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A B S T R A C T

With legalisation of cannabis for both medicinal and recreational use expanding to more world nations, grasping 
its effects on the human body is vital. The microbiome is critical to human health and disease, and accumulating 
data suggests that it is influenced by a variety of external variables, including marijuana/cannabis and canna-
binoids. We therefore conducted a comprehensive assessment of the literature to analyse cannabis and canna-
binoid effects on the human microbiota. We searched PubMed, Embase and Cochrane Library CENTRAL 
databases for studies involving the use of marijuana, medical cannabis, cannabinoids and cannabinoid-like lipid 
mediators on microbiota, across all clinical conditions. Nine studies were identified: 2 clinical trials and 7 
observational studies examining cannabis and cannabinoid impact on oral, gastrointestinal, faecal and vaginal 
microbial abundance and diversity. Outcomes illustrated positive and negative impacts of cannabis use/canna-
binoid actions on microbiota in adults with cognitive deficiency, depression, HIV infection, inflammation/pain, 
oral disease or obesity. Changes in alpha diversity were identified with cannabis/cannabinoid use, although this 
varied depending on the clinical context. A positive association exists between serum endocannabinoids and gut 
microbiota, via elevation in SCFAs and anti-inflammatory actions, beneficial for musculoskeletal pain relief and 
to counter obesity. Marijuana use in HIV patients showed protective effects by decreasing abundance of pro- 
inflammatory Prevotella, though excessive consumption leads to reduced microbiome richness and diversity, 
and increased systemic inflammation. Overall, this review underscores the need for further exploration in un-
derstanding the complex effects of cannabis, cannabinoids and cannabinoid-like mediators on composition and 
metabolic activity of the human microbiota.
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1. Introduction

Cannabis, derived from the plant Cannabis sativa L. (Linnaeus), with 
subspecies sativa, indica and ruderalis [1], has a long history of use both 
for recreational and therapeutic purposes [2,3]. It is a complex mixture 
of over 120 natural phytocannabinoids, with the two major forms being 
lipophilic cannabidiol (CBD) and delta-9-tetrahydrocannabinol (THC) 
[2]. The chemical structure of CBD, which in its pure form has no psy-
choactive activity, was first determined in 1963, and the structure of the 
main psychoactive component THC was identified in 1964 [4]. 
Following alcohol and tobacco, cannabis or marijuana (containing 
substantial amounts of THC) ranks as the third most commonly used 
psychoactive substance worldwide, and can be consumed in a variety of 
ways, such as smoking, inhalation, ingestion and as cannabis extracts, 
infusions or topicals [5].

In 2020, the global cannabis user population was over 4 % [6]. 
Intriguingly, data coming from the general population in Washington 
state (USA) revealed that the prevalence of no cannabis use for the past 
year in adults aged 50–64 years declined significantly (84.2 % in 2014, 
to 75.1 % in 2016 for women; 76.8 % in 2014, to 62.4 % in 2016 for 
men) along with a strong relation to the oral administration and vaping, 
suggesting this particular state legalisation for use of cannabis in adults 
has perhaps encouraged former non-users to start using cannabis [7]. 
According to a 2022 national survey report update in the United States, 
24.9 % of people aged > 12 years (70.3 million) used illicit drugs in the 
previous year, with the highest proportion using marijuana (22 %) [8]. 
With recent changes in societal attitudes, and an expansion of countries 
where cannabis and its constituent phytocannabinoids have been 
legalised for recreational use and/or marketed for medicinal use, more 
research studies are being undertaken to evaluate the potential thera-
peutic benefits and any adverse outcomes of such products.

The effects of cannabis are mediated via the endocannabinoid system 
(ECS), comprising endogenous cannabinoids (endocannabinoids), 
cannabinoid receptors, and the enzymes responsible for the synthesis 
and degradation of endocannabinoids [9]. Endocannabinoids are natu-
rally occurring lipid-based neurotransmitters made by the human body, 
such as anandamide (AEA) and 2-arachidonoylglycerol (2-AG). The 
most abundant cannabinoid receptors are G protein-coupled receptors 
CB1 and CB2, however transient receptor potential (TRP) channels (such 
as TRPV1), and peroxisome proliferator-activated receptors (PPARα and 
PPARγ) are also engaged by some cannabinoids [9]. Key enzymes 
involved in the metabolism of endocannabinoids include fatty acid 
amide hydrolase (FAAH) that breaks down AEA into arachidonic acid 
and ethanolamine, and monoacylglycerol lipase (MAGL) that breaks 
down 2-AG into AEA and glycerol [9]. Although the ECS has been linked 
to immune, metabolic and nervous system homeostasis, and likely plays 
a regulatory role via the gut-brain axis, the precise physiological pro-
cesses are still being studied [10–13]. Nonetheless, numerous active 
studies on phytocannabinoids are providing key evidence to support 
their potential efficacy in treating cardiovascular disease, cancer and 
inflammation [14–16].

In addition, cannabis has been used for millennia to treat many ail-
ments [17], including attenuation of gastrointestinal tract inflamma-
tion, as well as providing relief of functional problems, such as cramps 
and stomach pain, nausea, vomiting and diarrhoea [18,19]. The most 
frequent physical health reasons for use of medical cannabis are to 
alleviate and manage pain (53 %), treat sleep disorders (46 %), relieve 
headaches/migraines (35 %), control of appetite (22 %) and to reduce 
nausea/vomiting (21 %); whilst the most prevalent mental health rea-
sons to use cannabis are to combat anxiety (52 %), depression (40 %) 
and for post-traumatic stress disorder (PTSD) and other traumatic events 
(17 %) [20]. Despite the potential for benefit, adverse effects have been 
reported in medical and recreational cannabis users compared to those 
not using cannabis [21]. The serious adverse events identified include 
neural and psychiatric disorders, disorders of the cerebrovascular, 
gastrointestinal, renal, urinary, respiratory, thoracic and mediastinal 

systems, as well as increased risk of other conditions, such as neoplasia 
[21].

It is well established that the gastrointestinal system and the brain 
are closely linked. The diverse population of microorganisms within the 
gastrointestinal tract engage in a mutually beneficial relationship with 
the host, impacting on neurological networks through the gut-brain axis 
and the bilateral communication between the central and enteric ner-
vous systems, as well as regulating endocrine and immunological pro-
cesses [22,23]. The genus Bifidobacterium, known to improve gut 
mucosal barrier integrity and function, also has an antidepressant effect 
that is partially mediated via gut enteroendocrine cell mediators and 
microbiota modulation [24]. According to a comprehensive analysis of 
the gut microbiota in anxiety disorders, several taxa and their modes of 
action may be connected to the pathophysiology of depression and 
anxiety, by communicating with the brain through peripheral inflam-
mation [25]. Akkermansia muciniphila, a resident symbiotic bacterium of 
the intestinal mucus layer which utilises mucins as an energy source 
[26], has known beneficial effects, including metabolic modulation, 
immune regulation, enhancement of gut barrier protection and influ-
encing neuropsychic brain function via the gut-brain axis [27].

The endocannabinoidome (eCBome), which encompasses a more 
extensive network of lipid signaling molecules and receptors related to 
endocannabinoid function, plays a significant role not only within the 
central nervous system, but also in communication with enteric neurons 
regulating gut motility, and in the modulation of the gut enter-
oendocrine system [28,29]. This occurs primarily through CB1 receptors 
and TRPV1 channels localised to enteric nerves of the myenteric plexus 
and in afferent fibres of the vagus nerve, and via PPARα and GPR119 
receptors on enteroendocrine cells of the intestinal epithelium [29,30]. 
These receptors influence the release of gastrointestinal neuropeptides, 
the activity of myenteric neurons, and the function of the autonomic 
nervous system (both vagal and sympathetic components), all of which 
may modify the ECS [30]. Key commensals of the gut microbiota are 
now known to synthesise endocannabinoid-like molecules structurally 
similar to those component molecules of the eCBome, such as N-acylated 
ethanolamines, glycines and amine neurotransmitters. These 
microbiota-generated lipid moieties interact with GPCRs that regulate 
gastrointestinal physiology, impact on metabolic hormones and glucose 
regulation in a manner like that seen by human ligands [31]. Changes in 
the level and/or composition of the gut microbiota, as observed in 
germ-free or antibiotic-treated mice, can significantly impact the 
expression of eCBome receptors and key cannabinoid metabolic en-
zymes, influencing the levels of eCBome mediators in the gut and brain, 
through as yet unknown pathways [32,33]. Gut microbiota dysbiosis in 
mice, driven by broad-spectrum antibiotics, notably lower intestinal 
levels of N-oleoyl- and N-arachidonoyl-serotonins that impact on the 
gut-brain axis, leading to increased intestinal inflammation and 
depression disorder-like symptoms [34].

In a murine model of Staphylococcal enterotoxin-B-induced acute 
respiratory distress syndrome (ARDS), administration of the phyto-
cannabinoid THC was seen to attenuate lung inflammation in this fatal 
condition, altering the gut microbiota, with beneficial bacterium 
Ruminococcus gnavus identified as being more prevalent in both lung and 
intestinal tissue of THC treated mice, with a concomitant enrichment of 
short-chain fatty acids (SCFAs), particularly anti-inflammatory propi-
onic acid [35]. Another key study found that combined treatment with 
THC and CBD markedly reduced the clinical signs and high observed 
levels of lipopolysaccharide within the brain of mice with experimental 
autoimmune encephalomyelitis [36]. Combined THC/CBD treatment 
increases anti-inflammatory cytokines and drives decline in 
pro-inflammatory cytokines, as well as reduction in abundance of 
mucin-degrading A. muciniphila [36]. Collectively, these findings indi-
cate that phytocannabinoids significantly impact on the gut 
microbiome.

