stress, all of this suggesting once again that marijuana is genotoxic and mutagenic (15–19).

Population studies reported increased levels of DNA damage and chromosome breakages in marijuana users compared to non-user controls (20, 21). Despite these findings, the limited number of epidemiological studies performed so far has yielded contradictory results; further, tobacco consumption is frequently considered a confusing factor; therefore, a definitive link between marijuana consumption and cancer development has not been established (8, 22–25). More studies of individuals consuming marijuana-only are necessary to assume reliable conclusions on the association between marijuana and cancer.

In Mexico the prevalence of marijuana consumption in 2011 was of 1.2% for the population aged 12–65 years (26). Since legalization of marijuana consumption for recreational purposes is a possibility, not only in Mexico but also in other countries, the proportion of users can potentially increase as well as the consequences of its consumption, including chronic diseases, such as cancer. Therefore, evaluating the genotoxicity of marijuana and biomonitoring its effects on exposed populations is fundamental for improving its regulation and increasing any required protection from its effects.

Knowing the genotoxic potential of a substance is important to predict its detrimental effects at the cellular and organismal levels. Some of the most commonly applied methods for detection of DNA damage and genotoxic potential of a substance are the presence of γH2AX and the cytokinesis-block micronucleus cytome (CBMNcyt) assay, respectively. Phosphorylation of the Ser-139 residue of the histone variant H2AX, forming γH2AX, is an early cellular response to the induction of DNA double-strand breaks (DSB). Detection of this phosphorylation event has emerged as a highly specific and sensitive molecular marker for monitoring DNA damage initiation and resolution (27). On the other hand, the micronucleus (MN) frequency in peripheral blood lymphocytes (PBL) is one of the best-established biomarkers for studying DNA and chromosomal damage, occurring in vivo in humans. Consequently, CBMNcyt assay has been extensively used to identify compounds that significantly impact genomic stability (28). Moreover, MN in PBL has been associated prospectively with an increased risk of cancer (29, 30).

Since the genotoxic effects of marijuana consumption are not completely understood, and this type of information is critical for public policy design, the present study addresses the genotoxic effects of marijuana in Mexican consumers. We analyzed the levels of genomic instability and the presence of DNA damage using the CBMNcyt assay and γH2AX levels in marijuana users. Importantly, we made a clear distinction between marijuana mono-users (M), users of marijuana in combination with tobacco (M+T) and users of other illicit drugs (M+O). This is the first study in which the amount of DNA damage and genomic instability are assessed in PBL of marijuana mono-users in Mexico. Also, evaluation of consumers of other drugs allowed us to obtain a vast panorama on the potential genotoxic damage produced by the consumption of illegal substances.



MATERIALS AND METHODS


Study Population and Definition of Inclusion Criteria

Our study population comprised 201 peripheral blood donors (49 females and 152 males; average age, 22.84 ± 8.59 years and age range 13–68 years). Subjects were distributed in four groups as follows: Group M: users of marijuana-only, also known as mono-users (n = 51); Group M+T: users of marijuana and tobacco (n = 52); Group M+O: users of marijuana and other illicit substances (n = 46), and Group Ctrl: control population composed by non-drug users healthy volunteers (n = 52). Illegal drug consumers were recruited from 12 Juvenile Integration Centers (CIJ) from Mexico City and its Metropolitan area. They were regular patients in their first month of treatment and were selected by convenience sampling. Some of the control subjects were college students, and others were staff members, all of them residents of Mexico City and the Metropolitan area. The eligibility criteria for this study are described in Supplementary Figure 1. Written informed consent was obtained from the participants prior to inclusion in this study. This study was approved by the Ethics Committee of the CIJ and the Instituto Nacional de Cancerología (INCan), México. The study was conducted in accordance with the Declaration of Helsinki and local laws.



Data Collection

A cross-sectional survey was conducted among the study population, and the collected information is summarized in Table 1. Unhealthy alcohol use was determined according to the AUDIT test developed by the World Health Organization (WHO). Marijuana users were asked about age of initiation of marijuana consumption, time as consumer, the frequency and modes of marijuana use, amount (grams) of marijuana consumed per week and the causes of consumption.


