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ARTICLE INFO ABSTRACT

Keywords: Within the human gut, we each harbour a unique ecosystem represented by trillions of microbes that contribute
Endocannabinoids to our health and wellbeing. These gut microbiota form part of a complex network termed the microbiota-gut-
Microbiota brain axis along with the enteric nervous system, sympathetic and parasympathetic divisions of the autonomic
Inflammation . .

Pain nervous system, and neuroendocrine and neuroimmune components of the central nervous system. Through
Gut endocrine, immune and neuropeptide/neurotransmitter systems, the microbiota can relay information about

health status of the gut. This in turn can profoundly impact neuronal signalling not only in the periphery, but also
in the brain itself and thus impact on emotional systems and behavioural responses. This may be true for pain, as
the top-down facilitation or inhibition of pain processing occurs at a central level, while ascending afferent
nociceptive information from the viscera and systemic areas travel through the periphery and spinal cord to the
brain. The endogenous cannabinoid receptors are ubiquitously expressed throughout the gut, periphery and in
brain regions associated with pain responding, and represent targets for endogenous and exogenous manipula-
tion. In this review, we will focus on the potential role of the endogenous cannabinoids in modulating
microbiota-driven changes in peripheral and central pain processing. We also focus on the overlap in mechanisms
whereby commensal gut microbiota and endocannabinoid ligands can regulate inflammation and further aim to

exploit our understanding of their role in microbiota-gut-brain axis communication in pain processing.

1. Introduction
1.1. The endocannabinoid system

The endogenous cannabinoid system is a neuroactive lipid signalling
system comprised of two G-protein coupled receptors CB; (Devane et al.,
1988) and CB, (Matsuda et al., 1990), endogenous ligands that bind to
and activate these receptors, and the enzymes that either synthesise or
degrade these compounds. The two best characterised endogenous li-
gands are anandamide (N-arachidonoylethanolamide; AEA) (Devane
et al., 1992) and 2-arachidonoylglycerol (2-AG) (Sugiura et al., 1995),
which are synthesised by N-acylphosphatidylethanolamine-specific
Phospholipase D (NAPE-PLD) (Di Marzo et al., 1996) and diacylglycerol
lipase (Stella et al., 1997) respectively. These compounds are atypical as
‘neurotransmitters’ as they are synthesised on demand in the post-
synaptic neuron, and travel retrogradely to the presynaptic neuron to
mediate their inhibitory effects prior to being catabolised by fatty acid
amide hydrolase (FAAH), N-acylethanolamine acid amidase or mono-
acylglycerol lipase (MAG-Lipase) and o/f hydrolase 6 and 12

respectively (Cravatt et al., 1996; Dinh et al., 2002).

The CB; receptor can be found in the brain and in the periphery
including the gut where it is enriched in both the enteric nervous system
and in non-neuronal cells in the intestinal mucosa, including enter-
oendocrine cells, immune cells, and enterocytes (Izzo & Sharkey, 2010)
to influence gut motility and permeability, gastric juice secretion, and
neurotransmitter and hormone synthesis and release. Indeed it has been
speculated that the effects of the endocannabinoidome on gut barrier
function are dependent on inflammatory status of the gut, and lipid
availability from the diet (Cani et al., 2016). Low to moderate levels of
CB; receptors are found in the brain, with these receptors being far more
prevalent on immune cells in peripheral tissue, including the gut
(Howlett & Abood, 2017). The endocannabinoid system is implicated in
inflammation and pain processing at both the gut and central nervous
system (CNS) levels (Russo et al., 2018). In this context, endocannabi-
noids and biochemically related mediators, by being important modu-
lators of immune crosstalk, are strongly implicated in inflammation-
based pathological states, including neuropathic, inflammatory and
arthritic pain (Starowicz & Finn, 2017).
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Outside the CB; and CB; receptors, endocannabinoids also express
activity at other G-protein coupled receptors including GPR18, GPR55
and GPR19, as well as peroxisome proliferator-activated receptors
(PPARs) and several transient receptor potential cation channels, sub-
family V (TRPV1) (Di Marzo, 2018). Other compounds that resemble the
prototypical endocannabinoids that can engage the same synthesising
and catabolising enzymes, or by inactivating their degradation include
N-acylethanolamines (NAEs), N-palmitoylethanolamine (PEA), N-oley-
lethanolamine (OEA), N-stearoylethanolamine (SEA) and N-linoyletha-
nolamine (LEA), 2-palmitoylglycerol (2PG) and 2-oleylglycerol (2-0OG),
and are commonly referred to as ‘entourage compounds’ of the endo-
cannabinoid system (Di Marzo, 2018). However, it is important to point
out that these compounds can also exhibit biological activity at other
receptors distinct from the cannabinoid receptors. Thus care must be
taken when interpreting data from cannabinoid research, as many of the
exogenous cannabinoid agents (e.g. MAG lipase inhibitors or FAAH in-
hibitors) influence multiple compounds with the ability to alter canna-
binoid, and other, signalling pathways.

Herein we discuss the potential role of endocannabinoids in
microbiota-mediated influence of pain response.

1.2. The gastrointestinal microbiota

The human gastrointestinal tract hosts a number of microorganisms
including bacteria, archaea, yeasts, single-celled eukaryotes, helminth
and viruses collectively referred to as the microbiota (Eckburg et al.,
2005; Gaci et al., 2014; Lankelma et al., 2015; Scarpellini et al., 2015;
Williamson et al., 2016). The bacterial gut microbiota is largely defined
by two dominant phylotypes, Bacteroidetes and Firmicutes, with Pro-
teobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia phyla
present in relatively low abundance (Qin et al., 2010; Lankelma et al.,
2015). At a basic level, the gut microbiota interact with the host in a
mutualistic relationship that begins at birth. In humans and other
mammals, colonisation of the infant gut essentially begins at birth, when
delivery through the birth canal exposes the infant to the mother’s
vaginal microbiota, thereby initiating a critical maternal influence over
the offspring’s lifelong microbial signature (Donnet-Hughes et al., 2010;
Collado et al., 2012; Backhed et al., 2015). Other factors associated with
‘seeding’ of the newborn gut include those from the environment, diet
(breastfeeding or bottle-feeding) as well as early introduction of anti-
biotics or other medication (Borre et al., 2014).

The gastrointestinal tract provides an energy rich, anaerobic envi-
ronment in which the microbes can thrive, while the microbes
contribute to host metabolism, protection and immune development and
maintenance. The bi-directional communication along the gut-brain axis
is thought to involve a number of complex pathways including acti-
vating host immune or inflammatory mediators, releasing or stimulating
the release of host neurotransmitters or neuropeptides from the
epithelium, activation of host receptors from microbial by-products
including short-chain fatty acids (SCFAs), or peptidoglycans, and by
activation of the enteric nervous system and vagus nerve (Cryan et al.,
2019).

Despite the seclusion of the gut microbes to the gastrointestinal tract,
they are capable of interacting with the host across the single-celled,
mucous-coated epithelial layer. As well as restricting microbes to the
lumen of the gut, the gut epithelium serves in the regulation of nutrient
intake and secretes a protective mucous layer. It also acts as a physical
barrier against pathogens, and houses the dense population of immu-
nogenic cells that line the gut (Farhadi et al., 2003). This epithelial
monolayer is also interspersed with complex tight-junction proteins to
allow the diffusion of fluids and solvents between adjacent epithelial
cells and can regulate gut barrier permeability (Frazier et al., 2011).