Overall, the current body of literature lacks a comprehensive and 
systematic synthesis of research on the intricate relationship between 
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cannabis/cannabinoids and the microbiome across diverse clinical 
conditions. Existing studies have explored aspects of this interaction, but 
there is a notable absence of a unified and rigorous analysis that in-
tegrates findings from different clinical scenarios. To promote more in- 
depth research, this review will be the first to assess the microbiome of 
multiple observational studies and interventional clinical trials of 
cannabis/marijuana and cannabinoid use in humans with a variety of 
disorders.

2. Methods

2.1. Protocol and registration

The systematic review was registered on PROSPERO (www.crd.york. 
ac.uk/prospero); ID 2022 CRD42022354331.

2.2. Literature search, study selection and data extraction

The systematic review was conducted in compliance with the 
PRISMA declaration standards [37]; see Supplementary materials - 
Supplementary Information File S1. Studies published up until 9 
December 2023 were identified from the databases of PubMed (htt 
ps://pubmed.ncbi.nlm.nih.gov/), Embase (www.embase.com), and 
CENTRAL (www.cochranelibrary.com/central). The search was limited 
to studies that addressed cannabis/cannabinoid microbiota associations, 
as well as marijuana use and how it impacts on the human microbiome. 
The full search term strategy is detailed in Supplementary materials – 
Supplementary Information File S2.

Interventions examining the effects of cannabis/marijuana use, ac-
tions and associations of phytocannabinoids, endocannabinoids and 
endocannabinoid-like molecules on microbiota/microbiome, with or 
without active or placebo controls in humans, are all reflected in the 
inclusion criteria. Studies not written in English, animal studies, in vitro 
research, procedures/protocols, reviews, opinions, editorial letters, 
commentaries and study guidelines were all excluded. Sourced publi-
cations identified from the databases were imported into the Covidence 
platform (www.covidence.org/) for systematic screening. Data extrac-
tion was performed independently by two reviewers (MT and SR) to 
determine whether the identified papers met the eligibility requirements 
for inclusion within the systematic review. This was based on an initial 
review of the abstract and then by full-text screening. Any discrepancies 
in selection for inclusion were settled through discussion and consensus 
agreement.

Data extraction from selected articles was carried out as follows: 
Initial research attributes were identified, including author details, year 
of publication, type of study, the nation where the study was under-
taken, the sample size and the participant age range. Following this, data 
extraction progressed with a thorough examination of pertinent text, 
tables and figures. We then identified baseline study characteristics, 
detailed participant information and clinical conditions reported for 
both patients and control subjects. This was followed by identification of 
subgroup evidence, such as microbial profile and diversity, classified by 
specific diagnostic health problems, and screening for any reported 
adverse reactions associated with cannabis/marijuana consumption and 
cannabinoid intervention.

2.3. Analysis for risk of bias

The independent team (MT and SR) also assessed the risk of bias 
(ROB) in the retrieved randomised clinical intervention study [38] using 
the Cochrane Risk of Bias tool 2.0 (ROB2; https://methods.cochrane.or 
g/risk-bias-2). For the retrieved non-randomised clinical trial [39], we 
utilised the ROB In Non-randomised Studies - of Interventions tool 
(ROBINS-I; www.bristol.ac.uk/population-health-sciences/centres/cres 
yda/barr/riskofbias/robins-i/), and for all other cohort studies 
[40–46], we employed the Newcastle-Ottawa Quality Assessment Scale 

(NOS; www.ohri.ca/programs/clinical_epidemiology/oxford.asp).

2.4. Statistics

Demographic and clinical characteristics of participants from all 
included studies were reviewed, and the prevalence of the characteris-
tics, distinguishing between patients and controls, were described by 
total number and percentages. The overall mean age of participants 
within all studies was calculated, generating combined means and 
standard deviations (SD) using the R Studio software (version 
2023.09.1).

3. Results

3.1. Study selection

In the initial literature search, 5000 articles were identified across all 
databases, and 1533 duplicates were removed. After reviewing the titles 
and abstracts of the remaining 3467 papers, 3428 were removed based 
on preset criteria, leaving 39 for full-text screening. Of these, 29 publi-
cations were disregarded; 1 editorial, 1 letter to the journal editor, 6 
protocol papers, 15 non-peer-reviewed articles and 7 non-eligible 
studies (i.e. with no microbiota assessment in terms of cannabis/mari-
juana use or cannabinoid intervention). Finally, the systematic review 
included 9 studies that met the eligibility criteria (shown in Fig. 1).

3.2. Study characteristics

The 9 eligible studies identified, published between 2018 and 2023, 
were conducted across four different countries: Iran, Israel, the United 
Kingdom (UK) and the United States of America (USA). The studies 
identified included 7 cohort studies [40–46], and 2 clinical trials, one 
randomised [38] and the other non-randomised [39]. In total, 2473 
participants were involved across all 9 studies included in the systematic 
review; see Table 1.

3.3. Subject characteristics

The demographic and clinical characteristics of participants across 
all included studies, distinguishing between patients and controls are 
outlined in Table 2. Of note, the patient group, constituting 42 % of the 
total number of participants, exhibited a broader age range and a higher 
mean age (56.5 years) compared to a skewed control group, with a mean 
age of only 28.4 years. This skew was primarily due to the large control 
group in the study of Vallejo et al., with a mean age of 27 years [44]. 
Furthermore, a gender imbalance was observed, with a higher per-
centage of females within both the patient and control groups, largely 
influenced by the studies of Vallejo et al. [44] and Minichino et al. [41], 
both conducted predominantly with female participants. Most patients 
were from the UK (79 %), whereas controls predominantly originated 
from the USA (95.2 %), reflecting the geographical focus of the same 
two respective studies [41,44]. Clinically, patients presented with 
diverse conditions, with cognitive deficits/impairment being notably 
prevalent (74.5 %), primarily due to the substantial sample size of the 
UK study conducted by Minichino et al. [41]. Despite biases stemming 
from specific studies, it is important to note that the current review 
focused solely on qualitative analysis, therefore not impacting the in-
dividual study outcomes.

3.4. Risk of Bias assessment

Among the 7 identified observational studies [40–46], the study by 
Minichino et al. [41] displayed a high risk of bias due to the absence of a 
description of the non-exposed cohort, the inability to blind the outcome 
assessors, and a lack of follow-up information (shown in Fig. 2A). 
Similarly, the cohort studies by Newman et al. [42] and Vallejo et al. 
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[44] also exhibited biases due to challenges in outcome assessment 
blinding and the absence of a follow-up timeline description. Further-
more, within the reported results of the randomised control trial con-
ducted by Payahoo et al. [38], there was evidence of selection bias, as 
they did not include the specified lipid profile analysis mentioned within 
their protocol (shown in Fig. 2B). In comparison, the non-randomised 
control trial by Habib et al. [39] demonstrated a well-performed risk 
assessment (shown in Fig. 2C).

3.5. Microbiota alteration by marijuana use, cannabis 
phytocannabinoids, endocannabinoids and endocannabinoid-like 
molecules

The 9 identified studies were each reviewed and evaluated for any 
microbiota changes in response to marijuana use or following inter-
vention with medical cannabis or endocannabinoid-like lipid mediator 
supplements (such as N-palmitoylethanolamine (PEA), and N-oleoyle-
thanolamine (OEA)), as well as data obtained from a six-week exercise 
intervention study examining associations of endocannabinoids and 

Fig. 1. Flow diagram for identifying studies in the systematic review.

Table 1 
Baseline characteristics within the identified studies.

# Primary author Publication year Study period Study type Country Sample size Age range Reference

1 Payahoo 2019 2016–2018 Randomised double-blind clinical trial Iran 56 18–59 [38]
2 Habib 2021 2019–2020 Non-randomised clinical trial Israel 16 27–78 [39]
3 Panee 2018 - Cohort study USA 39 21–36 [43]
4 Fulcher 2018 2014–2016 Cohort study USA 37 28–39 [40]
5 Newman 2019 - Cohort study USA 39 18–58 [42]
6 Vijay 2021 2018–2020 Cohort study UK 78 > 45 [45]
7 Minichino 2021 - Cohort study UK 786 18–101 [41]
8 Vallejo 2021 2019 Cohort study USA 1380 20–34 [44]
9 Morgan 2023 - Cohort study USA 42 16–20 [46]
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related N-acylethanolamine mediators with microbiome composition. 
Data collected spanned patients with a range of clinical conditions, as 
summarised in Fig. 3. A qualitative synthesis of the microbial diversity 
and related parameters was conducted and is presented in Table 3.

In the study by Fulcher and colleagues [40], which focused on drug 
use of HIV-positive men who have sex with men, analysis of the rectal 
microbiome of study participants showed that those individuals using 
marijuana had a lower abundance of Prevotella, as well as lower abun-
dance of other genera such as Acidaminococcus, Dialister, Anaerostipes 
and Dorea. Additionally, there was a positive correlation between 
marijuana use and elevated levels of Fusobacterium, Ruminococcus, 
Clostridium cluster IV, Solobacterium and Anaerotruncus; see Fig. 3. The 
prevalence of Trichomonas infection in rectal samples decreased from 
14 % to 5 % over a half-year (p = 0.08), while gonorrhea and syphilis 
infections increased from 8 % to 11 % (p = 0.66) and 0–5 % (p = 0.16), 
respectively [40]. Additionally, marijuana users among HIV patients 
were identified by Vallejo et al. to engage in higher-risk sexual behav-
iour, which can result in bacterial vaginosis characterised by an over-
growth of facultative anaerobic organisms, such as Gardnerella vaginalis, 
Prevotella, Bacteroides and Peptostreptococcus, and absence of Lactobacilli 
[44].

The study conducted by Vijay et al. [45] revealed a positive associ-
ation between serum levels of endocannabinoid AEA and OEA, and 
abundance of gut microbiota that significantly produce SCFAs during 
fermentation of dietary fibre, such as Bifidobacteria and key Firmicutes 
(Bacillota), such as Faecalibacterium and Coprococcus.