Table 1. Demographics of the participants in this study.
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Instruments
 
Marijuana Use

If participants responded “yes” to whether they had used marijuana during the previous 12 months, we asked the age at which they started or first tried marijuana, and for how long they have been consuming marijuana on a regular basis. To estimate the frequency use, we categorized the options as (1) every day, (2) more than once per week, or (3) at least once per week. We also asked about their main route of administration, with response options included: cannabis cigarettes (smoked), water pipes (inhaled), and mixed with food (ingested), the participants could mark more than one option. If the participants inhaled or smoked marijuana, we asked them to estimate the time of inhalation/smoking per joint/bong.



Other Illicit Drugs Use

The use of illicit drugs other than marijuana was determined by asking participants whether they had either used of not used during the previous 30 days or/and during the previous 12 months. Participants with a positive answer to this question were classified in the group M+O. The illicit drugs were categorized as below: (1) cocaine; (2) crack; (3) solvents for sniffing; (4) crystal meth; (5) amphetamines, methamphetamines, and amphetaminsulfate (e.g., dextroamphetamine or benzedrine); (6) hallucinogens, magic mushrooms, psilocybin, peyote, and mescaline; (7) benzodiazepines (e.g., diazepam, clonazepam); (8) heroin.



Pattern of Marijuana Use

Regarding characterization of pattern for marijuana use, we considered the following categories: (1) experimental, marijuana use on 1 or 2 occasions, without recurrences; (2) social, consumption begins to be more regular and framed in leisure contexts, with more people; drug use is not an escape or a solution to a conflict; (3) functional, the consumer experiments a sensation of excitement and enjoys the experience that marijuana produces; the frequency and quantity increases; the person can develop physical or psychological dependence; (4) dysfunctional, the use of marijuana produces deterioration in the social, biological, and psychological fields; the consumer has a large number of inter and intrapersonal problems, criminal behavior, absenteeism from work, and/or abandonment of leisure activities.




Preparation of Whole-Blood Cultures

Blood samples (8 ml) were collected in heparinized tubes. After obtention, all blood samples were randomly coded, transported to the laboratory at INCan and processed within 8 h following sampling. Approximately 1 ml of each sample was cultured for 72 h at 37°C in 5 ml of RPMI-1640 culture media (Gibco BRL, Life Technologies SrL, Milano, Italy) supplemented with 15% heat-inactivated fetal calf serum (Gibco BRL, Life Technologies SrL, Milano, Italy) and 2% phytohemagglutinin-M (Gibco BRL, Life Technologies SrL, Milano, Italy). Four parallel cultures of each subject were set up to perform karyotype and cytokinesis-block micronucleus cytome assay.



Karyotype Analysis

Karyotype analysis was performed in all peripheral blood samples included in this study. Harvesting and GTG-banding were performed according to standard procedures, and karyotyping performed by professional cytogeneticists and described according to the International System for Human Cytogenomic Nomenclature 2020 guidelines (31).



Cytokinesis-Block Micronucleus Cytome (CBMNcyt) Assays in Peripheral Blood

The CBMNcyt assays were conducted as described by Fenech (32). Briefly, cytochalasin-B (Sigma, Milano, Italy) was used at a final concentration of 3 μg/ml and added to cultures to block cytokinesis after 44 h of incubation. Cells were harvested after 72 h of culture, treated with hypotonic solution (0.1 M KCl) for 4 min and fixed in methanol/acetic acid (3:1, v/v). The fixation step was repeated twice, and the fixed cells were spread onto clean glass slides. Then, they were stained with eosin and methylene blue for 5 min in each solution. All slides were coded and read blind. To determine the intra-individual differences, slides of two parallel cultures of each subject were prepared and evaluated. The slides were analyzed with a light microscope with 400× magnification, and CBMNcyt assay parameters such as micronucleus (MN), nuclear buds (NBUDs), and nucleoplasmic bridges (NPBs) were additionally verified under 1000× magnification. A score was obtained for slides from each duplicate culture from two different analyzers using identical microscopes.

