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A B S T R A C T

Understanding the pathophysiology of Alzheimer's disease (AD) is essential to improve the efficacy of treatments
and, consequently, patients' lives. Unfortunately, traditional therapeutic strategies have not been effective. There
is therefore an urgent need to discover or develop alternative treatment strategies. Recently, some pieces of the
puzzle appear to emerge: on a hand, the gut microbiota (GM) has gained attention since intestinal dysbiosis
aggravates and generates some of the pathological processes of AD; on the other hand, cannabidiol (CBD), a
phytocannabinoid, attenuates intestinal inflammation and possesses neuroprotective properties. Intestinal dys-
biosis (increased population of proinflammatory bacteria) in AD increases plasma lipopolysaccharide and Aβ
peptide levels, both responsible for increasing the permeability of the blood-brain barrier (BBB). A leaky BBB may
facilitate the entry of peripheral inflammatory mediators into the central nervous system and ultimately aggravate
neuroinflammation and neuronal death due to chronic activation of glial cells. Studies investigating the GM re-
ported a strong relationship between intestinal dysbiosis and AD. In this review we conjecture that the GM is a
promising therapeutic target for CBD in the context of AD.
1. Introduction

Advances in understanding the pathological processes in Alzheimer's
disease (AD) have led to extensive efforts to find promising targets to
develop therapeutic strategies. Currently, the knowledge on the neuro-
and enteroendocrine regulations of the enteric nervous system (ENS),
and the functions and regulation of both the neuroimmune axis and the
microbiota-gut-brain axis support the notion that the gut microbiota
(GM) may modulate: (i) factors that maintain the functional integrity of
the intestine–especially through regulation of the endocannabinoid sys-
tem (ECS) (Muccioli et al., 2010; Mestre et al., 2018) –, (ii) immuno-
logical status (Jiang et al., 2017), and (iii) brain functions (Spielman
et al., 2018).

Thus, more attention should be paid to the findings showing the
impact of alterations in the GM composition on the pathogenesis of AD.
Intestinal dysbiosis can aggravate the progression or even generate
common pathological processes in AD (Figure 1) (Kim et al., 2020; Fox
et al., 2019) and other diseases, neurodegenerative (Spiealman et al.,
2019; Adamczyk-Sowa et al., 2017) or not (Lynch and Pedersen, 2016;
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Qin et al., 2012; Yang et al., 2015; Naseribafrouei et al., 2014), even in
clinical trials (Szablewski 2018; Jiang et al., 2017).

Current methods and therapeutic strategies for stopping (or at least
attenuating) the debilitating and fatal AD progression are not effective
(Joe and Ringman, 2019). Regarding the most promising therapeutic
candidates for the treatment of AD, there is a growing number of articles
providing evidence of the potent effects of cannabidiol (CBD):(i) neuro-
protection (Campos et al., 2016; Booz 2011); (ii) negative modulation of
inflammatory processes; and (iii) possible control of intestinal bacteria
populations by acting together with delta-9-tetrahydrocannabinol (THC)
(Al-Ghezi et al., 2019). Moreover, CBD has been shown to exhibit psy-
choactive characteristics as it acts on anxiety (anxiolytic effect; Shannon
et al., 2019; Zuardi et al., 2017) and can block behavioral consequences
of psychomimetic drugs such as THC and amphetamine (Sainz-Cort et al.,
2021; Scopinho et al., 2011; Renard et al., 2016); importantly, these
actions do not appear to be associated with detrimental outcomes
(Kaplan et al., 2021).

In this article we revisited the findings that support the view that
intestinal dysbiosis aggravates the progression of AD, as well as those
Soriano).
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Figure 1. Contributing factors to Alzheimer's disease progression. Aging is associated with higher predisposition to oxidative stress and intestinal dysbiosis.
Bloodstream (humoral route) carries bacterial products which induce systemic inflammation (and neuroinflammation) and affect the integrity of the BBB (leaky BBB).
The access of LPS, Aβ peptide and pro-inflammatory mediators into the brain parenchyma is higher with a less restrictive BBB. These molecules activate astrocytes and
microgliocytes. These cells, when chronically activated, produce ROS, NO, TNF- α, IL-1β e IL-6, which intensify neuroinflammatory processes, hyperphosphorylation of
tau, and Aβ deposition. Together, these factors/processes cause (more) glial and neuronal death and contribute to the progression of Alzheimer's disease. BBB, blood-
brain barrier; CNS, central nervous system; ROS, reactive oxygen species; NO, nitric oxide. IL-1β, Interleukin-1 beta; IL-6, Interleukin 6; TNF-α, tumor necrosis factor
alpha; Aβ, amyloid-beta peptide.
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showing that CBD is an adjuvant in the treatment of intestinal inflam-
mation. Taking these findings into consideration, we conjectured that the
GM is–besides a villain –, a promising therapeutic target for CBD in the
context of AD.