In the clinical prospective study evaluating saliva samples of in-
dividuals before and after using medical cannabis to alleviate contin-
uous musculoskeletal pain, changes in oral microbiota were observed 
following cannabis use [39]. Specifically, there was observed elevation 
in the abundance of Streptococcus mutans and Lactobacillus spp., despite 
S. mutans being less abundant after the initial week of cannabis use [39].

Neurological disease and mitochondrial dysfunction are closely 
linked to gut dysbiosis [47,48] and it has recently been shown that THC 
acts through activation of CB1 receptors to decrease mitochondrial 
respiration and energy production [49]. The study by Panee et al. also 
examined marijuana use and its impact on cognitive functioning, pe-
ripheral blood mononuclear cell mitochondrial function, and faecal 
microbiota changes [43]. The results revealed that chronic marijuana 
users in the patients with cognitive impairment had a lower faecal 
Prevotella:Bacteroides ratio compared to marijuana non-users [43]. Pre-
votella abundance correlated positively with mitochondrial function and 
cognitive scores, particularly in the marijuana users [43]. These findings 
suggest that lifetime marijuana use is associated with alterations in gut 
microbiota and mitochondrial function, potentially contributing to 

cognitive deficits.
The randomised clinical trial conducted by Payahoo and colleagues, 

highlighted that supplementation with the endocannabinoid-like mole-
cule OEA significantly decreased the energy, fat, protein and carbohy-
drate intake of obese participants [38]. Moreover, A. muciniphila 
abundance increased considerably compared to the placebo group [38], 
suggesting that OEA could be used as an anti-obesity supplement.

3.6. Adverse events

No studies reported any negative consequences associated with 
marijuana/cannabis use and intervention with cannabinoids.

4. Discussion

This systematic review encompassed studies of patients with oral 
disease, obesity, inflammation/pain, cognitive deficits/amotivation and 
HIV infection, employing either marijuana (through smoking or use of 
oral capsules), medical cannabis (containing CBD and THC), or endo-
cannabinoids and endocannabinoid-like lipid mediator intervention. 
Given the diverse methodological approaches utilised across the iden-
tified studies, including 16S rDNA sequencing, qRT-PCR, pathogen DNA 
probes and microbial culture, there may be inherent heterogeneity in the 
data, complicating the integration and comparison of results. In addition 
to changes in microbial composition, health benefits may arise from the 
production of key bacterial metabolites and their interactions with 
metabolic pathways and immune system of the host [50]. Therefore, a 
comprehensive systematic review exploring the interaction between 
cannabis/cannabinoids and the microbiome, not limited to bacterial 
metabolites, is essential for a nuanced understanding of potential health 
implications stemming from this intricate relationship.

4.1. Microbiota alterations in HIV patients using marijuana

Evidence has revealed that intestinal dysbiosis, marked by a decrease 
in the genus Bacteroides and an increase in Prevotella, is linked to HIV 
infection [51,52]. According to recent research, an elevated abundance 
of Prevotella in HIV may be a contributing factor to the ongoing 
inflammation within the gut, and a cause of mucosal dysfunction and 
systemic inflammation [53,54]. The identified study by Fulcher et. al. 
[40] profiled the rectal mucosal microbiome of HIV-positive men who 
have sex with men using drugs, revealing decreased abundance of Pre-
votella with marijuana use. Thus, there is clinical potential for medical 
cannabis to be used to modulate inflammation and promote gut health of 
these patients.

Chronic THC exposure though may result in CB1 receptor down-
regulation, which lessens the capacity of the ECS to control neuro-
transmitter release [55]. A study carried out among young sexual and 
gender minorities highlighted a significant negative relationship with 
Shannon diversity and microbial community richness with long-term, 
high-dose cannabis use [46], suggesting that chronic cannabis con-
sumption adversely affects the gut microbiota, resulting in decreased 
bacterial diversity. In individuals with HIV, decreased bacterial richness 
and intestinal dysbiosis, and increased systemic inflammation driven by 
enhanced microbial translocation from the gut to the circulation, have 
all been reported [56,57]. The additional impact of chronic, high-dose 
cannabis consumption could exacerbate these alterations, potentially 
worsening gut-related symptoms and systemic inflammation.

Furthermore, it was found that 28.4 % of marijuana users had a 
history of asthma, contrasting with 18.3 % of non-users [40]. Despite 
the bronchodilator effect of cannabis, which suggests potential benefits 
for asthma patients, there are acknowledged detrimental effects on the 
lungs [58]. This dual impact prompts careful consideration in the use of 
cannabis, whether medicinal or recreational, especially given reported 
improvements in asthma symptoms.

The study by Vallejo et al. demonstrated a significant association 

Table 2 
Baseline characteristics of the included clinical studies.

Characteristics Patients Controls

Participants, n (%) 1043 (42) 1430 (58)
Age range (years) 16–101 16–87
Age, mean (SD) 56.5 (14.6) 28.4 (11.3)
Gender, n (%)  
Male 162 (15.5) 69 (4.8)
Female 881 (84.5) 1361 (95.2)
Region, n (%)  
USA 176 (16.9) 1361 (95.2)
Iran 27 (2.6) 29 (2.0)
Israel 16 (1.5) 0 (0)
UK 824 (79) 40 (2.8)
Clinical consideration, n (%)a  
HIV infection 137 (12.7) -
Pain/ Inflammation 54 (5.0) -
Obesity 64 (5.9) -
Cognitive deficits/ Amotivation 805 (74.5) -
Oral disease 20 (1.9) -

a Prevalence (as a %) of included patients for each clinical condition, across all 
studies.
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between marijuana use and recurrent bacterial vaginosis, an overgrowth 
of facultative anaerobic organisms, and absence of Lactobacilli [44]. 
Typically, HIV patients have lower level of Lactobacillus and other 
beneficial gut microbes, alongside increased occurrence of potentially 
opportunistic infections [52]. This suggests that marijuana use in those 
with HIV may disrupt the vaginal microbiota, increasing the risk of 
bacterial vaginosis. It is worth noting that marijuana has recognised 
anti-oestrogenic activity [59] and as a consequence may result in lower 

levels of oestrogen that would normally encourage growth of beneficial 
Lactobacillus spp., thus having a detrimental impact on vaginal micro-
biome homeostasis [60]. In addition, a study of economically disad-
vantaged African-American female teenagers who used marijuana and 
reported high risk sexual behaviour within the previous 6 months, has 
identified that these individuals were over six times more likely to test 
positive for Trichomonas vaginalis, indicating a potential association of 
cannabis use with increased risk of sexually transmitted infections in this 

Fig. 2. Assessment of risk of bias (ROB), using (A) NOS for cohort and case-control studies; (B) RoB2 for randomised controlled trials; and (C) ROBINS-I for non- 
randomised studies of interventions. Abbreviations: NOS, Newcastle-Ottawa Scale; RoB 2, Cochrane Risk-of-Bias tool for randomised trials (version 2); ROBINS-I, 
Risk Of Bias In Non-randomised Studies of Interventions.
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socio-demographic group [61].

4.2. Impact of marijuana and cannabinoids on microbiota in the context 
of inflammation and pain

The group of Vijay et al. [45] found a positive association between 
serum endocannabinoids and gut microbiota, along with a significant 
increase observed in levels of SCFAs, particularly butyrate. Butyrate, 
propionate and acetate, generated predominantly by bacterial species 
within the phyla Firmicutes (Bacillota) and Bacteroidetes (Bacteroidota) 
[62], are the primary mediators influencing gut microbiome and host 
epithelial and immunological homeostasis [63]. Several other studies 
have also highlighted the ability of cannabinoids, such as AEA and THC, 
to raise levels of anti-microbial peptides (AMPs) and elevate SCFAs, that 
can reduce the release of inflammatory cytokines in mouse models of 
inflammation [64,65].

GPR109A is a receptor for butyrate in the colon, where signaling 
promotes anti-inflammatory properties in colonic macrophages and 
dendritic cells, enabling them to induce differentiation of Treg cells and 
IL-10-producing T cells [66]. Activation of GPR109A by butyrate, pre-
vents the activation of pro-inflammatory/oncogenic nuclear factor 
kappa B and induces apoptosis in colon cancer cells, suppressing 
inflammation and carcinogenesis in the murine colon [66,67]. Through 
the inhibition of histone deacetylases (HDAC), gut microbiota-derived 
butyrate also promotes epithelium homeostasis and modulates 
mucosal immune responses, markedly suppressing production of 
pro-inflammatory cytokines, such as IL-6 and IL-12, induced by bacterial 
lipopolysaccharide [68]. This suggests that cannabinoids impact on the 

gut microbiota and immune responses through the modulation of 
endocannabinoids and SCFAs. Moreover, abundance of 
pro-inflammatory genus Collinsella [69] was observed to be lower where 
higher levels of endocannabinoids were detected. Elevated circulating 
levels of AEA correlated with higher serum levels of butyrate, which in 
turn significantly correlated with lower circulating levels of 
pro-inflammatory cytokines TNF-α and IL-6. Additionally, AEA and OEA 
were associated with a higher α-diversity in the gut microbiome. 
Endocannabinoids AEA and 2-AG are known to modulate inflammatory 
cells via activation of cannabinoid CB1 and CB2 receptors [70]. 
Endocannabinoid-like PEA is also known to have cytoprotective and 
anti-inflammatory activity, and is an agonist of cannabinoid receptors, 
whilst OEA, also anti-inflammatory, does not appear to act via canna-
binoid receptors [71]. Overall, data confirms the involvement of the ECS 
in anti-inflammatory actions, including mediation of levels of 
anti-inflammatory SCFAs, highlighting the potential of additional 
mediator pathways in the regulation of the immune system by the gut 
microbiota.