We followed the criteria for the selection of bi-nucleate (BN) cells and identification of CBMNcyt assay parameters as previously published by Fenech (32). In order to determine DNA damage, each slide was analyzed for the total number of MN, NBPs and NBUDs, while BN cells with two nuclei surrounded by cytoplasm and a cell membrane obtained from whole-blood cultures were also scored. The number of MN, NPBs and NBUDs was counted in 1,000 BN cells per subject. The frequency of BN cells containing one or more MN was also determined. The number of mono-, bi-, tri-, tetra-, and multi-nucleated cells per 1,000 viable cells was scored to determine cytostatic effects and the rate of mitotic division in the peripheral blood lymphocytes of all individuals. The nuclear division index (NDI) was calculated with the formula: [image: image], where M1-M4 represent the numbers of cells with 1–4 nuclei and N is the total number of viable cells scored.



Flow Cytometry Analysis

Following mononuclear cells isolation, cells were fixed with 10% Formaldehyde during 10 min at RT, followed by permeabilization with 0.1% Triton X100 during 30 min at RT, and blocked with 4% BSA. Cells were stained with anti-CD45-Alexa Fluor 700 (Biolegend, cat. 368514) and anti-γH2AX-Alexa Fluor 488 (Biolegend, cat. 613406) during 30 min, washed with PBS 4%-BSA and resuspended in PBS 4%-BSA. Cells treated with etoposide (100 μM) for 1 h were used as a positive control for DNA damage. Samples were acquired in a FACSCanto II flow cytometer. Data were analyzed using the FlowJo software.



Statistical Analyses

Descriptive statistics were used for comparing the consumption and sociodemographic features among groups. Mean and standard deviation (SD) or Median and interquartile range (IQR) are reported according variable distribution. Qualitative variables were described as frequency and percentages and analyzed using the Chi-square test for k samples.

Differences between groups were calculated using ANOVA for normal distribution and Kruskal Wallis test for variables with non-normal distribution, followed by student's t-test for samples with normal distribution and Mann Whitney U test for non-normal distribution. Bivariate and multivariate analyzes were performed to identify the relationship between the sociodemographic and consumption characteristics with the outcome variables. Statistical analyses were performed with STATA v.14. A difference was considered significant if p < 0.05.




RESULTS

Sociodemographic and consumption habits conceivably linked to marijuana use were assessed in this study (Table 1). Analysis of the demographic composition of our cohort showed that the marijuana consumer groups (M, M+T, and M+O) were on average younger than the CTRL group (18.3 vs. 24 yo) and were mostly composed by males (86.58%). The youngest participants were found in group M (mean age: 17 yo, range: 16–21 yo) and the average age for first-time drug use in all groups oscillates between 14 and 15 years old. Individuals in the marijuana consumer groups have on average, a lower educational level compared to CTRL group (Supplementary Figure 2A). About the pattern of marijuana use, the results revealed that the functional, interpreted as the sensation of excitement and fun that marijuana produces, was the principal pattern of consumption (Supplementary Figure 2B), which is not surprising given the average young age of the participants.

Analysis of the consumption habits showed that the timespan of marijuana consumption ranges from 24 months (2 years) to 114 months (9.5 years), with no differences among marijuana consumer groups (p > 0.05). In the M group, P50 is of 36 months, whereas in the M+T group P50 is of 48 months for both marijuana and tobacco use, with IQR 21–84 months regarding tobacco consumption. Comparison of the drug consumption frequency, considering only the last year prior to sampling, showed an almost daily use and no significant differences in the frequency of use among marijuana consumer groups (p = 0.57).

Estimates of the amount of marijuana consumed per week showed that the M+T group have the lowest average consumption, which however was not significantly different to other marijuana consumer groups (p = 0.55). When the modes of marijuana consumption were assessed the most recurrent was smoked, followed by a combination of smoked/inhaled/ingested, and the least popular was the ingested mode (mentioned only by one participant in group M). The duration in reported seconds of inhalation during smoking was 5 s on average without differences among groups (p = 0.089). The number of drugs used in a lifetime was found to vary among groups, as expected the M+O group showed the highest number of drugs consumed throughout life, between 2 and 5 different drugs (p < 0.001). Finally, low and no alcohol consumption were found in this cohort according to the AUDIT test (even though 21 participants, mainly consumers, did not answer) (Supplementary Figure 2C).