2. Common pathological processes in Alzheimer's disease (AD)

The most studied histopathological landmarks in AD are (i) the am-
yloid plaques (extraneuronal deposition of fibrils and oligomers of Aβ
peptides) and (ii) the neurofibrillary tangles (intracellular aggregation
and deposition of hyperphosphorylated microtubule-associated protein
tau) (Lane and Hardy, 2018). Other AD-related pathological events has
also been reported: dystrophic neuritis (Sharoar et al., 2019), astrogliosis
(Pekny et al., 2014) and microglial activation (Hansen et al., 2018; Ser-
rano-Pozo et al., 2011). The amyloid hypothesis proposes that the
deposition of pathological forms of Aβ in the brain is the primary process
in AD (Lane and Hardy, 2018). Although this theory has been refuted by
some researchers (Herrup, 2015) because plaque load does not always
correlate with cognitive decline, many authors have demonstrated that
soluble Aβ oligomers significantly aggravate disease progression, pro-
moting synaptic and dendritic dysfunction, compromising long-term
potentiation (LTP), and culminating in neuronal and glial death (Town-
send et al., 2006; Xu et al., 2016).

Many researchers consider that the hyperphosphorylation of tau is a
downstream event in the deposition of Aβ. However, neurofibrillary
tangles deposition (formed by aggregation of tau) is greatly associated
with the degree of cognitive decline and neuronal loss (Spires-Jones and
Hyman, 2014; Li et al., 2017), and soluble tau can lead to synaptic loss
even in the absence of Aβ (Li et al., 2017). Moreover, neurofibrillary
tangle density has been shown to be related to severity and disease
duration in several clinical trials (Serrano-Pozo et al., 2011).
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Some high impact studies have shown that neurodegeneration in AD
is associated with several factors, including neuroinflammation (Luchena
et al., 2018), impairment of the blood-brain barrier (BBB) (Montagne
et al., 2015), mitochondrial dysfunction (Wilkins, 2016), and oxidative
stress (Sayre et al., 2008). Currently, there are many transgenic mouse
models of AD providing insights into pathology, mechanisms, progres-
sion, and etiology of the disease. These animal models have been used as
tools to investigate the effects of the GM on dementia (Table 3 shows
some of them: 5xFAD mice, APP/PS1 mice, TAU58/2 mice). Important
aspects of the disease have been studied in these models, taking into
account the relevance of the promoter that drives the expression of
transgenes, and the transgenes used to simulate the pathophysiology of
AD, providing important clues to design clinical trials. Mutant human
genes such as APP, PSEN1, APOE ϵ4 and ob (leptin) can then be studied in
transgenic mouse. Therefore, besides the accumulation of Aβ peptide and
tauopathy, the metabolism of cholesterol and insulin have also been
studied in these models. More information about these animal models is
beyond the scope of the present review, and has been elegantly covered
by Esquerda-Canals et al. (2017) and Myers and McGonigle (2019).

2.1. Blood-brain barrier (BBB) impairment in AD

BBB dysfunction may result from (i) endotoxin accumulation (bac-
terial lipopolysaccharides, LPS) in the systemic circulation and (ii) in-
flammatory mediators generated within the central nervous system
(CNS) (Sochocka et al., 2019), with a cause-and-consequence relation-
ship (Danielski et al., 2018; Jiang et al., 2017). Peripheral (intestinal)
pro-inflammatory factors–some of them released by GM bacteria
(Friedland and Chapman, 2017; Braniste et al., 2014) –, seem to cause
structural changes in the BBB, compromising its permeability (Figure 1)
(Jiang et al., 2017; Sochocka et al., 2019).
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2.2. Neuroinflammation in AD