Musculoskeletal pain, a prevalent cause of chronic non-cancer pain, 
has led patients to perceive cannabis as being beneficial for pain relief, 
with minor adverse effects and an improvement in psychological well- 
being [72]. Cannabis use is also known to have a positive impact to 
prevent inflammatory bowel disease (IBD) flares and abdominal pain 
[73]. Both visceral and musculoskeletal pain are modulated by the gut 
microbiota [74,75], but whether cannabinoid signaling elements impact 
on pain through alteration and modulation of the gut microbiome is less 
clear. In an experimental rodent model, oral administration of probiotic 
Lactobacilli has been shown to reduce visceral sensitivity 

Fig. 3. Positive and negative associations of microbiome profiles in varied clinical conditions, examining the impact of different forms of cannabis use. Abbrevi-
ations: ↑, increased abundance; ↓, decreased abundance; THC: tetrahydrocannabinol.
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Table 3 
Qualitative analysis of the impact and associations of cannabis, cannabinoids and cannabinoid-like lipid mediators on microbiota.

Author 
(year)

Clinical 
background

Study 
participant 
gender

Cannabis/ 
Cannabinoid

Sample analysis Microbial profile and diversity Effect of cannabis use and key 
findings

Ref.

Fulcher 
et al. (2018)

HIV− 1 
infection

37 males Marijuana Rectal swab 16S rRNA 
sequencing

Positive association: Clostridium_IV, 
Solobacterium, Anaerotruncus, 
Fusobacterium, Ruminococcus. 
Negative association: 
Acidaminococcus, Prevotella, 
Dialister, Anaerostipes, Dorea 
Marijuana use was the critical 
driver of rectal microbiome 
variation [R2= 0.01, p = 0.14].

Microbiome within individuals 
was relatively stable over 6 
months intervals between visits. 
During the 6-month period, the 
CD4 + T-cell count increased 
significantly, from 427 cells/µL to 
532 cells/µL.

[40]

Vallejo et al. 
(2021)

HIV patients 
with vaginal 
discharge

1380 females Marijuana Affirm Vaginal 
Pathogens DNA Direct 
Probe using vaginal 
discharge

- Marijuana use in reproductive- 
aged women (15–45 years old) 
increases the odds (aOR=2.05, 
95 % CI 1.19 – 3.44) of 
developing recurrent bacterial 
vaginosis (BV). 
Marijuana users engage in higher 
risk sexual practices leading to 
BV, and history of asthma to 
recurrent BV. 
Marijuana and its active 
metabolite THC exert immediate 
and modest bronchodilator 
effects but subsequently can 
trigger bronchitis-like symptoms 
as a delayed effect.

[44]

Morgan 
et al. (2023)

HIV− 1 
infection

42 males Marijuana Rectal swab 16S rRNA 
sequencing

Problematic marijuana use (CUDIT 
score ≥ 8, indicating hazardous 
levels) was inversely associated 
with rectal microbial community 
richness (adj. β = − 8.13, 95 % CI: 
15.68 to − 0.59) and Shannon 
diversity (adj. β = − 0.04, 95 % CI: 
− 0.07–0.009).

The CUDIT questionnaires 
revealed no significant 
association between the score 
and community evenness, nor 
was there any substantial 
moderating by HIV status.

[46]

Vijay et al. 
(2021)

Knee arthritis 18 males 
60 females

2-AG, AEA, 
OEA and PEA

Faecal 16S rDNA 
sequencing

The exercise intervention 
highlighted that eCBs were 
positively associated with Shannon 
diversity, increases in 
Bifidobaterium, Coprococcus 3 and 
Faecalibacterium).

A positive correlation of eCBs 
showed an increase in beneficial 
SCFAs, increase in anti- 
inflammatory IL− 10, and 
decreased pro-inflammatory 
cytokines.

[45]

Habib et al. 
(2021)

Musculo- 
skeletal pain

2 males and 
14 females

Medical 
cannabis 
(THC/CBD)

Microbiological 
culture of saliva

Medical cannabis use was 
associated with increased salivary 
levels of oral Streptococcus mutans 
and Lactobacillus species.

Medical cannabis use has no 
effect on saliva volume or pH 
level.

[39]

Minichino 
et al. (2021)

Anhedonia/ 
amotivation

52 males 
734 females

PEA Faecal 16S rDNA 
sequencing

Relative abundance of two taxa 
(Blautia and Dorea) was 
significantly associated with both 
faecal PEA and anhedonia/ 
amotivation. 
Microbial α-diversity was 
associated with faecal PEA (β =
− 0.31; p < 0.001) and severity of 
anhedonia/ amotivation (β =
− 0.10; p = 0.02).

Faecal PEA associates with 
anhedonia/ amotivation (β =
0.13; p < 0.01).

[41]

Panee et al. 
(2018)

Cognitive 
deficit

25 males 
14 females

Marijuana 
(THC positive)

Faecal 16S rDNA 
sequencing

The ratio of Prevotella:Bacteroides 
was significantly lower in 
marijuana users compared to non- 
users (p = 0.34).

Lower Prevotella associated with 
lower mitochondrial function in 
the marijuana users. 
Marijuana use and associated 
dietary change contributes to 
microbiome alteration. Lower 
dietary intake of antioxidants 
alters mitochondrial antioxidant 
protection and gut SCFA.

[43]

Newman 
et al. (2019)

Oral cancer/ 
disease

33 males 
6 females

Marijuana 
smoke

Lateral border of the 
tongue and oro- 
pharynx swab 16S 
rDNA sequencing

Tongue Site: Genera 
(Capnocytophaga, Fusobacterium, 
Porphyromonas) enriched in HNSCC 
mucosa were low in marijuana 
users. Rothia, found at reduced 
levels in HNSCC, was high now. 
Oral Pharynx Site: Distinct 
bacterial differences observed. 
High Selenomonas and low 

Daily or almost daily inhalation 
of marijuana in the past month 
correlates with differentially 
abundant taxa of oral 
microbiome in samples taken 
from the lateral border of the 
tongue and from the oral 
pharynx. 
No evidence found for marijuana 
product-contaminating bacteria 

[42]

(continued on next page)
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mechanistically through the activation of CB2 cannabinoid receptors on 
the gastrointestinal epithelium [73]. Overall, these findings underscore 
the intricate relationship between cannabis use, the ECS, alterations in 
gut microbial community structure and their complex interplay with 
pain perception. This area warrants significant further investigation.

4.3. Oro-pharyngeal microbiota after use of marijuana

Frequent and long-term marijuana use is associated with an 
increased risk of head and neck squamous cell carcinoma (HNSCC), 
exacerbated by smoking of tobacco [76]. Oral microbial dysbiosis is 
observed in HNSCC patients, with increased abundance seen in Fuso-
bacterium, Peptostreptococcus, Alloprevotella, Capnocytophaga, Catonella 
and Prevotella genera, and significant depletion in abundance of Strep-
tococcus, Actinomyces, Veillonella, and Rothia [77,78]. The study identi-
fied by Newman and colleagues [42], examining the oral microbiota of 
marijuana users and nonusers, sampled at two key mucosal sites relevant 
to head and neck cancer (the lateral tongue and oro-pharynx), identified 
marijuana-specific mucosal differences in genera. This included lower 
abundance of Capnocytophaga, Fusobacterium and Porphyromonas on the 
lateral tongue of marijuana users, whereas Rothia was found in greater 
abundance at this site - an organism identified as being in low abun-
dance on HNSCC mucosae [42]. At the oropharyngeal site, differences 
observed in mucosa-associated bacterial genera with marijuana use 
were also distinct, with higher levels of Selenomonas and lower levels of 
Streptococcus seen - microbiota community/biofilm changes that were 
more consistent with that observed in malignant mucosae [42]. These 
findings indicate that daily/almost daily marijuana inhalation can 
significantly alter the oral microbiota, potentially impacting the mi-
crobial environment in ways that could influence HNSCC development 
[42]. This work highlights unique interactions between marijuana use 
and oral microbial communities, potentially mediated by direct effects 
of marijuana smoke on oral mucosal tissue, but also impacted by other 
factors such as alterations in oral hygiene practices, and/or changes in 
host immune response. Further research is clearly needed to elucidate 
the mechanisms by which marijuana use influences oral microbiota and 
to understand how these microbial changes might contribute to the 
pathogenesis of cancer at this site.

Moreover, a clinical study examining the impact of medical cannabis 
consumption on the oral microbiota cultured from the saliva identified 
increased levels of S. mutans and Lactobacillus spp. in those individuals 
using cannabis [39]. Of note, high oral abundance of S. mutans and 
Lactobacilli is associated with tooth decay/dental caries in adults [79]. 
Cannabis use has consistently been linked to an increased risk and 
severity of periodontal disease, with long-term use associated with poor 
periodontal health in young adults, and a higher prevalence of severe 
periodontitis in younger age groups [80]. These findings emphasise the 
importance of addressing cannabis use in oral health interventions. To 
fully understand the possible oral health effects of medical cannabis 
usage, additional study and interventions are clearly needed, including 
those that capture oral health behaviour and hygiene changes.