Under homeostatic conditions there exists a healthy, resting in-
flammatory tone in the gut where the microbiota stimulate cytokines
and chemokines release, which in turn regulates local levels of bacteria
and other microbes in the gut. As well as influencing local immune
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responses at the epithelium, microbiota can synthesise and release
neurotransmitters and SCFAs, as well as influence the release of neu-
ropeptides and hormones from enteroendocrine cells of the intestines
(Cani et al., 2013).

These gut peptides such as ghrelin, gastrin, orexin, galanin, chole-
cystokinin, leptin, neuropeptide Y and neuroactive lipids like cannabi-
noids are thought to influence peripheral neural communication from
the gut and can also act centrally to influence behaviour (Cryan et al.,
2019). Current hypotheses suggest that these circulating cytokines,
chemokines, endocrine messengers and microbial by-products can
infiltrate the blood and lymphatic systems, or influence neural messages
carried by the vagal and spinal afferent neurons to impact on centrally-
mediated events, including emotive responding such as pain.

1.3. Pain response

Pain is a multimodal experience combining a discriminative sensory
component with a complex graded emotional response. While for most
individuals pain is transient, both acute and chronic pain can be debil-
itating, and can influence one’s state of mind, which in turn can amplify
the psychological intensity of the pain (Zhang et al., 2019). In general,
pain types can be categorised as nociceptive pain, inflammatory pain or
neuropathic pain. Nociceptive pain is the classical response to a painful
stimulus such as a pin-prick, where superficial pain receptors sense the
stimulus and transmit the signal to our brains. Inflammatory pain results
from activation and sensitisation of nociceptors by inflammatory bio-
chemicals, such as some mediators produced at the site of injured tissue,
which include serotonin (5-HT), kinins, histamine, nerve growth factors
(NGF), adenosine triphosphate (ATP), prostaglandins, glutamate, leu-
kotrienes, nitric oxide (NO), norepinephrine, protons, vasoactive pep-
tides, bioactive lipids, eicosanoids, pro-inflammatory cytokines, and
acute-phase proteins (Bueno & Fioramonti, 1999). Under homeostatic
conditions, an acute injury such as painful information coding for heat
(inflammation) or pain, is propagated from the site of origin to vagal
afferents or through ascending spinal pathways to the brain. The brain
can localise where this pain originates and issues an appropriate
response to the painful stimulus. Inflammatory pain is normally tran-
sient and usually dissipates once the tissue repairs. However, persistent
inflammatory pain can occur and can manifest as a clinical condition if
left untreated.

Pain receptors in our visceral organs, and in skin and tissue respond
to mechanical stimulation such as distension or pressure, tissue damage
and chemical (due to inflammation, infection or ischaemia) stimulation.
However, following prolonged or chronic activation, neurons involved
in transmitting nociceptive information can also become sensitised or
dysfunctional leading to the conductance of a painful signal to what
should be an innocuous stimulus (neuropathic pain). Dysfunction along
pain pathways, including in the anatomical loci at the site of injury, or
the neural communication from the site of injury along the spinal cord to
the brain, as well as supraspinal regions involved in descending pain
facilitation and inhibition may lead to chronic, repeated and often un-
predictable bouts of pain, and may be the root from which neuropathic
pain stems (examples including neuropathic pain, fibromyalgia,
migraine and headache) (Woolf et al., 1998).

The gastrointestinal tract is lined with receptors that can mediate the
pain response including the transient receptor potential channels, of the
vanilloid subtype (TRPV) family, proteinase activated receptors, chole-
cystokinin receptors, serotonin receptors, cannabinoid receptors, as well
as an array of ion channels including ATP-gated ion channels, voltage-
gated sodium and calcium channels, and acid-sensing ion channels
(Akbar et al., 2009). Pain receptors locally in the gut can be directly or
indirectly activated by gastrointestinal microbes (Holzer et al., 2017), by
releasing or promoting the release of formyl peptides and proteases, pH
changes, polyunsaturated fatty acid (PUFA) release, SCFA production,
neurotransmitter production, and hormone secretion (Rea et al., 2017).
Incoming visceral information from the gut via the sympathetic and
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parasympathetic branches of the autonomic nervous system (Fig. 1) are
further processed in the brain, and are subjected to feedback loops to
initiate the appropriate behavioural and physiological (modulate gut
motility and permeability, epithelial fluid maintenance, luminal osmo-
larity, secretion of bile, carbohydrate levels, mechanical distortion of the
mucosa, bicarbonate and mucus production as well as the mucosal im-
mune response and intestinal-fluid control) response (Mayer & Tillisch,
2011).

2. Evidence for a role of gastrointestinal microbiota in pain
response

There is limited clinical and preclinical evidence directly supporting
a role for gut microbiota in the pathophysiology of the pain state. Irri-
table bowel syndrome (IBS) in human observational and intervention
studies, and visceral pain studies in animal models vastly outnumber
other researched pain modalities with respect to the involvement of the
gut microbiota (Rea et al., 2017). However, one cannot overlook the
involvement of the microbiota in symptoms that are comorbid with
chronic pain especially affective disorders.

Neurobiology of Pain 9 (2021) 100061

Useful preclinical tools in elucidating the role of the microbiome in
pain-related behaviours have included the use of germ-free mice, anti-
biotic administration, faecal matter transplantation, prebiotic and pro-
biotic administration. Germ-free animals were shown to have increased
sensitivity to pain in the colorectal distension model (Luczynski et al.,
2017) (animal model of visceral hypersensitivity), increased pain
responding to inflammatory mediator injection into the paw (Amaral
et al., 2008) but lower pain response in chemotherapy-induced neuro-
pathic pain (Shen et al., 2017). Microbiota depletion with antibiotics
decreased visceral pain response in mice (Aguilera et al., 2015) and rats
(Hoban et al., 2016), with administration of antibiotics in early life
predisposing animals to visceral hypersensitivity in later life (O"Mahony
et al., 2014).

A reduction in chemotherapy-induced neuropathic pain (Shen et al.,
2017) was also observed in antibiotic treated animals. The transfer of
faecal matter from human subjects with IBS into germ-free rats was
reported to exacerbate their pain response to colorectal distension
(Crouzet et al., 2013). Furthermore, a recent preclinical neuropathic
pain study, using sciatic nerve ligation to sensitise the nerve to previ-
ously innocuous pressure, demonstrated that faecal matter transplant
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Fig. 1. Modes of communication between the gut microbiota and central pain processing pathways, identifying endocannabinoid receptor location and involvement.
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from pain-sensitive animals to antibiotic-treated mice conferred a
painful phenotype (Yang et al., 2019) reinforcing an involvement of
microbes in pain response.

From a clinical perspective, randomised, double-blind, placebo-
controlled studies investigating the role of the microbiome in pain
research are lacking. The data on gut microbiota in functional gastro-
intestinal disorders are too limited to draw conclusions yet (Halkjaer
etal., 2017). But recently, the potential role of the human microbiome in
visceral, inflammatory, and neuropathic pain states, including fibro-
myalgia, migraine, cancer and chemotherapy-associated pain has been
highlighted (Rea et al., 2019).