BMI is the easiest parameter to assess for any physiological alteration related to marijuana consumption. Although marijuana use is commonly associated with increased appetite and likelihood of increased BMI, we did not find significant BMI differences among groups (p = 0.372) (Supplementary Figure 2D).


Marijuana and Tobacco Consumers Displayed the Highest Levels of DNA Damage in PBL

Phosphorylation of the H2AX variant (γH2AX) is a highly specific molecular marker of DNA damage (27). γH2AX fluorescence intensity (FI) per cell was assessed in freshly isolated mononuclear cells. As expected, we observed an increase in the levels of γH2AX FI in the M-only and in the M+T groups in comparison to the control group, without significant differences between them (Figure 1A). Unexpectedly, the M+O group has a reduced γH2AX FI with respect to all the other groups.


[image: Figure 1]
FIGURE 1. Peripheral blood lymphocytes from marijuana mono-users and in combination with tobacco display the highest levels of genotoxic damage. (A) Comparison of the γH2AX fluorescence intensity (FI) per cell from freshy isolated lymphocytes. The M and M+T groups show the highest γH2AX FI, without significant differences between them. (B) Frequency of micronuclei (MN) in cultured peripheral blood lymphocytes. The highest number of cells with MN was observed in the M+T group in comparison to the other groups. Inset shows a representative binucleated cell with a MN. (C) Frequency of nuclear buds (NBUDs) in cultured peripheral blood lymphocytes. The highest frequency of NBUDs was found in the M+T group. Inset shows a representative binucleated cell with an NBUD. (D) Frequency of nucleoplasmic bridges (NPBs) in cultured peripheral blood lymphocytes. No differences were observed among groups. Inset shows a representative binucleated cell with an NPB. (E) Nuclear division index (NDI) in cultured peripheral blood lymphocytes The NDI is significantly increased in all marijuana users in comparison to the CTRL group. NDI was calculated by quantifying the number of mono, bi, tri, and tetranucleated cells and divided by number of viable cells scored (see Materials and Methods). Error bars indicate mean ± SD; a p-value = 0.01–0.05 was considered significant (*), a p = 0.01 to 0.001 was considered very significant (**, ***) and a p < 0.001 was considered extremely significant (****).


In order to deepen the genetic toxicology study, we performed the CBMNcyt assay in which T cells were cultured in the presence of Cytochalasin B, and biomarkers as MN, NBUDs and NPBs were scored (Table 2 and Figures 1B–D). The highest number of MN (Figure 1B) and NBUDs (Figure 1C) were found in the M+T group, whereas the number of NPBs did not show significant differences (p = 0.138) among groups (Figure 1D).


Table 2. DNA damage impact on lymphocytes of marijuana users.

[image: Table 2]

Therefore, although both the M-only and the M+T group had increased γH2AX FI, the frequency of the cytogenetic biomarkers were only significantly increased in the M+T group, suggesting increased DNA damage in M and M+T groups but the presence of chromosomal damage could be related only to the compounds found in tobacco.

Assessment of the nuclear division index (NDI) showed that samples from all marijuana consuming groups have a higher NDI in comparison to the cultures from the control group (p < 0.0001) (Figure 1E), suggesting that compounds present in marijuana and tobacco might exert an effect on cell proliferation related mechanisms.

Additionally, and given that previous studies have shown that MN frequency tended to be greater in females relative to males (28). The complementary analysis was performed in order to evaluate this possible bias among the population studied, and we did not find statistical differences between the presence of γH2AX neither CBMNcyt assay results by gender within each group (Supplementary Table 1).



Daily Smoke of Marijuana Increases the Amount of DNA Damage

We analyzed how the mode of marijuana consumption, as well as the frequency of marijuana consumption, correlate with the levels of γH2AX FI and the frequency of MNs. Importantly, the modes of marijuana consumption followed similar trends in all groups (p = 0.811) (Figure 2A), and “Smoked” was reported as the most frequently mode of marijuana use. Notably, the levels of γH2AX FI (Figure 2B) and the amount of MNs (Figure 2C) were higher when marijuana was just “smoked” in comparison to other modes of consumption.