Neuroinflammation is a process mediated by astrocytes (Colombo and
Farina, 2016), microgliocytes (Regen et al., 2017) and, when recruited,
macrophages residing in the most intimate borders of the brain paren-
chyma (macrophages of choroid plexus, perivascular spaces and
meninges; Rua et al., 2019). Activation of astrocytes induces TNF-α,
interferon-γ (IFN-γ), and IL-1β release (Liu et al., 2013). Figure 1 shows
that systemic inflammation induces chronic activation of astrocytes and
microgliocytes, and culminates in glial and neuronal death, contributing
to AD progression. Under these circumstances, the NF-kB pathway (nu-
clear kappa B factor, transcription factor stimulated by "toll-like" re-
ceptors, TLRs) is activated, and this pathway has been shown to be
involved in the production of reactive oxygen species (ROS) and nitric
oxide (NO) and release of TNF-α, IL-1β, and IL-6. Some of these sub-
stances contribute to hyperphosphorylation of tau, formation of Aβ
(Griffin et al., 2006), oxidative stress (Tonnies and Trushina, 2017), and
hyperexpression of pro-inflammatory mediators (Domingues et al.,
2017). Hyperactivation of microgliocytes elicits a chronic inflammatory
response that occurs simultaneously with the exacerbated—and harm-
ful—activation of astrocytes (brain cells that stabilize BBB integrity)
(Sochocka et al., 2019), leading to increased BBB permeability and,
consequently, entrance of gut bacterial metabolites (mainly Aβ and LPS)
into the CNS (Fung et al., 2017), which generate and/or intensify neu-
roinflammation (Sochocka et al., 2019; Heneka et al., 2015) (Figure 1).

3. Relationships among the gut microbiota, intestine and brain

The gut microbiota (GM) maintains a mutualistic association with its
host, and changes in this relationship affects the brain and also the
immunological, digestive and metabolic functions (Matamoros et al.,
2013).

Approximately 80% of human immune cells are found in the intes-
tinal mucosa, and this tissue is in close contact with the GM (Sochocka
Figure 2. Intestinal dysbiosis intensifies neuroinflammatory processes. Aβ deposition
of anti-inflammatory bacteria (E. rectale and B. fragilis) and enhanced population o
dysbiosis). Aβ and LPS elicit an increase in pro-inflammatory mediators (IL-4, CXC
facilitating the translocation of products derived from the gut microbiota, such as Aβ
since these factors also affects the BBB integrity (leaky BBB). Activation of TLR recept
or intensifying neuroinflammation. Aβ, amyloid-beta peptide; E. coli, Escherichia col
charide; TLR, toll-like receptor; NF-κB, kappa B nuclear factor.
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et al., 2019). The gastrointestinal tract contains commensal microor-
ganisms: bacteria, viruses, fungi and protozoans. The population of these
microorganisms frequently vary according to diet, drug intervention and
diseases (Geng et al., 2022). In this review we highlight gut bacterial
populations.

The brain controls, via the autonomic nervous system (ANS), the
motility and secretion of the gut, which, in turn, can modulate the brain
function via neural routes (vagal afferent fibers) and/or via humoral routes
(entero-hormones, other molecules secreted by the enteric nervous system
(ENS) and immune cells) (Cryan et al., 2019). Enteroendocrine cells can
detect bacterial metabolites (LPS and Aβ) and mediate communication
between the intestine and the brain via secretion of (i) agonists of receptors
located on vagal afferent endings (neural route) and (ii) entero-hormones
and other molecules (humoral routes) (De-Paula et al., 2018; Misiak et al.,
2020). Intestinal dysbiosis may compromise the gut and brain homeostasis
via the microbiota-intestine-brain axis. The GM, ENS, ANS, CNS, and also
the neuroendocrine and neuroimmune systems, constitute the main parts
of this axis (Jiang et al., 2017).

The production of typical neurotransmitters of the CNS (dopamine,
noradrenaline, serotonin, GABA, acetylcholine and histamine) (Strand-
witz, 2019) by the GM can lead to central dysfunctions (Figures 1 and 2).
Themicroorganisms that release the greatest variety of neurotransmitters
are: Escherichia coli (dopamine, serotonin, noradrenaline) and Lactoba-
cillus (serotonin, GABA, acetylcholine, histamine) (Strandwitz, 2019).
The GM canproduce neurotransmitter precursors as well, and some of
themcan cross the BBB and participate in the synthesis cycle of neuro-
transmitters in the brain (Chen et al., 2021; Strandwitz, 2019).