3. Endocannabinoids and the microbiome

While there is separate evidence supporting a role for microbiome
modulation and endocannabinoids in pain management, there are
limited studies that have tried to directly link changes in microbiome-
endocannabinoidome in pain response and the mechanisms involved.
However, studies looking at the role of endocannabinoids in microbiota-
mediated changes in physiology suggest that the mechanism largely
involves a microbiome-driven change in gut permeability (associated
with an obesogenic phenotype) that facilitates an increase in systemic
inflammatory tone regulated by endocannabinoids. In human observa-
tional studies, dietary intakes of specific fatty acids were associated with
2-AG and omega-3 fatty acid-derived endocannabinoids, irrespective of
the body fat distribution. These changes in endocannabinoids were
associated with changes in Peptostreptococcaceae, Veillonella-
ceae and Akkermansiaceae. A 2-day Mediterranean diet intervention in
this study increased circulating levels of endocannabinoids in agreement
with fatty acid intake, however no microbiota sequencing was per-
formed on this short intervention (Castonguay-Paradis et al., 2020).
Increased gut permeability leads to the translocation of gram-negative
bacterial components (e.g. lipopolysaccharides (LPS)) that trigger an
immune response and the production of endocannabinoids (Maccarrone
et al., 2001; Liu et al., 2003; Zhu et al., 2011). This increase in endo-
cannabinoid tone can further exacerbate gut permeability, particularly
in obesity, leading to a viscous cycle with further increase in LPS
translocation and an increased inflammatory tone (Muccioli et al.,
2010). Indeed, knockout of the gene encoding myeloid differentiation
primary response protein MyD88, which is involved in the signalling of
most Toll-like receptors following activation by translocating bacterial
components, attenuated inflammation and gut permeability alterations
in an animal model of obesity. Furthermore, this change resulted in an
altered microbiota composition and increased levels of 2-AG and 2-OG,
but decreased levels of anandamide (Everard et al., 2014). This has led
to the hypothesis that the endocannabinoids can act as ‘gate-openers’
and ‘gate-keepers’ in gut permeability (Silvestri and Di Marzo, 2013), as
well as influencing some of the central effects associated with micro-
biota perturbation (Russo et al., 2018).

A recent study determined that gene expression of cannabinoid re-
ceptors and enzymes and lipid mediators in the juvenile and adult ileum,
duodenum and colon are altered in germ-free animals. Interestingly,
FMT from donor age-matched conventional animals partially or
completely reversed changes in gene expression and lipid mediator
levels after only 1 week treatment (Manca et al., 2020). Despite the fact
that this study does not look at pain readouts, these findings lend
credence to the hypothesis that intestinal microorganisms exploit
endocannabinoid signalling to exert some of their physiological
functions.

Further evidence that intestinal microbes can influence the endo-
cannabinoid system is provided in another recent study. It was deter-
mined that the yeast Candida albicans can manipulate the
endocannabinoid system resulting in changes in neuroendocrine levels
resulting in changes in anxiety-like behaviour (Markey et al., 2020).
Further, increasing AEA levels using the well-characterized FAAH in-
hibitor URB597 was sufficient to reverse both the neuroendocrine and
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behavioural phenotypes in these C. albicans-colonized mice, suggesting
an interaction between the microbiome and endocannabinoid system in
these effects.

In obese mice, CB; receptor antagonism with Rimonabant
(SR141716A) attenuated the increased gut permeability, altered tight
junction protein expression, and inflammatory tone associated with
obesity, and resulted in an increased relative abundance of Akkermansia
muciniphila (Mehrpouya-Bahrami et al., 2017). Similarly, chronic A°-
tetrahydrocannabinol (THC), a neuroactive component of cannabis,
attenuated diet-induced obesity and altered the microbiota with an
increased Firmicutes:Bacteroidetes ratio (Cluny et al., 2015). In a
separate study, the administration of Akkermansia muciniphila in high-fat
diet (HFD) mice increased intestinal levels of 2-AG, 2-OG, and 2-PG, as
well as reversing HFD-related changes in gut permeability (Everard
et al., 2013). Further work from this group using a mouse model of
inducible intestinal epithelial cell (IEC)-specific deletion of NAPE-PLD
determined an altered gastrointestinal microbiota and metabolic func-
tion in these animals, that was partly reversible with Akkermansia
administration (Everard et al., 2019).

Recently, genetic manipulation of the bacterium Escherichia coli to
produce NAPE-PLD was able to attenuate diet-induced obesity (Dosoky
et al., 2019). Taken together, it is evident that the exogenous adminis-
tration of cannabinoid compounds can influence microbiota readouts (in
an altered microbiome metabolic state) and vice versa.

In a 6-week feeding study in female mice, a-linoleic acid (to increase
polyunsaturated fatty acids) decreased liver 2-AG, OEA and AEA, while
increasing PEA, while there were no effects on endocannabinoid levels
in epidydimal adipose tissue. Supplementation of these ALA-treated
groups with B. breve strains NCIMB 702,258 and DPC6330 further
exacerbated changes in the liver, but induced a pronounced increase in
epidydimal adipose tissue levels of AEA and DHEA. These findings were
postulated to be linked to microbiota driven changes in inflammatory
response through toll-like receptor activation (Patterson et al., 2017)
further supporting the hypothesis that endocannabinoids may play a
role in gut microbe-driven changes in inflammatory tone.

Using the FAAH inhibitor PF3845, and thus promoting levels of
anandamide (and other lipids) there was a reduction in immune read-
outs and pain response in an animal model of 2,4,6-trinitrobenzene
sulfonic acid (TNBS)- but not Dextran sulfate sodium (DSS)-induced
colitis (Sataga et al., 2014). Similarly, increasing 2-AG levels using MAG-
lipase inhibitor prevented TNBS-colitis and prevented further systemic
and central inflammation (Alhouayek et al., 2011). This may be through
the classic cannabinoid receptors or other fatty acid ethanolamines that
have demonstrated powerful anti-inflammatory effects in vitro (Alha-
moruni et al., 2010; Muccioli et al., 2010; Geurts et al., 2013). In an
animal model of multiple sclerosis, the autoimmune encephalitis model,
there is an increase in systemic and central inflammatory tone, as well as
changes in microbiota complexity and diversity, including increased
levels of Akkermansia muciniphila. Administration of a combination of
cannabidiol and THC significantly reduced levels of Akkermansia and
attenuated the systemic and central inflammatory response (Al-Ghezi
et al., 2019). These studies strengthen the link between the microbiome
and the endocannabinoid system, potentially through immune modu-
lation to exert beneficial effects.