4.4. Gut microbiota alterations, poor cognition and chronic marijuana use

Marijuana use has been linked to cognitive impairment [81,82]. The 
recent study by Panee et al. [43] examined for associations between 
microbiota, peripheral blood mononuclear cell (PBMC) mitochondrial 
function and cognition in chronic users of marijuana. The study iden-
tified changes of Prevotella and Bacteriodes in terms of cognitive func-
tioning, revealing that extensive lifetime levels of marijuana use was 
associated with a lower Prevotella:Bacteriodes ratio, while non-users had 
a ~13-fold higher ratio within their faecal bacteriome [43]. In addition, 
changes observed in the gut microbiota among marijuana users was 
associated with alterations in PBMC mitochondrial function [43]. Gut 
dysbiosis, and the consequential alteration of SCFA levels, impact to 
impair mitochondrial function and this is linked to neurological prob-
lems [83]. Prevotella and Bacteroides are two dominant, antagonistic 
genera, with abundance of the former associated with individuals 
consuming a diet rich in fruit and vegetable fibre, and the latter with 
intake of animal protein/fat-rich diets [84,85]. Higher antioxidant 
content found in plant-based foods may also contribute to increased 
mitochondrial adenosine tri-phosphate (ATP) production and basal 
respiration, providing defense against oxidative stress and potentially 
enhancing mitochondrial function [86]. In contrast, the lower levels of 
antioxidants in animal protein/fat-rich diets associated with Bacteroides, 
may explain the inverse correlations observed between Bacteroides 
abundance and mitochondrial activity. Overall, the data available im-
plies that use of marijuana can result in changes in gut microbiota that 
impacts on systemic mitochrondrial function, with the potential to drive 
cognitive impairment.

4.5. Effect of cannabinoids in obesity in terms of microbiome

Obesity, the excessive buildup of fat or adipose tissue in the body, is 
characterised by chronic low-level systemic inflammation, intestinal 
microbiota dysbiosis and gut epithelial barrier disruption [87]. Use of 
cannabis/marijuana, and its derivative phytocannabinoids THC and 
CBD, is gaining popularity for the treatment of obesity and its significant 
co-morbidities [88]. Cannabis use is associated with improved meta-
bolic parameters, such as better insulin sensitivity and lower fasting 
insulin levels, which would benefit obese patients [89,90]. Studies have 
also implicated that there may be dysregulation of the ECS in 
diet-induced obesity and metabolic disorders [13]. Akkermansia muci-
nophila is a key saccharolyte of the intestinal microbiota, which ferments 
dietary fibre to generate SCFAs that have the potential to modulate 
GPCR’s such as cannabinoid receptors, and is found in lower abundance 
in the gut microbiota of obese patients compared to healthy individuals 
[91]. A. muciniphila inversely correlates with the onset of inflammation 
and altered adipose tissue metabolism [92], and with an increase in 
endocannabinoid-like molecules within the distal intestine [93] in ani-
mal models of diet-induced obesity. The randomised clinical trial of 
Payahoo et al. [38] identified within this systematic review, examined 
the action OEA supplementation in an obese population and highlighted 

Table 3 (continued )

Author 
(year) 

Clinical 
background 

Study 
participant 
gender 

Cannabis/ 
Cannabinoid 

Sample analysis Microbial profile and diversity Effect of cannabis use and key 
findings 

Ref.

Streptococcus, which contrasts with 
patterns seen in HNSCC.

contributing to observed 
differences.

Payahoo 
et al. (2019)

Obesity 22 males 
34 females

OEA qRT-PCR using faeces A. muciniphila was significantly 
increased for the intervention 
(p < 0.001).

In the intervention, energy intake 
(fat, protein, carbohydrate) was 
decreased significantly 
(p = 0.035).

[38]

Abbreviations: 16S rDNA, 16S ribosomal subunit deoxyribonucleic acid; 2-AG, 2-arachidonoylglycerol; AEA, anandamide; aOR, adjusted odds ratio; CBD; cannabidiol; 
CHO, carbohydrate; CUDIT, Cannabis Use Disorder Identification Test; eCBs, endocannabinoids; ECs, endocannabinoids system; HIV, human immunodeficiency virus; 
HNSCC, head and neck squamous cell carcinoma; IL-10, interleukin 10; OEA, N-oleoylethanolamide; PBMC, peripheral blood mononuclear cell; PEA, N-palmitoy-
lethanolamide; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; SCFA, short-chain fatty acid; THC, delta-9-tetrahydrocannabinol.
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significant elevation of A. muciniphila levels that correlated to reduced 
energy and carbohydrate intake, suggesting OEA may be a potential 
anti-obesity intervention. OEA, expressed in both adipose tissue and 
neurons, is anti-inflammatory, decreasing serum pro-inflammatory cy-
tokines, and in addition is known to enhance appetite and satiation 
regulating hormones to support weight loss in obese individuals [94]. 
However, OEA does not appear to interact with CB receptors [71], so it 
actions are most likely through modulation of gut microbiota and gut 
microbiota-derived SCFAs, indirectly activating the ECS.

5. Conclusions

This systematic review consolidates existing knowledge of how 
marijuana/cannabis, cannabinoids and endocannabinoid analogues 
impact on host microbial ecosystems, including oral, gastrointestinal, 
faecal and vaginal microbiomes. Outcomes of the review illustrated both 
positive and negative impacts of cannabis use, and cannabinoid actions, 
on microbiota abundance and diversity in adults across a range of 
clinical conditions, including cognitive deficit, depression, HIV infec-
tion, inflammation/pain, obesity and oral disease. A positive association 
between serum endocannabinoids and gut microbiota mediates eleva-
tion of SCFAs (particularly, but not exclusively, butyrate) producing 
anti-inflammatory actions and being beneficial for pain relief. Further-
more, significant elevation of A. muciniphila abundance following sup-
plementation in obese patients with OEA, showed that 
endocannabinoid-like analogues have significant clinical potential as 
anti-obesity/metabolic disorder interventions, acting via modulation of 
beneficial intestinal bacteria. Of note, moderate marijuana use appears 
to have clinical benefit in those infected with HIV, demonstrating a key 
protective effect in reducing infection-induced, intestinal inflammation- 
associated, abundance of Prevotella seen in patients. However, chronic/ 
problematic consumption of marijuana may adversely impact on the gut 
microbiota, leading a decrease in bacterial richness and diversity, and an 
increase in systemic inflammation. Moreover, lower abundance of Pre-
votella in those individuals with extensive marijuana use over their 
lifetime, may result in alterations of mitochondrial function and aber-
rant levels of SCFAs, resulting in neurological problems and potential to 
drive cognitive impairment. Similarly, long-term smoking of marijuana 
can lead to an imbalance of the oro-pharyngeal microbiota, with 
increased levels of S. mutans and Lactobacillus spp. observed that likely 
impact on oral health dental decay and periodontal disease, and the 
potential to increase risk of HNSCC and oral cancer. Correct dosing, 
routes of administration and duration of medicinal cannabis treatment 
all need to be carefully considered in individual patient populations.

Overall, our findings highlight that use of marijuana/cannabis, in-
terventions with cannabinoids and cannabinoid-like molecules in adults, 
significantly impact on composition and metabolic activities of the 
microbiome and the systemic metabolism of the host. Our study pro-
vides a current resource for researchers and policymakers, facilitating 
insight into potential therapeutic implications, and influencing the 
development of focused cannabis/cannabinoid interventions across a 
wide range of clinical disorders. Despite the limited literature identified 
to understand these key interactions with host metabolic pathways and 
the immune system, further exploration in this research field is antici-
pated. Indeed, detailed within the Cochrane Central Register of 
Controlled Trials (www.cochranelibrary.com/), there are 5 such clinical 
trials investigating the efficacy and safety of medicinal cannabis prod-
ucts that include an assessment of impact of the interventions on the 
microbiome. These include a pilot randomised trial (registered, and a 
protocol published, in 2019 [95]) studying the impact of oral cannabi-
noids on inflammation, gut microbiome and immune response in in-
dividuals living with HIV on effective antiretroviral therapy 
(NCT03550352). Similarly, another study (recruiting since registration 
in 2022) is examining the action of CBD and THC on microbiome and 
endocannabinoids and their impact on neuroinflammation and 
blood-brain barrier function in people with HIV (NCT05514899). Our 

own ongoing randomised controlled trials (both registered in 2024) are 
examining the efficacy of cannabis products to alleviate side effects of 
breast cancer chemotherapy (TCTR20220809001) and psoriasis symp-
toms (TCTR20220518004). Outcome measures in both studies include 
impact of the interventions on gut, oral and skin microbiota. A fifth 
study that has yet to start patient recruitment, will examine effectiveness 
of medicinal cannabis oils (a CBD full spectrum oil and a THC:CBD 
balanced oil) to treat endometriosis-associated symptoms in adults 
(ACTRN12624000828527). This will also examine changes in gut 
microbiota and vaginal microbiota.

The complex nature of cannabis/cannabinoid-host microbiota and 
immune dynamics should be carefully considered for all future longi-
tudinal studies, clinical trials and individualised interventions that seek 
to better understand the causal relationships, and the potential for 
health benefits and any adverse actions, of medicinal cannabis and 
cannabinoid interventions. Regular assessment of microbiota profiles is 
also needed as a part of these future studies, to identify for potential 
shifts in beneficial and harmful microbiota populations, as this will be 
essential to guide appropriate clinical management strategies. Likewise, 
comprehensive in-depth analysis of cannabis/cannabinoid alterations in 
bacterial metabolites and their interactions with host systems biology is 
also warranted.
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[15] B. Darǐs, M. Tancer Verboten, Ž. Knez, P. Ferk, Cannabinoids in cancer treatment: 
therapeutic potential and legislation, Bosn. J. Basic Med. Sci. 19 (1) (2019) 14–23, 
https://doi.org/10.17305/bjbms.2018.3532.

[16] B.G. Eid, Cannabinoids for treating cardiovascular disorders: putting together a 
complex puzzle, J. Microsc. Ultra 6 (4) (2018) 171–176, https://doi.org/10.4103/ 
jmau.Jmau_42_18.

[17] M.A. Crocq, History of cannabis and the endocannabinoid system, Dialog-. Clin. 
Neurosci. 22 (3) (2020) 223–228, https://doi.org/10.31887/DCNS.2020.22.3/ 
mcrocq.