Although these molecules can reach the brain, the underlying
mechanisms are not completely understood. Some studies indicate that
neurotransmitters and its precursors seem to influence the CNS by acti-
vating receptors located on vagal afferent endings, possibly modulating
the activity of the HPA (hypothalamus-pituitary-adrenal) axis (Strand-
witz, 2019;Wei et al., 2021; Vagnerov�a et al., 2019). However, it is worth
noting that clinical trials do not support the existence of the potential
and neuroinflammatory processes have been associated with reduced population
f pro-inflammatory bacteria (E. coli and Shigella sp.) in the intestine (intestinal
L2, NLRP3 and IL-1β) which in turn induce intestinal hyperpermeability, thus
and LPS, to the bloodstream and, ultimately, to the brain parenchyma as well,

ors in the brain activates the NF-κB pathway and microgliocytes, generating and/
i; E. rectale, Eubacterium rectale; B. fragilis, Bacteroides fragilis; LPS, lipopolysac-
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functional cross-talking between the microbiota-intestine-brain axis and
the HPA axis (Misiak et al., 2020 Strandwitz, 2019). Interestingly, recent
studies showed that gut bacteria are capable of regulating the activity of
enteric neurons and glia (Vicentini et al., 2021), and drives
macrophage-dependent self-renewal of intestinal stem cells via niche
enteric serotonergic neurons (Zhu et al., 2022), reinforcing the notion
that the GM affects enteric cells and, ultimately, brain neurons and glia.

3.1. Changes in the gut microbiota composition are associated with aging

The phyla Bacteroidetes (gram-negative) and Firmicutes (gram-posi-
tive) predominate in the human gut (Mancuso and Santangelo, 2017;
Dinan and Cryan, 2017). Although changes in eating habits can induce
changes in the human GM (Matamoros et al., 2013), it is worth
mentioning that during aging intestinal dysbiosis occurs markedly, as
shown in a study by the consortium "ELDERMET". These changes are
accompanied by reduced population of Bifidobacterium—important pro-
biotics for prevention of infection –, and increased population of
Escherichia coli (E. coli), a pro-inflammatory bacterium (Zapata and
Quagliarello, 2015; Cattaneo et al., 2017).

3.2. Intestinal dysbiosis in Alzheimer's disease (AD)

Pathological and/or metabolic processes produced and/or induced by
intestinal dysbiosis ultimately reach the CNS, inducing (more) neuro-
inflammation, cell death and, consequently, AD progressive cognitive
decline and behavioral deficits (Kirova et al., 2015). The
microbiota-gut-brain axis (see Cryan et al., 2019; Jiang et al., 2017) has
been pointed out as the main entrance-route of microbial products into
the CNS (Giau et al., 2018; De-Paula et al., 2018). It is well established
that AD patients present intestinal dysbiosis (Figure 2) (Zhuang et al.,
2018 Jiang et al., 2017; Giau et al., 2018). By analyzing fecal samples
collected from participants with AD and healthy controls some studies
reported that AD patients exhibit enhanced populations of Proteobacteria
and Bacteroidetes (Figure 2) (Vogt et al., 2017; Mancuso et al., 2017).
Other works indicate the increase in the class Bacilli (Zhuang et al.,
2018), phyla Firmicutes and Actinobacteria (Mancuso et al., 2017),
Bacteroidia (Zhuang et al., 2018), the families Bifidobacteriaceae and
Ruminococcaceae, and Bifidobacterium and Adlercreutzia (Vogt et al.,
2017; Cattaneo et al., 2017). Moreover, compared to negative amyloid
patients, positive amyloid ones present smaller population size of Eu-
bacterium rectale (E. rectale) and Bacteroides fragilis (B. fragilis), and
increased population of E. coli and Shigella sp. (Mancuso et al., 2017;
Cattaneo et al., 2017) (Figure 2). Some of these bacteria, especially the
gram-negative ones, in addition to short-chain fatty acids (SCFA), release
molecules considered neurotoxic and pro-inflammatory, such as endo-
toxins (LPS) and amyloid peptides (D' Argenio, et al., 2019; Sochocka
et al., 2019).