However, while some of these studies show reduced local inflam-
matory tone, these changes have not been linked with pain response
(Table 1). In an animal model of visceral hypersensitivity, the colorectal
distension model, Lactobacillus acidophilus administration was shown to
reduce abdominal pain through cannabinoid and opioid receptors — as
their effects were blocked with selective antagonists (Rousseaux et al.,
2007). However, a thorough evaluation of where these two physiolog-
ical systems intersect was not further explored. In an animal model of
neuropathic pain, using deprivation of vitamin D, an altered microbiome
with a reduction in Verrucomicrobia and Bacteroidetes, an increase in
tactile allodynia (a painful response to a normally non-noxious stimulus)
and changes in endocannabinoid levels at the level of the spinal cord,
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Table 1
Studies examining possible connection between gut microbiota and cannabinoid
signalling.
Animal Effect Intervention Author/Year
Germ-free Gene expression of FMT from donor age-  Manca et al.,
male mice endocannabinoidome matched 2020
C57BL/ receptors and enzymes conventional animals
6NTac and lipid mediators in partially or
juvenile and adult completely reversed
ileum, duodenum and changes in gene
colon were altered in expression and lipid
germ-free animals mediator levels after
1 week treatment
5-6 w old The fungus Candida 1 mg/kg URB597 i.p.  Markey
Female albicans increased serum attenuated these et al., 2020
C57BL/6 corticosterone levels, changes in
Mice altered lipid metabolism  neuroendocrine,
and increased anxiety- metabolic and
like behaviour behavioural outputs
Adult male Diet-induced obesity 10 mg/kg daily oral Mehrpouya-
C57BL/6 (DIO) model increased gavage of CB1R Bahrami
Mice gut permeability, antagonist etal., 2017
increased anandamide SR141716A for 4
levels and CB1R mRNA weeks attenuated
in adipose tissue, altered ~ DIO-mediated
glucose and SCFA changes in
metabolism, altered physiology and
tight junction protein metabolism
expression, and
increased inflammatory
tone in blood, gut and
fat tissues
Adult male DIO increased weight 2 mg/kg THC i.p. for ~ Cluny et al.,
C57BL/6N gain, had no effect on 3 weeksand 4 mg/kg 2015
mice gut transit time, and for 1 additional week
altered gut microbiota attenuated DIO-
mediated weight
gain and increased
Firmicutes:
Bacteroidetes ratio
with an increase in
Akkermansia
muciniphila
abundance
Genetic ob/ All groups had increased ~ The prebiotic Everard
ob, HFD, weight gain and adipose  oligofructose (10 g/ etal., 2013
type 2 tissue weight, increased 100 g of diet for ob/
diabetic serum LPS levels and ob study or 0.3 g per
and naive Akkermansia muciniphila day HFD study)
male was significant lower attenuated weight
C57BL/6 (>100 fold decrease) in gain, fat mass
Mice all groups accumulation,
increase in serum
LPS levels and
decreases in
Akkermansia
muciniphila
10w old adult ~ HFD increased weight 2 X 10°8 cfu/0.2 mL Everard
male gain and adipose tissue daily Akkermansia etal., 2013
C57BL/6 weight, increased serum muciniphila (ATTC
Mice LPS levels and BAA-835) oral
Akkermansia muciniphila gavage or heat-killed
was significantly control for 4 weeks
reduced attenuated serum
LPS levels, weight
gain, fat mass
accumulation, and
restored gut barrier
function and
increased intestinal
endocannabinoids in
DIO mice
Male adult NAPE-PLD deletion 2 X 10°8 cfu/0.2 mL Everard
mice with decreased levels of AEA,  daily Akkermansia etal., 2019
Intestinal OEA, PEA, 2-AG; muciniphila (ATTC
epithelial exacerbated obesity, BAA-835) oral

cell-specific

reduced energy

gavage reduced body

Table 1 (continued)
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Animal Effect Intervention Author/Year
deletion expenditure and altered weight and fat mass
of NAPE- gut microbiota in HFD NAPE-PLD
PLD deleted mice,
without further
altering
endocannabinoid
levels
Adult male DIO increased weight Administration of Dosoky
C57BL/6 gain genetically etal., 2019
Mice manipulated
Escherichia coli to
produce NAPE-PLD
attenuated increases
in weight gain
Adult female Autoimmune 10 mg/kg each of Al-Ghezi
C57BL/6 Encephalopathy model THC + CBD daily i.p.  etal., 2019
Mice induced an administration from
inflammatory day 10 reduced levels
phenotype and altered of Verrucomicrobia,
microbiota specifically
Akkermansia
muciniphila and
attenuated the
systemic and central
inflammatory
response associated
with EAE model
Male adult Colorectal distension L. acidophilus NCFM Rousseaux
Balb Cmice  model increased pain (1 X10"9 CFU/mL) et al., 2007
and Male response as visceral daily attenuated the
adult hypersensitivity pain response in mice
Sprague- and rats. 3 mg/kg i.p.
Dawley rats administration of the
CB2-selective
antagonist AM-630
reversed this effect.
Adult male Vitamin D deficiency 10 mg/kg i.p. PEA Guida et al.,
C57BL/6 exacerbated allodynia administration 2020
Mice associated with spinal attenuated pain
nerve sensitisation, response in spinal
reduced nerve injury, and
Verrucomicrobia and attenuated changes
Bacteroidetes and in microbiota
reduced spinal CBIR including
expression Akkermansia
muciniphila
Adult female 6 week o-linoleic acid B. breve strains Patterson
Balb C mice  decreased liver NCIMB 702,258 and etal., 2017
triacylglycerides, DPC6330 exacerbate
increased tissue fatty the changes in liver
acid composition and metabolites, but
decreased liver increase
endocannabinoid levels endocannabinoid
tone in adipose tissue
only
Adult male Dietary intakes of 2-day Mediterranean  Castonguay-
and female specific fatty acids were diet intervention Paradis
human associated with 2-AG increased circulating et al., 2020
participants  and omega-3-fatty acid- levels of NAEs and 2-

derived
endocannabinoids,
irrespective of the body
fat distribution, and
changes in
Peptostreptococcaceae,
Veillonellaceae,

and Akkermansiaceae

MAGs in agreement
with changes in FA
intake

duodenum and colon were observed. PEA administration attenuated
both the pain behaviour and spinal biochemical changes in vitamin D
deficient mice, whilst increasing the levels of Akkermansia, Eubacterium
and Enterobacteriaceae, as compared with vehicle-treated mice (Guida
et al., 2020). However, whether changes in the microbiome were causal
or as a consequence of the sensitivity to noxious stimuli remain



K. Rea et al.

unresolved.

In a similar vein, recent reviews using the available meta-analyses
have drawn association and noted correlations between the endo-
cannabinoid system and the microbiota-gut-brain axis in a range of
disorders that can be comorbid with certain aspects of pain including
obesity and metabolic disorders, multiple sclerosis and autoimmune
disorders, arthritis and inflammatory disorders, neurodegenerative dis-
orders, IBS, IBD and gastrointestinal disorders (Cani et al., 2016; Mestre
et al., 2018; Russo et al., 2018).

4. Conclusion and future research directions

Both the endocannabinoid system and the gastrointestinal micro-
biota can individually contribute to the manifestation of pain and our
endogenous response in pain management. Research into the complex
interactions of these systems in the pain response is in its infancy, with
very limited research on local events at the level of the gut, and no
studies looking at supraspinal effects. Furthermore, there is no
comprehensive study looking at the impact of chronic cannabinoid
compounds on the microbiome per se, in the presence or absence of pain.
Given the overlapping roles of the endocannabinoid system and the
microbiome on many critical biological systems including metabolism,
immune response, satiety, gut function and their ability to modulate
mood and behaviour — future research directions could look to the
modulation of endogenous pain control systems including the endo-
cannabinoid system via the microbiome. The immunomodulatory
properties of probiotics and prebiotics that have been reported in clin-
ical and preclinical studies suggest that they could be used as adjunct
therapies in the treatment of certain pain modalities. Knowing that a
high-fat diet contributes to an altered microbiome and pro-
inflammatory profile, a more holistic approach promoting exercise
and diets including healthy amounts of polyphenols, polyunsaturated
fatty acids, fibre, fermented foods etc. that promote and support the
growth of beneficial bacteria could also help in the alleviation of
inflammatory-related pain, possibly through the endocannabinoid sys-
tem. In conclusion, the microbiome represents an accessible and
adaptable target, to activate receptors (including cannabinoid receptors)
in the endogenous pain control pathways. Despite the limited literature
dedicated to these interactions to date, further work in this exciting
research field is anticipated (Fig. 1).