[18] J.A. Uranga, G. Vera, R. Abalo, Cannabinoid pharmacology and therapy in gut 
disorders, Biochem. Pharm. 157 (2018) 134–147, https://doi.org/10.1016/j. 
bcp.2018.07.048.

[19] K.A. Sharkey, N.A. Darmani, L.A. Parker, Regulation of nausea and vomiting by 
cannabinoids and the endocannabinoid system, Eur. J. Pharm. 722 (2014) 
134–146, https://doi.org/10.1016/j.ejphar.2013.09.068.

[20] J. Leung, G. Chan, D. Stjepanovic, J.Y.C. Chung, W. Hall, D. Hammond, Prevalence 
and self-reported reasons of cannabis use for medical purposes in USA and Canada, 
Psychopharmacol. (Berl.) 239 (5) (2022) 1509–1519, https://doi.org/10.1007/ 
s00213-021-06047-8.

[21] T.E. Matson, D.S. Carrell, J.F. Bobb, et al., Prevalence of medical cannabis use and 
Associated Health Conditions Documented in electronic health records among 
primary care patients in Washington State, JAMA Netw. Open 4 (5) (2021) 
e219375, https://doi.org/10.1001/jamanetworkopen.2021.9375.

[22] J. Lu, W. Hou, S. Gao, Y. Zhang, Y. Zong, The role of gut microbiota-gut-brain axis 
in perioperative neurocognitive dysfunction, Front Pharm. 13 (2022) 879745, 
https://doi.org/10.3389/fphar.2022.879745.

[23] M. Carabotti, A. Scirocco, M.A. Maselli, C. Severi, The gut-brain axis: interactions 
between enteric microbiota, central and enteric nervous systems, Ann. 
Gastroenterol. 28 (2) (2015) 203–209.

[24] P. Tian, G. Wang, J. Zhao, H. Zhang, W. Chen, Bifidobacterium with the role of 5- 
hydroxytryptophan synthesis regulation alleviates the symptom of depression and 
related microbiota dysbiosis, J. Nutr. Biochem 66 (2019) 43–51, https://doi.org/ 
10.1016/j.jnutbio.2019.01.007.

[25] C.A. Simpson, C. Diaz-Arteche, D. Eliby, O.S. Schwartz, J.G. Simmons, C.S. 
M. Cowan, The gut microbiota in anxiety and depression - a systematic review, 
Clin. Psychol. Rev. 83 (2021) 101943, https://doi.org/10.1016/j. 
cpr.2020.101943.

[26] M. Derrien, E.E. Vaughan, C.M. Plugge, W.M. de Vos, Akkermansia muciniphila 
gen. nov., sp. nov., a human intestinal mucin-degrading bacterium, Int. J. Syst. 
Evol. Microbiol 54 (Pt 5) (2004) 1469–1476, https://doi.org/10.1099/ijs.0.02873- 
0.

[27] V.F. Rodrigues, J. Elias-Oliveira, ́I .S. Pereira, J.A. Pereira, S.C. Barbosa, M.S. 
G. Machado, D. Carlos, Akkermansia muciniphila and gut immune system: a good 
friendship that attenuates inflammatory bowel disease, obesity, and diabetes, Front 
Immunol. 13 (2022) 934695, https://doi.org/10.3389/fimmu.2022.934695.

[28] J. Lian, I. Casari, M. Falasca, Modulatory role of the endocannabinoidome in the 
pathophysiology of the gastrointestinal tract, Pharmacol. Res. 175 (2022) 106025, 
https://doi.org/10.1016/j.phrs.2021.106025.

[29] C. Silvestri, V. Di Marzo, The gut microbiome-endocannabinoidome axis: a new 
way of controlling metabolism, inflammation, and behavior, Function (Oxf.) 4 (2) 
(2023) zqad003, https://doi.org/10.1093/function/zqad003.

[30] M.A. Storr, K.A. Sharkey, The endocannabinoid system and gut-brain signalling, 
Curr. Opin. Pharm. 7 (6) (2007) 575–582, https://doi.org/10.1016/j. 
coph.2007.08.008.

[31] L.J. Cohen, D. Esterhazy, S.H. Kim, et al., Commensal bacteria make GPCR ligands 
that mimic human signalling molecules, Nature 549 (7670) (2017) 48–53, https:// 
doi.org/10.1038/nature23874.

[32] C. Manca, B. Boubertakh, N. Leblanc, et al., Germ-free mice exhibit profound gut 
microbiota-dependent alterations of intestinal endocannabinoidome signaling, 
J. Lipid Res. 61 (1) (2020) 70–85, https://doi.org/10.1194/jlr.RA119000424.

[33] C. Manca, M. Shen, B. Boubertakh, C. Martin, N. Flamand, C. Silvestri, V. Di Marzo, 
Alterations of brain endocannabinoidome signaling in germ-free mice, Biochim 
Biophys. Acta Mol. Cell Biol. Lipids 1865 (12) (2020) 158786, https://doi.org/ 
10.1016/j.bbalip.2020.158786.

[34] F. Guida, F. Turco, M. Iannotta, et al., Antibiotic-induced microbiota perturbation 
causes gut endocannabinoidome changes, hippocampal neuroglial reorganization 
and depression in mice, Brain, Behav., Immun. 67 (2018) 230–245, https://doi. 
org/10.1016/j.bbi.2017.09.001.

[35] A. Mohammed, H.K. Alghetaa, J. Zhou, S. Chatterjee, P. Nagarkatti, M. Nagarkatti, 
Protective effects of Delta(9) -tetrahydrocannabinol against enterotoxin-induced 
acute respiratory distress syndrome are mediated by modulation of microbiota, Br. 
J. Pharm. 177 (22) (2020) 5078–5095, https://doi.org/10.1111/bph.15226.

[36] Z.Z. Al-Ghezi, P.B. Busbee, H. Alghetaa, P.S. Nagarkatti, M. Nagarkatti, 
Combination of cannabinoids, delta-9-tetrahydrocannabinol (THC) and 
cannabidiol (CBD), mitigates experimental autoimmune encephalomyelitis (EAE) 
by altering the gut microbiome, Brain Behav. Immun. 82 (2019) 25–35, https:// 
doi.org/10.1016/j.bbi.2019.07.028.

[37] M.J. Page, J.E. McKenzie, P.M. Bossuyt, et al., The PRISMA 2020 statement: an 
updated guideline for reporting systematic reviews, BMJ 372 (2021) 71, https:// 
doi.org/10.1136/bmj.n71.

[38] L. Payahoo, Y. Khajebishak, M.R. Alivand, H. Soleimanzade, S. Alipour, 
A. Barzegari, A. Ostadrahimi, Investigation the effect of oleoylethanolamide 
supplementation on the abundance of Akkermansia muciniphila bacterium and the 

M.S. Thu et al.                                                                                                                                                                                                                                  Biomedicine & Pharmacotherapy 182 (2025) 117764 

11 

http://www.bsg.org.uk/gut-microbiota-for-health-expert-panel
http://www.bsg.org.uk/gut-microbiota-for-health-expert-panel
https://doi.org/10.1016/j.biopha.2024.117764
https://doi.org/10.2307/1220524
https://doi.org/10.3389/fphar.2023.1200269
https://doi.org/10.1007/s13311-015-0370-x
https://doi.org/10.1038/sj.bjp.0706406
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref5
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref5
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref5
https://www.unodc.org/unodc/en/data-and-analysis/wdr2022_annex.html
https://www.unodc.org/unodc/en/data-and-analysis/wdr2022_annex.html
https://doi.org/10.1186/s42238-021-00071-3
https://www.samhsa.gov/data/sites/default/files/reports/rpt42731/2022-nsduh-nnr.pdf
https://www.samhsa.gov/data/sites/default/files/reports/rpt42731/2022-nsduh-nnr.pdf
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1073/pnas.1612177114
https://doi.org/10.1073/pnas.1612177114
https://doi.org/10.3389/fncel.2016.00294
https://doi.org/10.3389/fncel.2016.00294
https://doi.org/10.1053/j.gastro.2016.04.015
https://doi.org/10.1053/j.gastro.2016.04.015
https://doi.org/10.1016/j.cmet.2013.03.001
https://doi.org/10.3389/fphar.2022.908198
https://doi.org/10.17305/bjbms.2018.3532
https://doi.org/10.4103/jmau.Jmau_42_18
https://doi.org/10.4103/jmau.Jmau_42_18
https://doi.org/10.31887/DCNS.2020.22.3/mcrocq
https://doi.org/10.31887/DCNS.2020.22.3/mcrocq
https://doi.org/10.1016/j.bcp.2018.07.048
https://doi.org/10.1016/j.bcp.2018.07.048
https://doi.org/10.1016/j.ejphar.2013.09.068
https://doi.org/10.1007/s00213-021-06047-8
https://doi.org/10.1007/s00213-021-06047-8
https://doi.org/10.1001/jamanetworkopen.2021.9375
https://doi.org/10.3389/fphar.2022.879745
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref21
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref21
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref21
https://doi.org/10.1016/j.jnutbio.2019.01.007
https://doi.org/10.1016/j.jnutbio.2019.01.007
https://doi.org/10.1016/j.cpr.2020.101943
https://doi.org/10.1016/j.cpr.2020.101943
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.3389/fimmu.2022.934695
https://doi.org/10.1016/j.phrs.2021.106025
https://doi.org/10.1093/function/zqad003
https://doi.org/10.1016/j.coph.2007.08.008
https://doi.org/10.1016/j.coph.2007.08.008
https://doi.org/10.1038/nature23874
https://doi.org/10.1038/nature23874
https://doi.org/10.1194/jlr.RA119000424
https://doi.org/10.1016/j.bbalip.2020.158786
https://doi.org/10.1016/j.bbalip.2020.158786
https://doi.org/10.1016/j.bbi.2017.09.001
https://doi.org/10.1016/j.bbi.2017.09.001
https://doi.org/10.1111/bph.15226
https://doi.org/10.1016/j.bbi.2019.07.028
https://doi.org/10.1016/j.bbi.2019.07.028
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71


dietary intakes in people with obesity: a randomized clinical trial, Appetite 141 
(2019) 104301, https://doi.org/10.1016/j.appet.2019.05.032.