3.3. Major findings from the clinical trials

Cattaneo and coworkers (2017) investigated the relationship among Aβ
deposition, the GM and peripheral inflammation in AD patients and
cognitively healthy subjects. Circulating levels of cytokines were measured
in patients with cognitive impairment with (n ¼ 40, Amyþ) and without
cerebral amyloidosis (n ¼ 33, Amy-), and also in a control group (n ¼ 10;
without cerebral amyloidosis and cognitive impairment). In patients with
cognitive impairment, serum levels of proinflammatory cytokines (IL-6,
CXCL2, NLRP3, and IL-1β) were found to be elevated when compared to
patients without cerebral amyloidosis (Cattaneo et al., 2017). In addition,
they suggested that increased population of pro-inflammatory bacteria and
decreased population of anti-inflammatory bacteria may be associated
with cerebral amyloidosis found in AD patients (Cattaneo et al., 2017). The
study by Morgan and coworkers (2013) also analyzed the bacterial
composition of the human gut and reported that Aβ-positive patients
4

submitted to positron emission tomography (PET) scan exhibited greater
abundance of intestinal Escherichia and Shigella, and reduced population
size of E. rectale and B. fragilis (anti-inflammatory) when compared to
Aβ-negative patients (Morgan et al., 2013). In a study with patients with
cognitive impairments and controls, Marizzoni et al. (2020) showed a
novel association among GM-related products, systemic inflammation and
brain amyloidosis, suggesting that short-chain fatty acids (SCFAs) and LPS
are candidates for pathophysiologic links between the GM and AD.

3.4. Intriguingly, despite the putative impact of the gut biome on
neuroinflammation, therapeutic interventions with drugs and substances
with anti-inflammatory properties have not been proven successful for
dementia therapy so far

As summarized in Table 1, some of these substances have shown some
ability to reduce inflammation (Zhu et al., 2018; Mohamed et al., 2019;
Moussa et al., 2017) and Aβ deposition (Thota et al., 2020; Mohamed
et al., 2019), but had little or no impact on cognitive decline; and other
drugs or substances have exhibited no statistically significant effects:
aspirin (Ryan et al., 2020), naproxen (Meyer et al., 2019; ADAPT-FS
Research Alzheimer's Disease Anti-inflammatory Prevention Trial
Research Group, 2013; 2015), Melissa oficinalis extract (Noguchi-Shino-
hara et al., 2020), ferulic acid (FA), Angelica archangelica (AA) (Mat-
suyama et al., 2020), and the antibiotic minocycline (Howard et al.,
2020). We believe that this is due to the fact that the substances are more
promising in early stages of dementia, or even in stages that precede the
actual disease. In addition, it appears that only a delay in the progression
of dementia is achieved with the use of these anti-inflammatory sub-
stances, as they do not act on mechanisms actually capable of preventing
the development of AD.

Considering that effective oral drug delivery and its impact on the GM
composition represent a growing field and holds promise for effective
therapeutic interventions of several (gastrointestinal) diseases (e.g., ir-
ritable bowel disease, diabetes, obesity, Parkinson's and Alzheimer's
diseases), it seems probable that the oral route of therapeutic substances
exerts more significant impacts on the GM (Enck et al., 2020). In this
scenario emerges the anti-inflammatory potential of (orally adminis-
tered) cannabidiol (CBD) and its other promising therapeutic properties
as well.

3.5. Therapeutic potential of cannabidiol (CBD) in Alzheimer's disease

Over the past years, CBD has been shown to be a promising ally in the
treatment of AD, since this compound exhibits the following potential
neuroprotective actions (Figure 3; Table 2 and Table 3): (i) prevents tau
hyperphosphorylation through the WNT pathway (Esposito et al., 2006a,
b) [a signaling pathway that is negatively modulated in AD and is
responsible for promoting neuronal homeostasis (Vall�e and Lecarpentier,
2016)]; (ii) exerts antioxidant and anti-apoptotic effects (Scuderi et al.,
2014; Li et al., 2020; Esposito et al., 2006a,b); (iii) reduces Aβ toxicity
(Esposito et al., 2006, 2007; Aso et al., 2016); (iv) exerts
anti-inflammatory and immunomodulatory actions (Mecha et al., 2013;
Martín-Moreno et al., 2011; Carrier et al., 2006); and (v) promotes
cognitive improvements in experimental models (Cheng et al., 2014; Aso
et al., 2016). Importantly, some studies investigated the effects of CBD in
vivo and revealed promising results as well. Table 3 summarizes these
relevant outcomes.