Declaration of Competing Interest

The authors declare that there is no conflict of interest regarding the
publication of this paper.

References

Aguilera, M., Cerda-Cuéllar, M., Martinez, V., 2015. Antibiotic-induced dysbiosis alters
host-bacterial interactions and leads to colonic sensory and motor changes in mice.
Gut Microbes 6 (1), 10-23. https://doi.org/10.4161/19490976.2014.990790.

Akbar, A., Walters, J.R., Ghosh, S., 2009. Review article: visceral hypersensitivity in
irritable bowel syndrome: molecular mechanisms and therapeutic agents.
Alimentary Pharmacology & Therapeutics 30, 423-435.

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

Alhamoruni, A., Lee, A.C., Wright, K.L., Larvin, M., O’Sullivan, S.E., 2010.
Pharmacological Effects of Cannabinoids on the Caco-2 Cell Culture Model of
Intestinal Permeability. J. Pharmacol. Exp. Ther. 335 (1), 92-102. https://doi.org/
10.1124/jpet.110.168237.

Alhouayek, M., Lambert, D.M., Delzenne, N.M., Cani, P.D., Muccioli, G.G., 2011.
Increasing endogenous 2-arachidonoylglycerol levels counteracts colitis and related
systemic inflammation. FASEB J. 25 (8), 2711-2721. https://doi.org/10.1096/fj.10-
176602.

Amaral, F.A., Sachs, D., Costa, V.V., Fagundes, C.T., Cisalpino, D., Cunha, T.M.,
Ferreira, S.H., Cunha, F.Q., Silva, T.A., Nicoli, J.R., Vieira, L.Q., Souza, D.G.,
Teixeira, M.M., 2008. Commensal microbiota is fundamental for the development of

Neurobiology of Pain 9 (2021) 100061

inflammatory pain. Proc. Natl. Acad. Sci. 105 (6), 2193-2197. https://doi.org/
10.1073/pnas.0711891105.

Béckhed, F., Roswall, J., Peng, Y., Feng, Q., Jia, H., Kovatcheva-Datchary, P., Li, Y.,
Xia, Y., Xie, H., Zhong, H., Khan, M., Zhang, J., Li, J., Xiao, L., Al-Aama, J.,
Zhang, D., Lee, Y., Kotowska, D., Colding, C., Tremaroli, V., Yin, Y.e., Bergman, S.,
Xu, X., Madsen, L., Kristiansen, K., Dahlgren, J., Wang, J., 2015. Dynamics and
Stabilization of the Human Gut Microbiome during the First Year of Life. Cell Host
Microbe 17 (5), 690-703. https://doi.org/10.1016/j.chom.2015.04.004.

Borre, Y.E., O’Keeffe, G.W., Clarke, G., Stanton, C., Dinan, T.G., Cryan, J.F., 2014.
Microbiota and neurodevelopmental windows: implications for brain disorders.
Trends Mol. Med. 20 (9), 509-518. https://doi.org/10.1016/j.molmed.2014.05.002.

Bueno, L. & Fioramonti, J. (1999) Effects of inflammatory mediators on gut sensitivity.
Can J Gastroenterol, 13 Suppl A, 42A-46A.

Cani, P.D., Everard, A., Duparc, T., 2013. Gut microbiota, enteroendocrine functions and
metabolism. Curr. Opin. Pharmacol. 13 (6), 935-940. https://doi.org/10.1016/].
coph.2013.09.008.

Cani, P.D., Plovier, H., Van Hul, M., Geurts, L., Delzenne, N.M., Druart, C., Everard, A.,
2016. Endocannabinoids-at the crossroads between the gut microbiota and host
metabolism. Nat. Rev. Endocrinol. 12, 133-143.

Castonguay-Paradis, S., Lacroix, S., Rochefort, G., Parent, L., Perron, J., Martin, C.,
Lamarche, B., Raymond, F., Flamand, N., Di Marzo, V., Veilleux, A., 2020. Dietary
fatty acid intake and gut microbiota determine circulating endocannabinoidome
signaling beyond the effect of body fat. Sci. Rep. 10 (1) https://doi.org/10.1038/
$41598-020-72861-3.

Cluny, N.L., Keenan, C.M., Reimer, R.A., Le Foll, B., Sharkey, K.A., 2015. Prevention of
Diet-Induced Obesity Effects on Body Weight and Gut Microbiota in Mice Treated
Chronically with Delta9-Tetrahydrocannabinol. PLoS ONE 10, e0144270.

Collado, M.C., Cernada, M., Baiierl, C., Vento, M., Pérez-Martinez, G., 2012. Microbial
ecology and host-microbiota interactions during early life stages. Gut Microbes 3 (4),
352-365. https://doi.org/10.4161/gmic.21215.

Cravatt, B.F., Giang, D.K., Mayfield, S.P., Boger, D.L., Lerner, R.A., Gilula, N.B., 1996.
Molecular characterization of an enzyme that degrades neuromodulatory fatty-acid
amides. Nature 384 (6604), 83-87. https://doi.org/10.1038/384083a0.

Crouzet, L., Gaultier, E., Del’Homme, C., Cartier, C., Delmas, E., Dapoigny, M.,
Fioramonti, J., Bernalier-Donadille, A., 2013. The hypersensitivity to colonic
distension of IBS patients can be transferred to rats through their fecal microbiota.
Neurogastroenterol. Motil. 25 (4), e272-e282. https://doi.org/10.1111/nmo.12103.

Cryan, J.F., O’Riordan, K.J., Cowan, C.S.M., Sandhu, K.V., Bastiaanssen, T.F.S.,
Boehme, M., Codagnone, M.G., Cussotto, S., Fulling, C., Golubeva, A.V., Guzzetta, K.
E., Jaggar, M., Long-Smith, C.M., Lyte, J.M., Martin, J.A., Molinero-Perez, A.,
Moloney, G., Morelli, E., Morillas, E., O’Connor, R., Cruz-Pereira, J.S., Peterson, V.L.,
Rea, K., Ritz, N.L., Sherwin, E., Spichak, S., Teichman, E.M., van de Wouw, M.,
Ventura-Silva, A.P., Wallace-Fitzsimons, S.E., Hyland, N., Clarke, G., Dinan, T.G.,
2019. The Microbiota-Gut-Brain Axis. Physiol. Rev. 99 (4), 1877-2013. https://doi.
org/10.1152/physrev.00018.2018.

Devane, W.A., Dysarz 3rd, F.A., Johnson, M.R., Melvin, L.S., Howlett, A.C., 1988.
Determination and characterization of a cannabinoid receptor in rat brain. Mol.
Pharmacol. 34, 605-613.

Devane, W., Hanus, L., Breuer, A., Pertwee, R., Stevenson, L., Griffin, G., Gibson, D.,
Mandelbaum, A., Etinger, A., Mechoulam, R., 1992. Isolation and structure of a brain
constituent that binds to the cannabinoid receptor. Science 258 (5090), 1946-1949.
https://doi.org/10.1126/science:1470919.