[image: Figure 2]
FIGURE 2. Smoking and daily consumption of marijuana associate with increased genotoxicity. (A) Proportion of users reporting different modes of marijuana consumption. “Smoked” is the most popular mode of consumption across groups. (B) The median fluorescence intensity (FI) of γH2AX is increased in peripheral blood lymphocytes from users that reported “smoked” as their mode of marijuana consumption. (C) The number of MNs is increased in users who reported “smoked” as the only mode of marijuana use. (D) Proportion of users reporting their frequency of marijuana consumption. “Daily” consumption is the most common among users. (E) The median fluorescence intensity (FI) of γH2AX is increased in peripheral blood lymphocytes from users that reported “daily” as their frequency of use. (F) The frequency of MN tends to increase when the frequency of marijuana use increases.


When the frequency of marijuana consumption was evaluated, no differences among groups were detected (p = 0.575), and “daily” consumption was the most common answer followed by “more than once per week” and “at least once per week” (Figure 2D). The highest levels of γH2AX FI (Figure 2E) and a higher frequency of MN (Figure 2F) were observed in the group of people consuming marijuana daily. No direct relationship was found between the amount of MNs or γH2AX FI and the amount of marijuana neither the time as marijuana users. Likewise, neither the additional sociodemographic and consumption characteristics, described in Table 1, were associated significantly with the γH2AX FI nor the CBMNcyt assay results.



No Chromosomal Aberrations Other Than Rare Constitutional Chromosome Abnormalities Were Observed in Marijuana Users

We discarded chromosome structural or numerical abnormalities in our population of study by performing peripheral blood karyotypes in all the participants (Supplementary Figure 3). Three samples were found to have an altered karyotype, one with a balanced translocation in the M+O group (Supplementary Figure 3A), and two more in the CTRL group, one with a chromosome inversion (Supplementary Figure 3B) and the second one with a chromosome translocation (Supplementary Figure 3C). Constitutional chromosome abnormalities and no association with the consumption of marijuana were determined after analyzing 100 metaphase spreads per donor. Individuals with constitutive chromosome abnormalities received genetic counseling and their samples were excluded from the analysis. Only samples with a normal karyotype were included in the analysis (shown in Table 1 for each group); a normal karyotype is shown in Supplementary Figure 3D. The 46, XY (male) karyotype represented 75.62% of the total population, whereas the 46, XX (female) karyotype represented 24.38%.




DISCUSSION AND CONCLUSIONS

The potential genotoxicity of marijuana is still a matter of debate. Previous studies have yielded contradictory results on the effects that marijuana consumption has on human health, therefore, evaluating the effects that marijuana can have on its consuming population is critical. The genotoxicity of marijuana smoke was suggested more than 40 years ago after positive results in a mutagenesis assay (9). However, studies on the effect that cannabinoids have in tumor development and growth, have shown contradictory results, both tumorigenic (33–35) and antitumor (36–40).

Epidemiologic studies have suggested that the continuous use of marijuana is potentially mutagenic (41); nonetheless, the simultaneous consumption of tobacco and/or other illicit drugs, along with marijuana, has hindered definitive conclusions. The present study aimed to evaluate the genotoxic potential of marijuana avoiding the above-mentioned confusing factors. We studied a group of marijuana mono-users (M) that was compared to a group of marijuana and tobacco users (M+T), a group of users that combined marijuana and other illicit drugs, but not tobacco (M+O), and a non-consumer control group. We performed a multidimensional approach that assessed DNA damage, explored modes of marijuana consumption, and analyzed sociodemographic components of marijuana consumption.

The formation of γH2AX is an early cellular response to DSBs induction, and elevated levels of this marker may reflect cancer-associated genomic instability (42). The significant increase of γH2AX FI that we found in PBLs from the M and M+T groups indicates a greater presence of DNA damage in these individuals in comparison to non-consumer controls. Although follow-up studies are required in these populations, continuous induction of DNA damage is a factor that increases the probability of a precancerous lesion (43, 44).