Moreover, taking into consideration that intestinal inflammation
seems to contribute to the pathology of AD (through the microbiota-gut-
brain axis), other actions of CBD in this context have to be highlighted,
particularly its potential ability to: (i) reduce the permeability of the
human colon (Couch et al., 2019); (ii) prevent experimental colitis in
mice (a type of inflammatory bowel disease; Borrelli et al., 2009); (iii)
attenuate intestinal inflammation (De Filippis et al., 2011); and exerts
other actions (see Table 4).



Table 1. Drugs and substances, other than cannabidiol, with anti-inflammatory
potential, have not been proven successful for dementia therapy so far (human
studies).

Drug/
substance

Effects Participants/
Age

Route Reference

Curcumin Potential
protection against
Aβ accumulation
and hyper-
phosphorylation of
tau

Participants
aged 30–70
years

Oral
route

Thota et al. (2020)

No significant
results in cognitive
performance

Cognitively
healthy
individuals
aged 40–90
years

Oral
route

Rainey-Smith et al.
(2016)

Aspirin Low-dose is not
effective in
reducing the risk
of AD

Initially
healthy
community-
dwelling
individuals
aged �70
years

Oral
route

Ryan et al. (2020)

Melissa
ofcinalis
(RA-rich
extract)

No significant
diferences in
cognitive
measures; RA may
help to prevent the
worsening of AD-
related
neuropsychiatric
symptoms

Patients with
mild dementia
due to
Alzheimer's
disease

Oral
route

Noguchi-Shinohara
et al. (2020)

FA and AA FA and AA do not
reduce Aβ
deposition

Individuals
diagnosed
with mild
cognitive
impairment

Oral
route

Matsuyama et al.
(2020)

Minocycline No significant
influence on
dementia and AD

People with
dementia
(including
patients with
AD)

Oral
route

Howard et al. (2020)

Naproxen Naproxen does not
affect
concentrations of
CSF immune
markers

Cognitively
unimpaired
serial CSF
donors with a
parental or
multiple-
sibling history
of “sporadic”
AD

Oral
route

Meyer et al. (2019)

Lactoferrin Aβ40, oxidative
stress markers, IL-
6, and p-tau are
significantly
reduced upon
lactoferrin intake

Patients with
a clinical
diagnosis of
probable AD

Oral
route

Mohamed et al.
(2019)

Brazilian
green
propolis

Improves the
cognitive function
through systemic
inflammation
reduction

Elderly people
living in
Xining

Oral
route

Zhu et al. (2018)

Resveratrol Modulates neuro-
inflammation, and
induces adaptive
immunity

Individuals
with mild to
moderate
dementia due
to AD

Oral
route

Moussa et al. (2017)

BMS-
708163
(γ-secretase
inhibitor)

Reduces plasma
Aβ42 and Aβ40;
No changes in total
Aβ

Healthy young
(aged 18–55
years) and
elderly (aged
�70 years)
individuals

Oral
route

Soares et al. (2016)

Table 1 (continued )

Drug/
substance

Effects Participants/
Age

Route Reference

Naproxen
and
celecoxib

Do not protect
against cognitive
decline

Old adults
with a family
history of AD

Oral
route

ADAPT-FS Research
Alzheimer's Disease
Anti-inflammatory
Prevention Trial
Research Group,
2013; 2015

CHF5074
(γ-secretase
modulator)

No effect on
cerebrospinal fluid
Aβ42; inhibitory
effects on soluble
CD40 ligand and
TNF-α

Patients with
mild cognitive
impairment

Oral
route

Ross et al. (2013)

Aβ, amyloid beta; AD, Alzheimer’s Disease; RA, rosmarinic acid; AA, Angelica
archangelica; CSF, cerebrospinal fluid; Aβ40, amyloid beta-40; IL-6, interleukin 6;
p-tau, tau protein; Aβ42, amyloid beta 42; CD40, cluster of differentiation 40;
TNF-α, tumor necrosis fator α.
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3.6. CBD, the endocannabinoid system and neuromodulation