Di Marzo, V., 2018. New approaches and challenges to targeting the endocannabinoid
system. Nat Rev Drug Discov 17 (9), 623-639. https://doi.org/10.1038/
nrd.2018.115.

Di Marzo, V., De Petrocellis, L., Sepe, N. & Buono, A. (1996) Biosynthesis of anandamide
and related acylethanolamides in mouse J774 macrophages and N18 neuroblastoma
cells. The Biochemical journal, 316 (Pt 3), 977-984.

Dinh, T.P., Freund, T.F., Piomelli, D., 2002. A role for monoglyceride lipase in 2-arach-
idonoylglycerol inactivation. Chem. Phys. Lipids 121 (1-2), 149-158. https://doi.
org/10.1016/S0009-3084(02)00150-0.

Donnet-Hughes, A., Perez, P.F., Doré, J., Leclerc, M., Levenez, F., Benyacoub, J.,
Serrant, P., Segura-Roggero, 1., Schiffrin, E.J., 2010. Potential role of the intestinal
microbiota of the mother in neonatal immune education. Proc. Nutr. Soc. 69 (3),
407-415. https://doi.org/10.1017/50029665110001898.

Dosoky, N.S., Chen, Z., Guo, Y., McMillan, C., Flynn, C.R., Davies, S.S., 2019. Two-week
administration of engineered Escherichia coli establishes persistent resistance to
diet-induced obesity even without antibiotic pre-treatment. Appl. Microbiol.
Biotechnol. 103 (16), 6711-6723. https://doi.org/10.1007/s00253-019-09958-x.

Eckburg, P.B., Bik, E.M., Bernstein, C.N., Purdom, E., Dethlefsen, L., Sargent, M., Gill, S.
R., Nelson, K.E., Relman, D.A., 2005. Diversity of the human intestinal microbial
flora. Science 308, 1635-1638.

Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J.P., Druart, C., Bindels, L.B., Guiot, Y.,
Derrien, M., Muccioli, G.G., Delzenne, N.M., de Vos, W.M., Cani, P.D., 2013. Cross-
talk between Akkermansia muciniphila and intestinal epithelium controls diet-
induced obesity. Proc. Natl. Acad. Sci. 110 (22), 9066-9071. https://doi.org/
10.1073/pnas.1219451110.

Everard, A., Geurts, L., Caesar, R., Van Hul, M., Matamoros, S., Duparc, T., Denis, R.G.P.,
Cochez, P., Pierard, F., Castel, J., Bindels, L.B., Plovier, H., Robine, S., Muccioli, G.
G., Renauld, J.-C., Dumoutier, L., Delzenne, N.M., Luquet, S., Backhed, F., Cani, P.D.,
2014. Intestinal epithelial MyD88 is a sensor switching host metabolism towards
obesity according to nutritional status. Nat. Commun. 5 (1) https://doi.org/
10.1038/ncomms6648.

Everard, A., Plovier, H., Rastelli, M., Van Hul, M., de Wouters d’Oplinter, A., Geurts, L.,
Druart, C., Robine, S., Delzenne, N.M., Muccioli, G.G., de Vos, W.M., Luquet, S.,
Flamand, N., Di Marzo, V., Cani, P.D., 2019. Intestinal epithelial N-


https://doi.org/10.4161/19490976.2014.990790
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0010
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0010
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0010
https://doi.org/10.1016/j.bbi.2019.07.028
https://doi.org/10.1016/j.bbi.2019.07.028
https://doi.org/10.1124/jpet.110.168237
https://doi.org/10.1124/jpet.110.168237
https://doi.org/10.1096/fj.10-176602
https://doi.org/10.1096/fj.10-176602
https://doi.org/10.1073/pnas.0711891105
https://doi.org/10.1073/pnas.0711891105
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1016/j.coph.2013.09.008
https://doi.org/10.1016/j.coph.2013.09.008
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0055
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0055
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0055
https://doi.org/10.1038/s41598-020-72861-3
https://doi.org/10.1038/s41598-020-72861-3
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0065
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0065
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0065
https://doi.org/10.4161/gmic.21215
https://doi.org/10.1038/384083a0
https://doi.org/10.1111/nmo.12103
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1152/physrev.00018.2018
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0090
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0090
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0090
https://doi.org/10.1126/science:1470919
https://doi.org/10.1038/nrd.2018.115
https://doi.org/10.1038/nrd.2018.115
https://doi.org/10.1016/S0009-3084(02)00150-0
https://doi.org/10.1016/S0009-3084(02)00150-0
https://doi.org/10.1017/S0029665110001898
https://doi.org/10.1007/s00253-019-09958-x
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0125
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0125
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0125
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1038/ncomms6648
https://doi.org/10.1038/ncomms6648

K. Rea et al.

acylphosphatidylethanolamine phospholipase D links dietary fat to metabolic
adaptations in obesity and steatosis. Nat. Commun. 10 (1) https://doi.org/10.1038/
s41467-018-08051-7.

Farhadi, A., Banan, A., Fields, J. & Keshavarzian, A. (2003) Intestinal barrier: an
interface between health and disease. Journal of gastroenterology and hepatology,
18, 479-497.

Frazier, T.H., DiBaise, J.K., McClain, C.J., 2011. Gut Microbiota, Intestinal Permeability,
Obesity-Induced Inflammation, and Liver Injury. JPEN J. Parenter. Enteral Nutr. 35
(5_suppl), 14S-20S. https://doi.org/10.1177/0148607111413772.

Gaci, N., Borrel, G., Tottey, W., O’Toole, P.W., Brugere, J.F., 2014. Archaea and the
human gut: new beginning of an old story. World J. Gastroenterol.: WJG 20,
16062-16078.

Geurts, L., Muccioli, G.G., Delzenne, N.M. & Cani, P.D. (2013) Chronic endocannabinoid
system stimulation induces muscle macrophage and lipid accumulation in type 2
diabetic mice independently of metabolic endotoxaemia. PloS one, 8, €55963.

Guida, F., Boccella, S., Belardo, C., Iannotta, M., Piscitelli, F., De Filippis, F., Paino, S.,
Ricciardi, F., Siniscalco, D., Marabese, 1., Luongo, L., Ercolini, D., Di Marzo, V.,
Maione, S., 2020. Altered gut microbiota and endocannabinoid system tone in
vitamin D deficiency-mediated chronic pain. Brain Behav. Immun. 85, 128-141.
https://doi.org/10.1016/j.bbi.2019.04.006.

Halkjeer, S.I., Boolsen, A.W., Giinther, S., Christensen, A.H., Petersen, A.M., 2017. Can
fecal microbiota transplantation cure irritable bowel syndrome? WJG 23 (22), 4112.
https://doi.org/10.3748/wjg.v23.i22.4112.

Hoban, A.E., Moloney, R.D., Golubeva, A.V., McVey Neufeld, K.A., O’Sullivan, O.,
Patterson, E., Stanton, C., Dinan, T.G., Clarke, G., Cryan, J.F., 2016. Behavioural and
neurochemical consequences of chronic gut microbiota depletion during adulthood
in the rat. Neuroscience 339, 463-477. https://doi.org/10.1016/j.neuroscience:
2016.10.003.

Holzer, P., Farzi, A., Hassan, A.M., Zenz, G., Jacan, A., Reichmann, F., 2017. Visceral
Inflammation and Immune Activation Stress the Brain. Front. Immunol. 8, 1613.