Additionally, and in order to evaluate the presence and the extent of chromosomal damage and cytostasis events in the marijuana users, we performed the CBMNcyt assay. We found a significant increase in the frequency of MN and NBUDs when marijuana is combined with tobacco, but not in the marijuana-only group. These markers are considered as events of genetic damage and may represent a reflection of misrepaired DNA breaks, dysregulation on telomere length as well as malfunctions in the mitotic machinery and DNA amplification (45).

Previous studies tested cannabidiol (CBD), one of the active ingredients of marijuana, found evidence of MNs induction in bone marrow cells of mice at low CBD concentrations (46). In contrast, low doses of THC are usually not associated with genotoxicity (20, 47–49). Interestingly and similar to our results, Souza et al., reported genetic damage in PBLs from marijuana users using a comet assay, and increased MNs in the buccal mucosa of marijuana and tobacco users but not in marijuana mono-users, in comparison to a control group (50). It is important to highlight that the consumption of tobacco per se can potentiate the amount of damage, on a dose-dependent fashion (51–53), thus our results suggest that tobacco consumption could potentiate the effects of marijuana.

On the other hand, the unexpected observation that the M+O group, those combining marijuana with other illicit drugs, did not show increased DNA damage could be related to differences in marijuana use not reported in interviews, and also implies that more studies would are needed for defining the genotoxic contribution of every substance consumed in this group.

Interestingly, the mode of consumption and administration of marijuana might be responsible for the discrepancies observed on the reported effects of marijuana (50), and evidence suggest that the protective effects of marijuana are lost when it enters the body through the respiratory tract, similar to tobacco smoke, and then its harmful effects might appear. In fact, marijuana and tobacco smoke show striking similarities in terms of their physical and chemical properties (15, 16, 54), several of them classified as carcinogenic by the IARC (13). Smoking is the preferred mode of marijuana use, and it is estimated that 0.5–1 g of the plant contains 20 mg of THC that is directly consumed as a result of plant combustion (55). Our population of study reported “Smoke” as their main mode of consumption. When we compared the γH2AX IF and number of MNs among the different combinations of modes of consumption, we observed more DNA damage when marijuana was smoked. Also, “daily” marijuana consumption was associated with increased DNA damage.

Besides the genotoxic potential of marijuana consumption, our study also explores socio-demographic variables, thus giving an extended panorama to our study. Significant associations have been described between the consumers' demographic characteristics and drug dependence. Similar to other studies, our marijuana user population is mainly constituted by male young individuals (56, 57). We found a positive correlation between marijuana consumption and having a low educational level. As previously suggested by other studies, marijuana use during adolescence can have negative long-term effects on school completion (58), however a sampling bias may affect the control group. Contrary to other studies, we did not find a correlation between marijuana consumption and predisposition to alcoholism (59). Marijuana consumption is also commonly associated with increased appetite and body weight gain, however the findings in this area have been inconsistent (60, 61), in our study we did not find such an association, although these observational studies might also be subject of confusing factors (62).

In summary, our results suggest that marijuana use induces DNA DSBs in PBL cells of cannabis users, however the chromosomal damage identified by the frequency of MN and NBUDs is increased only when marijuana is co-used with tobacco. Additionally, all populations of marijuana users showed a significantly increase of the NDI compared to the control group, suggesting that cannabis consumption dysregulates the cell cycle. In this study we recruited mono-users of marijuana, a difficult to accomplish criteria whose lack of fulfillment in previous studies has interfered with a clear definition of marijuana as a DNA damaging agent or a possible carcinogen. This is, to our knowledge, the first study assessing the cytotoxicity of marijuana, alone or in combination with other illicit drugs in the Mexican population. However, its important to mention that more population studies are needed to confirm, extend our findings, and establish a statistically stronger association between marijuana use and cancer.


Limitations

The present study should be considered in light of its limitations. First, this was a cross-sectional study, which precludes any causal inferences to be drawn from the results. Second, because all data were self-reported, data accuracy cannot be definitively determined. Third, our sample was restricted to patients attending youth integration centers (CIJ), with a small number of patients who use marijuana alone, therefore, our population of marijuana consumers is restricted to young people aged between 16 and 27 years, mostly males. Consequently, caution should be used when extrapolating our findings to women or men of different ages. Further studies will need to examine whether our findings are applicable to female and elder populations.
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