The endocannabinoid system (ECS) is a retrograde neuromodulatory
signaling network (Bhatia-Dey and Heinbockel, 2020; Zou and Kumar,
2018) mediated mainly by the activation of type 1 (CB1) and type 2
(CB2) cannabinoid receptors by endocannabinoids (Bhatia-Dey and
Heinbockel, 2020). In addition to CB1 and CB2, the following proteins
are ECS receptors as well: TRPV1, PPARγ, PPARα, and GPCRs orphans
(Cristino et al., 2020). The endocannabinoids that activate these re-
ceptors are: N-arachidonoylethanolamine (AEA, also called ANA,
abbreviation for anandamide), 2-arachidonoylglycerol (2-AG) (Russo
et al., 2018) and palmitoylethanolomide (PEA) (Van der Stelt et al.,
2014). This system exerts anti-inflammatory and neuroprotective actions
(Van der Stelt et al., 2014; Cristino et al., 2020; Couch et al., 2018).
Evidence suggests that the ECS is capable of modulating both the in-
flammatory response (Muccioli et al., 2010) and intestinal permeability,
thereby regulating the production of pro-inflammatory factors and their
access to the bloodstream (Russo et al., 2018). These actions seem to be
mediated by cellular responses resulting from the activation of CB1
(Russo et al., 2018; Muccioli et al., 2010). Considering that the ECS ex-
hibits such properties and that CBD is capable of modulating this system,
the following question arises: Is CBD able to modulate neuro-
inflammation in AD through anti-inflammatory actions and regulation of
intestinal permeability?

Some studies have found some pieces of the puzzle indicating that
CBD seems to be a promising ally. For example, the findings by Aso et al.
(2016) revealed that CB2 activation by CBD is associated with Aβ
clearance. They administered daily doses of CBD to 6-month AβPP/PS1
male transgenic rats and found that CBD activates CB2 receptors (low
affinity) and increases (in vitro) the Aβ removal process in the choroid
plexus (Aso et al., 2016). Martín-Moreno and co-workers reported that
CBD-mediated activation of CB2 receptors leads to reduction of IL-6 in
mice injected with Aβ, and in other study (in vivo) they documented that
CBD was able to reduce microglial activation (Martín-Moreno et al.,
2011). Furthermore, the relationship between CBD and peroxisome
proliferator-activated receptors (PPARs) was studied by Esposito et al.
(2011), reinforcing the potential benefits of the use of CBD as a potential
alternative therapeutic agent in AD. The PPARγ isoform (Vall�e and
Lecarpentier, 2016) attenuates oxidative stress and acts on energy ho-
meostasis, besides negatively modulating the expression of
pro-inflammatory mediators (Vall�e and Lecarpentier, 2016). Paradoxi-
cally, under physiological conditions, PPARγ is expressed at low levels in
the CNS, and in AD the cerebral expression of this isoform is high (Vall�e
and Lecarpentier, 2016; Esposito et al., 2011). The activation of PPARγ
can prevent neuronal death in the hippocampus and cerebral cortex,



Figure 3. The most remarkable actions of cannabidiol (CBD) indicate it is a promising ally in the treatment of Alzheimer's disease. Cannabidiol (CBD; a non-
psychotropic compound of Cannabis sativa) has been shown to attenuate several pathological processes in Alzheimer's disease (AD), thus exerting neuroprotective
effects. Further studies are needed to demonstrate/confirm that/whether CBD is able to modulate the GM composition (see the symbol “?” in the figure) in AD patients,
mitigating intestinal dysbiosis and, consequently, neuroinflammatory processes aggravated by the microbial imbalance. Aβ, amyloid-beta peptide; CBD, cannabidiol;
GM, gut microbiota; PPARγ, peroxisome proliferator-activated receptor gamma; iNOS, inducible isoform of nitric oxide synthase; IL-1β, interleukin-1 beta.

Table 2. Neuroprotective actions of cannabidiol: in vitro studies.