Howlett, A.C., Abood, M.E., 2017. CB1 and CB2 Receptor Pharmacology. Adv.
Pharmacol. 80, 169-206.

1zzo, A.A., Sharkey, K.A., 2010. Cannabinoids and the gut: New developments and
emerging concepts. Pharmacol. Ther. 126 (1), 21-38. https://doi.org/10.1016/j.
pharmthera.2009.12.005.

Lankelma, J.M., Nieuwdorp, M., de Vos, W.M., Wiersinga, W.J., 2015. The gut
microbiota in internal medicine: implications for health and disease. The
Netherlands J. Med. 73, 61-68.

Liu, J., Batkai, S., Pacher, P., Harvey-White, J., Wagner, J.A., Cravatt, B.F., Gao, B.,
Kunos, G., 2003. Lipopolysaccharide induces anandamide synthesis in macrophages
via CD14/MAPK/phosphoinositide 3-kinase/NF-kappaB independently of platelet-
activating factor. J. Biol. Chem. 278, 45034-45039.

Luczynski, P., Tramullas, M., Viola, M., Shanahan, F., Clarke, G., O’'Mahony, S., Dinan, T.
G. & Cryan, J.F. (2017) Microbiota regulates visceral pain in the mouse. eLife, 6.

Maccarrone, M., De Petrocellis, L., Bari, M., Fezza, F., Salvati, S., Di Marzo, V., Finazzi-
Agro, A., 2001. Lipopolysaccharide Downregulates Fatty Acid Amide Hydrolase
Expression and Increases Anandamide Levels in Human Peripheral Lymphocytes.
Arch. Biochem. Biophys. 393 (2), 321-328. https://doi.org/10.1006/
abbi.2001.2500.

Manca, C., Boubertakh, B., Leblanc, N., Deschénes, T., Lacroix, S., Martin, C., Houde, A.,
Veilleux, A., Flamand, N., Muccioli, G.G., Raymond, F., Cani, P.D., Di Marzo, V.,
Silvestri, C., 2020. Germ-free mice exhibit profound gut microbiota-dependent
alterations of intestinal endocannabinoidome signaling. J. Lipid Res. 61 (1), 70-85.
https://doi.org/10.1194/jlr.RA119000424.

Markey, L., Hooper, A., Melon, L.C., Baglot, S., Hill, M.N., Maguire, J., Kumamoto, C.A.,
2020. Colonization with the commensal fungus Candida albicans perturbs the gut-
brain axis through dysregulation of endocannabinoid signaling.
Psychoneuroendocrinology 121, 104808. https://doi.org/10.1016/j.
psyneuen.2020.104808.

Matsuda, L.A., Lolait, S.J., Brownstein, M.J., Young, A.C., Bonner, T.I., 1990. Structure of
a cannabinoid receptor and functional expression of the cloned cDNA. Nature 346
(6284), 561-564. https://doi.org/10.1038/346561a0.

Mayer, E.A., Tillisch, K., 2011. The Brain-Gut Axis in Abdominal Pain Syndromes. Annu.
Rev. Med. 62 (1), 381-396. https://doi.org/10.1146/annurev-med-012309-103958.

Mehrpouya-Bahrami, P., Chitrala, K.N., Ganewatta, M.S., Tang, C., Murphy, E.A,,
Enos, R.T., Velazquez, K.T., McCellan, J., Nagarkatti, M., Nagarkatti, P., 2017.
Blockade of CB1 cannabinoid receptor alters gut microbiota and attenuates
inflammation and diet-induced obesity. Sci. Rep. 7 (1) https://doi.org/10.1038/
s41598-017-15154-6.

Mestre, L., Carrillo-Salinas, F.J., Mecha, M., Felid, A., Guaza, C., 2018. Gut microbiota,
cannabinoid system and neuroimmune interactions: New perspectives in multiple
sclerosis. Biochem. Pharmacol. 157, 51-66. https://doi.org/10.1016/j.
bcp.2018.08.037.

Muccioli, G.G., Naslain, D., Backhed, F., Reigstad, C.S., Lambert, D.M., Delzenne, N.M.,
Cani, P.D., 2010. The endocannabinoid system links gut microbiota to adipogenesis.
Mol. Syst. Biol. 6 (1), 392. https://doi.org/10.1038/msb:2010.46.

Neurobiology of Pain 9 (2021) 100061

O’Mahony, S.M., Felice, V.D., Nally, K., Savignac, H.M., Claesson, M.J., Scully, P.,
Woznicki, J., Hyland, N.P., Shanahan, F., Quigley, E.M., Marchesi, J.R., O’Toole, P.
W., Dinan, T.G., Cryan, J.F., 2014. Disturbance of the gut microbiota in early-life
selectively affects visceral pain in adulthood without impacting cognitive or anxiety-
related behaviors in male rats. Neuroscience 277, 885-901. https://doi.org/
10.1016/j.neuroscience:2014.07.054.

Patterson, E., Wall, R., Lisai, S., Ross, R.P., Dinan, T.G., Cryan, J.F., Fitzgerald, G.F.,
Banni, S., Quigley, E.M., Shanahan, F., Stanton, C., 2017. Bifidobacterium breve with
alpha-linolenic acid alters the composition, distribution and transcription factor
activity associated with metabolism and absorption of fat. Sci. Rep. 7, 43300.

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K.S., Manichanh, C., Nielsen, T.,
Pons, N., Levenez, F., Yamada, T., Mende, D.R., Li, J., Xu, J., Li, S., Li, D., Cao, J.,
Wang, B.o., Liang, H., Zheng, H., Xie, Y., Tap, J., Lepage, P., Bertalan, M., Batto, J.-
M., Hansen, T., Le Paslier, D., Linneberg, A., Nielsen, H.B., Pelletier, E., Renault, P.,
Sicheritz-Ponten, T., Turner, K., Zhu, H., Yu, C., Li, S., Jian, M., Zhou, Y., Li, Y.,
Zhang, X., Li, S., Qin, N., Yang, H., Wang, J., Brunak, S., Doré, J., Guarner, F.,
Kristiansen, K., Pedersen, O., Parkhill, J., Weissenbach, J., Bork, P., Ehrlich, S.D.,
Wang, J., 2010. A human gut microbial gene catalogue established by metagenomic
sequencing. Nature 464 (7285), 59-65. https://doi.org/10.1038/nature08821.

Rea, K., O’'Mahony, S.M., Dinan, T.G., Cryan, J.F., 2017. The Role of the Gastrointestinal
Microbiota in Visceral Pain. Handb. Exp. Pharmacol. 239, 269-287.

Rea, K., O’Mahony, S.M., Dinan, T. G. and Cryan, J. F. (2019) "Pain bugs: Gut microbiota
and pain disorders’, Current Opinion in Physiology, 11, 97-102.

Rousseaux, C., Thuru, X., Gelot, A., Barnich, N., Neut, C., Dubuquoy, L., Dubuquoy, C.,
Merour, E., Geboes, K., Chamaillard, M., Ouwehand, A., Leyer, G., Carcano, D.,
Colombel, J.-F., Ardid, D., Desreumaux, P., 2007. Lactobacillus acidophilus
modulates intestinal pain and induces opioid and cannabinoid receptors. Nat. Med.
13 (1), 35-37. https://doi.org/10.1038/nm1521.