[39] G. Habib, D. Steinberg, A. Jabbour, The impact of medical cannabis consumption 
on the oral flora and saliva, PLoS One 16 (2) (2021) e0247044, https://doi.org/ 
10.1371/journal.pone.0247044.

[40] J.A. Fulcher, S.K. Hussain, R. Cook, et al., Effects of substance use and sex practices 
on the intestinal microbiome during HIV-1 infection, J. Infect. Dis. 218 (10) (2018) 
1560–1570, https://doi.org/10.1093/infdis/jiy349.

[41] A. Minichino, M.A. Jackson, M. Francesconi, C.J. Steves, C. Menni, P.W.J. Burnet, 
B.R. Lennox, Endocannabinoid system mediates the association between gut- 
microbial diversity and anhedonia/amotivation in a general population cohort, 
Mol. Psychiatry 26 (11) (2021) 6269–6276, https://doi.org/10.1038/s41380-021- 
01147-5.

[42] T. Newman, L.P. Krishnan, J. Lee, G.R. Adami, Microbiomic differences at cancer- 
prone oral mucosa sites with marijuana usage, Sci. Rep. 9 (1) (2019) 12697, 
https://doi.org/10.1038/s41598-019-48768-z.

[43] J. Panee, M. Gerschenson, L. Chang, Associations between microbiota, 
mitochondrial function, and cognition in chronic marijuana users, J. Neuroimmune 
Pharm. 13 (1) (2018) 113–122, https://doi.org/10.1007/s11481-017-9767-0.

[44] V. Vallejo, W. Shan, J.G. Ilagan, G.L. Goldberg, Marijuana use in women of 
reproductive age and recurrent bacterial Vaginosis, J. Reprod. Med. 66 (9–10) 
(2021) 256–262.

[45] A. Vijay, A. Kouraki, S. Gohir, et al., The anti-inflammatory effect of bacterial short 
chain fatty acids is partially mediated by endocannabinoids, Gut Microbes 13 (1) 
(2021) 1997559, https://doi.org/10.1080/19490976.2021.1997559.

[46] E. Morgan, J.A. Manuzak, C. Broedlow, et al., Problematic cannabis use is 
associated with reduced rectal microbial species richness and diversity among a 
pilot sample of young sexual and gender minorities, AIDS Res Hum. Retrovir. 
(2023), https://doi.org/10.1089/aid.2022.0143.

[47] W.H. Moos, D.V. Faller, D.N. Harpp, I. Kanara, J. Pernokas, W.R. Powers, 
K. Steliou, Microbiota and neurological disorders: a gut feeling, Biores Open Access 
5 (1) (2016) 137–145, https://doi.org/10.1089/biores.2016.0010.

[48] F. Borbolis, E. Mytilinaiou, K. Palikaras, The crosstalk between microbiome and 
mitochondrial homeostasis in neurodegeneration, Cells 12 (3) (2023) 429.

[49] G. Bénard, F. Massa, N. Puente, et al., Mitochondrial CB₁ receptors regulate 
neuronal energy metabolism. Nat. Neurosci. 15 (4) (2012) 558–564, https://doi. 
org/10.1038/nn.3053.

[50] J. Liu, Y. Tan, H. Cheng, D. Zhang, W. Feng, C. Peng, Functions of gut microbiota 
metabolites, current status and future perspectives, Aging Dis. 13 (4) (2022) 
1106–1126, https://doi.org/10.14336/ad.2022.0104.

[51] E.A. Mutlu, A. Keshavarzian, J. Losurdo, et al., A compositional look at the human 
gastrointestinal microbiome and immune activation parameters in HIV infected 
subjects, PLoS Pathog. 10 (2) (2014) e1003829, https://doi.org/10.1371/journal. 
ppat.1003829.

[52] L. Yang, Poles MA, G.S. Fisch, Y. Ma, C. Nossa, J.A. Phelan, Z. Pei, HIV-induced 
immunosuppression is associated with colonization of the proximal gut by 
environmental bacteria, Aids 30 (1) (2 2016) 19–29, https://doi.org/10.1097/ 
qad.0000000000000935.

[53] S.M. Dillon, E.J. Lee, C.V. Kotter, et al., An altered intestinal mucosal microbiome 
in HIV-1 infection is associated with mucosal and systemic immune activation and 
endotoxemia, Mucosal Immunol. 7 (4) (2014) 983–994, https://doi.org/10.1038/ 
mi.2013.116.

[54] J.F. Vázquez-Castellanos, S. Serrano-Villar, A. Latorre, et al., Altered metabolism of 
gut microbiota contributes to chronic immune activation in HIV-infected 
individuals, Mucosal Immunol. 8 (4) (2015) 760–772, https://doi.org/10.1038/ 
mi.2014.107.

[55] A.O. Adenusi, H.M. Magacha, C.M. Nwaneki, O.A. Asifat, E.N. Annor, Cannabis use 
and associated gastrointestinal disorders: a literature review, Cureus 15 (7) (2023) 
e41825, https://doi.org/10.7759/cureus.41825.

[56] J. Kehrmann, J. Menzel, M. Saeedghalati, et al., Gut Microbiota in human 
immunodeficiency virus-infected individuals linked to coronary heart disease, 
J. Infect. Dis. 219 (3) (2019) 497–508, https://doi.org/10.1093/infdis/jiy524.

[57] M. El-Far, C.L. Tremblay, Gut microbial diversity in HIV infection post combined 
antiretroviral therapy: a key target for prevention of cardiovascular disease, Curr. 
Opin. HIV AIDS 13 (1) (2018) 38–44, https://doi.org/10.1097/ 
coh.0000000000000426.

[58] A. Jarjou’i, G. Izbicki, Medical cannabis in asthmatic patients, Isr. Med Assoc. J. 22 
(4) (2020) 232–235.

[59] S. Takeda, Δ9-Tetrahydrocannabinol targeting estrogen receptor signaling: the 
possible mechanism of action coupled with endocrine disruption, Biol. Pharm. Bull. 
37 (9) (2014) 1435–1438, https://doi.org/10.1248/bpb.b14-00226.

[60] E. Amabebe, D.O.C. Anumba, The vaginal microenvironment: the physiologic role 
of lactobacilli. Review, Front. Med. 5 (2018) (2018), https://doi.org/10.3389/ 
fmed.2018.00181.

[61] Crosby R. DiClemente, R.J. Wingood, G.M. Harrington, K. Davies, S.L. Hook, E. 
W. 3rd, M.K. Oh, Predictors of infection with Trichomonas vaginalis: a prospective 
study of low income African-American adolescent females, Sex. Transm. Infect. 78 
(5) (2002) 360–364, https://doi.org/10.1136/sti.78.5.360.

[62] F. Hosseinkhani, A. Heinken, I. Thiele, P.W. Lindenburg, A.C. Harms, 
T. Hankemeier, The contribution of gut bacterial metabolites in the human 
immune signaling pathway of non-communicable diseases, Gut Microbes 13 (1) 
(2021) 1–22, https://doi.org/10.1080/19490976.2021.1882927.

[63] C. Martin-Gallausiaux, L. Marinelli, H.M. Blottière, P. Larraufie, N. Lapaque, SCFA: 
mechanisms and functional importance in the gut, Proc. Nutr. Soc. 80 (1) (2021) 
37–49, https://doi.org/10.1017/s0029665120006916.

[64] M. Sultan, K. Wilson, O.A. Abdulla, et al., Endocannabinoid anandamide attenuates 
acute respiratory distress syndrome through modulation of microbiome in the gut- 
lung axis, Cells 10 (12) (2021) 3305, https://doi.org/10.3390/cells10123305.

[65] J. He, P. Zhang, L. Shen, et al., Short-chain fatty acids and their association with 
signalling pathways in inflammation, glucose and lipid metabolism, Int. J. Mol. Sci. 
21 (17) (2020) 6356.

[66] M. Thangaraju, G.A. Cresci, K. Liu, et al., GPR109A is a G-protein-coupled receptor 
for the bacterial fermentation product butyrate and functions as a tumor 
suppressor in colon, Cancer Res 69 (7) (2009) 2826–2832, https://doi.org/ 
10.1158/0008-5472.Can-08-4466.

[67] N. Singh, A. Gurav, S. Sivaprakasam, et al., Activation of Gpr109a, receptor for 
niacin and the commensal metabolite butyrate, suppresses colonic inflammation 
and carcinogenesis, Immunity 40 (1) (2014) 128–139, https://doi.org/10.1016/j. 
immuni.2013.12.007.

[68] P.V. Chang, L. Hao, S. Offermanns, R. Medzhitov, The microbial metabolite 
butyrate regulates intestinal macrophage function via histone deacetylase 
inhibition, Proc. Natl. Acad. Sci. USA 111 (6) (2014) 2247–2252, https://doi.org/ 
10.1073/pnas.1322269111.

[69] A. Vijay, A.M. Valdes, Role of the gut microbiome in chronic diseases: a narrative 
review, Eur. J. Clin. Nutr. 76 (4) (2022) 489–501, https://doi.org/10.1038/ 
s41430-021-00991-6.

[70] C. Turcotte, F. Chouinard, J.S. Lefebvre, N. Flamand, Regulation of inflammation 
by cannabinoids, the endocannabinoids 2-arachidonoyl-glycerol and arachidonoyl- 
ethanolamide, and their metabolites, J. Leukoc. Biol. 97 (6) (2015) 1049–1070, 
https://doi.org/10.1189/jlb.3RU0115-021R.

[71] C. De Filippo, A. Costa, M.V. Becagli, M.M. Monroy, G. Provensi, M.B. Passani, Gut 
microbiota and oleoylethanolamide in the regulation of intestinal homeostasis. 
Review, Front. Endocrinol. 14 (2023), https://doi.org/10.3389/ 
fendo.2023.1135157.

[72] D. Furrer, E. Kroger, M. Marcotte, et al., Cannabis against chronic musculoskeletal 
pain: a scoping review on users and their perceptions, J. Cannabis Res. 3 (1) (2021) 
41, https://doi.org/10.1186/s42238-021-00096-8.

[73] K. Bogale, W. Raup-Konsavage, S. Dalessio, K. Vrana, M.D. Coates, Cannabis and 
cannabis derivatives for abdominal pain management in inflammatory bowel 
disease, Med. Cannabis Cannabinoids. Winter 4 (2) (2021) 97–106, https://doi. 
org/10.1159/000517425.

[74] R. Guo, L.H. Chen, C. Xing, T. Liu, Pain regulation by gut microbiota: molecular 
mechanisms and therapeutic potential, Br. J. Anaesth. 123 (5) (2019) 637–654, 
https://doi.org/10.1016/j.bja.2019.07.026.

[75] V. Tonelli Enrico, N. Vo, B. Methe, A. Morris, G. Sowa, An unexpected connection: 
a narrative review of the associations between gut microbiome and 
musculoskeletal pain, Eur. Spine J. 31 (12) (2022) 3603–3615, https://doi.org/ 
10.1007/s00586-022-07429-y.

[76] Z.F. Zhang, H. Morgenstern, M.R. Spitz, et al., Marijuana use and increased risk of 
squamous cell carcinoma of the head and neck, Cancer Epidemiol. Biomark. Prev. 8 
(12) (1999) 1071–1078.

[77] W.J. Benjamin, K. Wang, K. Zarins, et al., Oral microbiome community 
composition in head and neck squamous cell carcinoma, Cancers (Basel) 15 (9) 
(2023) 2549, https://doi.org/10.3390/cancers15092549.

[78] H.S.L. Ting, Z. Chen, J.Y.K. Chan, Systematic review on oral microbial dysbiosis 
and its clinical associations with head and neck squamous cell carcinoma, Head. 
Neck 45 (8) (2023) 2120–2135, https://doi.org/10.1002/hed.27422.

[79] S.A. Sounah, A.A. Madfa, Correlation between dental caries experience and the 
level of Streptococcus mutans and lactobacilli in saliva and carious teeth in a 
Yemeni adult population, BMC Res. Notes 13 (1) (2020/02/27) 112, https://doi. 
org/10.1186/s13104-020-04960-3.

[80] A. Le, J.J. Palamar, Oral health implications of increased cannabis use among older 
adults: another public health concern? J. Subst. Use 24 (1) (2019) 61–65, https:// 
doi.org/10.1080/14659891.2018.1508518.

[81] H. Madeline,  Meier Ph.D.,  Avshalom Caspi Ph.D., R. Annchen,  Knodt M.Sc., et al., 
Long-term cannabis use and cognitive reserves and hippocampal volume in midlife, 
Am. J. Psychiatry 179 (5) (2022) 362–374, https://doi.org/10.1176/appi. 
ajp.2021.21060664.

[82] A. Shrivastava, M. Johnston, M. Tsuang, Cannabis use and cognitive dysfunction, 
Indian J. Psychiatry 53 (3) (2011) 187–191, https://doi.org/10.4103/0019- 
5545.86796.

[83] D.F. MacFabe, Enteric short-chain fatty acids: microbial messengers of metabolism, 
mitochondria, and mind: implications in autism spectrum disorders, Micro Ecol. 
Health Dis. 26 (2015) 28177, https://doi.org/10.3402/mehd.v26.28177.

[84] A. Tomova, I. Bukovsky, E. Rembert, W. Yonas, J. Alwarith, N.D. Barnard, 
H. Kahleova, The effects of vegetarian and vegan diets on gut microbiota, Front 
Nutr. 6 (2019) 47, https://doi.org/10.3389/fnut.2019.00047.

[85] R.D. Hills Jr., B.A. Pontefract, H.R. Mishcon, C.A. Black, S.C. Sutton, C.R. Theberge, 
Gut microbiome: profound implications for diet and disease, Nutrients 11 (7) 
(2019), https://doi.org/10.3390/nu11071613.

[86] B.A. Feniouk, V.P. Skulachev, Cellular and molecular mechanisms of action of 
mitochondria-targeted antioxidants, Curr. Aging Sci. 10 (1) (2017) 41–48, https:// 
doi.org/10.2174/1874609809666160921113706.

[87] B.N. Liu, X.T. Liu, Z.H. Liang, J.H. Wang, Gut microbiota in obesity, World J. 
Gastroenterol. 27 (25) (2021) 3837–3850, https://doi.org/10.3748/wjg.v27. 
i25.3837.

[88] E. Cavalheiro, A.B. Costa, D.H. Salla, et al., Cannabis sativa as a treatment for 
obesity: from anti-inflammatory indirect support to a promising metabolic re- 
establishment target, Cannabis Cannabinoid Res. 7 (2) (Apr 2022) 135–151, 
https://doi.org/10.1089/can.2021.0016.

M.S. Thu et al.                                                                                                                                                                                                                                  Biomedicine & Pharmacotherapy 182 (2025) 117764 

12 

https://doi.org/10.1016/j.appet.2019.05.032
https://doi.org/10.1371/journal.pone.0247044
https://doi.org/10.1371/journal.pone.0247044
https://doi.org/10.1093/infdis/jiy349
https://doi.org/10.1038/s41380-021-01147-5
https://doi.org/10.1038/s41380-021-01147-5
https://doi.org/10.1038/s41598-019-48768-z
https://doi.org/10.1007/s11481-017-9767-0
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref42
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref42
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref42
https://doi.org/10.1080/19490976.2021.1997559
https://doi.org/10.1089/aid.2022.0143
https://doi.org/10.1089/biores.2016.0010
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref46
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref46
https://doi.org/10.1038/nn.3053
https://doi.org/10.1038/nn.3053
https://doi.org/10.14336/ad.2022.0104
https://doi.org/10.1371/journal.ppat.1003829
https://doi.org/10.1371/journal.ppat.1003829
https://doi.org/10.1097/qad.0000000000000935
https://doi.org/10.1097/qad.0000000000000935
https://doi.org/10.1038/mi.2013.116
https://doi.org/10.1038/mi.2013.116
https://doi.org/10.1038/mi.2014.107
https://doi.org/10.1038/mi.2014.107
https://doi.org/10.7759/cureus.41825
https://doi.org/10.1093/infdis/jiy524
https://doi.org/10.1097/coh.0000000000000426
https://doi.org/10.1097/coh.0000000000000426
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref56
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref56
https://doi.org/10.1248/bpb.b14-00226
https://doi.org/10.3389/fmed.2018.00181
https://doi.org/10.3389/fmed.2018.00181
https://doi.org/10.1136/sti.78.5.360
https://doi.org/10.1080/19490976.2021.1882927
https://doi.org/10.1017/s0029665120006916
https://doi.org/10.3390/cells10123305
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref63
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref63
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref63
https://doi.org/10.1158/0008-5472.Can-08-4466
https://doi.org/10.1158/0008-5472.Can-08-4466
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1038/s41430-021-00991-6
https://doi.org/10.1038/s41430-021-00991-6
https://doi.org/10.1189/jlb.3RU0115-021R
https://doi.org/10.3389/fendo.2023.1135157
https://doi.org/10.3389/fendo.2023.1135157
https://doi.org/10.1186/s42238-021-00096-8
https://doi.org/10.1159/000517425
https://doi.org/10.1159/000517425
https://doi.org/10.1016/j.bja.2019.07.026
https://doi.org/10.1007/s00586-022-07429-y
https://doi.org/10.1007/s00586-022-07429-y
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref74
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref74
http://refhub.elsevier.com/S0753-3322(24)01650-0/sbref74
https://doi.org/10.3390/cancers15092549
https://doi.org/10.1002/hed.27422
https://doi.org/10.1186/s13104-020-04960-3
https://doi.org/10.1186/s13104-020-04960-3
https://doi.org/10.1080/14659891.2018.1508518
https://doi.org/10.1080/14659891.2018.1508518
https://doi.org/10.1176/appi.ajp.2021.21060664
https://doi.org/10.1176/appi.ajp.2021.21060664
https://doi.org/10.4103/0019-5545.86796
https://doi.org/10.4103/0019-5545.86796
https://doi.org/10.3402/mehd.v26.28177
https://doi.org/10.3389/fnut.2019.00047
https://doi.org/10.3390/nu11071613
https://doi.org/10.2174/1874609809666160921113706
https://doi.org/10.2174/1874609809666160921113706
https://doi.org/10.3748/wjg.v27.i25.3837
https://doi.org/10.3748/wjg.v27.i25.3837
https://doi.org/10.1089/can.2021.0016


[89] C.A. Montoya-Alatriste, F.J. Alarcon-Aguilar, Cannabis and cannabinoids as an 
alternative remedy in metabolic syndrome, Braz. J. Pharm. Sci. 58 (2022) e20161.

[90] E.A. Penner, H. Buettner, M.A. Mittleman, The impact of marijuana use on glucose, 
insulin, and insulin resistance among US adults, Am. J. Med. 126 (7) (2013) 
583–589, https://doi.org/10.1016/j.amjmed.2013.03.002.

[91] M. Derrien, C. Belzer, W.M. de Vos, Akkermansia muciniphila and its role in 
regulating host functions, Micro Pathog. 106 (May 2017) 171–181, https://doi. 
org/10.1016/j.micpath.2016.02.005.
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