Russo, R., Cristiano, C., Avagliano, C., De Caro, C., La Rana, G., Raso, G.M., Canani, R.B.,
Meli, R., Calignano, A., 2018. Gut-brain Axis: Role of Lipids in the Regulation of
Inflammation, Pain and CNS Diseases. CMC 25 (32), 3930-3952. https://doi.org/
10.2174/0929867324666170216113756.

Sataga, M., Mokrowiecka, A., Zakrzewski, P.K., Cygankiewicz, A., Leishman, E.,
Sobczak, M., Zatorski, H., Matecka-Panas, E., Kordek, R., Storr, M., Krajewska, W.M.,
Bradshaw, H.B., Fichna, J., 2014. Experimental colitis in mice is attenuated by
changes in the levels of endocannabinoid metabolites induced by selective inhibition
of fatty acid amide hydrolase (FAAH). J Crohns Colitis 8 (9), 998-1009. https://doi.
org/10.1016/j.crohns.2014.01.025.

Scarpellini, E., Ianiro, G., Attili, F., Bassanelli, C., De Santis, A., Gasbarrini, A., 2015. The
human gut microbiota and virome: Potential therapeutic implications. Digestive and
liver disease: official journal of the Italian Society of Gastroenterology and the Italian
Association for the Study of the Liver 47, 1007-1012.

Shen, S., Lim, G., You, Z., Ding, W., Huang, P., Ran, C., Doheny, J., Caravan, P., Tate, S.,
Hu, K., Kim, H., McCabe, M., Huang, B.o., Xie, Z., Kwon, D., Chen, L., Mao, J., 2017.
Gut microbiota is critical for the induction of chemotherapy-induced pain. Nat.
Neurosci. 20 (9), 1213-1216. https://doi.org/10.1038/nn.4606.

Silvestri, C. & Di Marzo, V. (2013) The endocannabinoid system in energy homeostasis
and the etiopathology of metabolic disorders. Cell metabolism, 17, 475-490.

Starowicz, K., Finn, D.P., 2017. Cannabinoids and Pain: Sites and Mechanisms of Action.
Adv. Pharmacol. 80, 437-475.

Stella, N., Schweitzer, P., Piomelli, D., 1997. A second endogenous cannabinoid that
modulates long-term potentiation. Nature 388 (6644), 773-778. https://doi.org/
10.1038/42015.

Sugiura, T., Kondo, S., Sukagawa, A., Nakane, S., Shinoda, A., Itoh, K., Yamashita, A.,
Waku, K., 1995. 2-Arachidonoylglycerol: a possible endogenous cannabinoid
receptor ligand in brain. Biochem. Biophys. Res. Commun. 215, 89-97.

Williamson, L.L., McKenney, E.A., Holzknecht, Z.E., Belliveau, C., Rawls, J.F.,

Poulton, S., Parker, W., Bilbo, S.D., 2016. Got worms? Perinatal exposure to
helminths prevents persistent immune sensitization and cognitive dysfunction
induced by early-life infection. Brain Behav. Immun. 51, 14-28. https://doi.org/
10.1016/j.bbi.2015.07.006.

Woolf, C.J., Bennett, G.J., Doherty, M., Dubner, R., Kidd, B., Koltzenburg, M., Lipton, R.,
Loeser, J.D., Payne, R. & Torebjork, E. (1998) Towards a mechanism-based
classification of pain? Pain, 77, 227-229.

Yang, C., Fang, X.i., Zhan, G., Huang, N., Li, S., Bi, J., Jiang, R., Yang, L., Miao, L.,
Zhu, B., Luo, A., Hashimoto, K., 2019. Key role of gut microbiota in anhedonia-like
phenotype in rodents with neuropathic pain. Transl. Psychiatry 9 (1). https://doi.
org/10.1038/541398-019-0379-8.

Zhang, L., Lu, X., Bi, Y., Hu, L.i., 2019. Pavlov’s Pain: the Effect of Classical Conditioning
on Pain Perception and its Clinical Implications. Curr. Pain Headache Rep. 23 (3)
https://doi.org/10.1007/511916-019-0766-0.

Zhu, C., Solorzano, C., Sahar, S., Realini, N., Fung, E., Sassone-Corsi, P., Piomelli, D.,
2011. Proinflammatory Stimuli Control N -Acylphosphatidylethanolamine-Specific
Phospholipase D Expression in Macrophages. Mol. Pharmacol. 79 (4), 786-792.
https://doi.org/10.1124/mo0l.110.070201.


https://doi.org/10.1038/s41467-018-08051-7
https://doi.org/10.1038/s41467-018-08051-7
https://doi.org/10.1177/0148607111413772
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0155
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0155
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0155
https://doi.org/10.1016/j.bbi.2019.04.006
https://doi.org/10.3748/wjg.v23.i22.4112
https://doi.org/10.1016/j.neuroscience:2016.10.003
https://doi.org/10.1016/j.neuroscience:2016.10.003
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0180
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0180
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0185
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0185
https://doi.org/10.1016/j.pharmthera.2009.12.005
https://doi.org/10.1016/j.pharmthera.2009.12.005
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0195
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0195
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0195
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0200
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0200
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0200
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0200
https://doi.org/10.1006/abbi.2001.2500
https://doi.org/10.1006/abbi.2001.2500
https://doi.org/10.1194/jlr.RA119000424
https://doi.org/10.1016/j.psyneuen.2020.104808
https://doi.org/10.1016/j.psyneuen.2020.104808
https://doi.org/10.1038/346561a0
https://doi.org/10.1146/annurev-med-012309-103958
https://doi.org/10.1038/s41598-017-15154-6
https://doi.org/10.1038/s41598-017-15154-6
https://doi.org/10.1016/j.bcp.2018.08.037
https://doi.org/10.1016/j.bcp.2018.08.037
https://doi.org/10.1038/msb:2010.46
https://doi.org/10.1016/j.neuroscience:2014.07.054
https://doi.org/10.1016/j.neuroscience:2014.07.054
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0255
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0255
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0255
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0255
https://doi.org/10.1038/nature08821
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0265
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0265
https://doi.org/10.1038/nm1521
https://doi.org/10.2174/0929867324666170216113756
https://doi.org/10.2174/0929867324666170216113756
https://doi.org/10.1016/j.crohns.2014.01.025
https://doi.org/10.1016/j.crohns.2014.01.025
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0290
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0290
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0290
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0290
https://doi.org/10.1038/nn.4606
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0305
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0305
https://doi.org/10.1038/42015
https://doi.org/10.1038/42015
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0315
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0315
http://refhub.elsevier.com/S2452-073X(21)00002-7/h0315
https://doi.org/10.1016/j.bbi.2015.07.006
https://doi.org/10.1016/j.bbi.2015.07.006
https://doi.org/10.1038/s41398-019-0379-8
https://doi.org/10.1038/s41398-019-0379-8
https://doi.org/10.1007/s11916-019-0766-0
https://doi.org/10.1124/mol.110.070201

	High and Mighty? Cannabinoids and the microbiome in pain
	1 Introduction
	1.1 The endocannabinoid system
	1.2 The gastrointestinal microbiota
	1.3 Pain response

	2 Evidence for a role of gastrointestinal microbiota in pain response
	3 Endocannabinoids and the microbiome
	4 Conclusion and future research directions
	Declaration of Competing Interest
	References