Mechanism Effects Experimental
model

Reference

WNT pathway
rescue

Inhibits Aβ-induced tau
protein
hyperphosphorylation

PC12 cells Esposito et al.
(2006)

Negatively
regulates
caspases

Inhibits neuronal
apoptosis; counteracts the
Aβ-induced

PC12 cells Li et al. (2020)

Ca2þ increase (antioxidant
property)

PPARγ
interaction

Markedly counteracts
apoptosis

SHSY5YAPP þ
neurons

Scuderi et al.
(2014)

Reduces APP
expression (via
PPARγ
activation)

Suppresses pro-
inflammatory responses;
induces hippocampal
neurogenesis

In vitro: Rat
astroglial/
astrocyte
cultures

Esposito et al.
(2011)

Interaction
with CB1/CB2
receptors and
A2A receptors

Promotes ATP-induced
[Ca2þ]i and microglial cell
migration

Primary Rat
Microglial
Cultures

Martín-Moreno
et al. (2011)

Aβ, amyloid beta; APP, amyloid precursor protein; PPARγ, peroxisome
proliferator-activated gamma; CB2, type 2 cannabinoid receptor; CB1, type 1
cannabinoid receptor; [Ca2þ]i, intracellular calcium concentration.
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besides decreasing microglial activity (Vall�e and Lecarpentier, 2016). It
has been observed that CBD is capable of activating PPARγ, which
consequently reduces hyperphosphorylation of tau induced by APP
ubiquitination; thus, it suppresses pro-inflammatory responses generated
by the Aβ fragment, decreasing AD neuroinflammation and acting as a
neuroprotector (Esposito et al., 2011). Furthermore, in vivo (murine
models of neuroinflammation induced by intrahippocampal injection of
6

Aβ) and in vitro studies documented that activation of PPARγ by CBDmay
favor the neurogenesis in the hippocampus (Esposito et al., 2011).

3.7. Actions of CBD in mouse models of tauopathy

Manymousemodels of tauopathy have been studied over the last years,
such as hTau, rTg4510, Tau P301s, and tauP301L (see Esquerda-Canals
et al., 2017; Myers and McGonigle, 2019), but only a few studies have
investigated the actions of CBD in these mouse models (see Table 3).
Casarejos et al. (2013) showed that transgenic mice with tauopathy
(PK�/�/TauVLW) had reduced Aβ and tau deposition in the hippocampus
and cerebral cortex, reduced gliosis, and reduced neuroinflammationwhen
treated with Sativex, a mixture of delta-9-tetrahydrocannabinol (THC) and
CBD. Themechanisms have not been elucidated, but the authors suggested
that neuroprotective actions might exert an important positive impact on
the treatment of neuropathies (Casarejos et al., 2013). In other mouse
model of tauopathy (TAU 58/2 mice at 4 months of age), CBD adminis-
tration (i) did not change animals’ behavior, (ii) prevented sociability or
social recognitionmemory deficits (that are usually seen in transgenicmice
with AD), and (iii) reduced body weight and anxiety (G Watt et al., 2020).
These findings reinforce the view that CBD is a promising candidate for the
treatment of AD, especially in vivo (see Table 3).

3.8. Immunomodulatory and anti-inflammatory actions of CBD

Cheng et al. (2014) showed that male transgenic mice (APP
swe/PS1ΔE9) submitted to behavioral tests presented cognitive improve-
ment when chronically treated with CBD. The mechanisms have not been
elucidated, but the authors suggested that the CBD actions are associated
with a decrease in neuroinflammatory processes (Cheng et al., 2014).

In an animal model of AD, administration of CBD caused marked
reduction in the expression of IL-1β and iNOS (Esposito et al., 2007).



Table 3. Neuroprotective actions of cannabidiol: in vivo studies.

Mechanism Effect Experimental model Route of
administration

References

Reduces APP expression (via PPARγ activation) Suppresses pro-inflammatory responses; induces
hippocampal neurogenesis

Adult male Not reported Esposito et al.
(2011)Sprague-Dawley rats

Impairs NO and IL-1β release Reduces Aβ toxicity Mice with human Aβ-42 Intraperitoneal
injection

Esposito et al.
(2007)

Activates CB2 receptors (#) Reduces memory and learning impairment;
increases Aβ-42 contents in plaques; decreases
the astroglial reactivity to Aβ deposition

APP/PS1 mice Intraperitoneal
injection

Aso et al. (2016)

(association with THC and BDS)

Unknown mechanism Cognitive improvement associated with a
decrease in neuroinflammation

APPswe/PS1ΔE9 mice Intraperitoneal
injection

Cheng et al. (2014)

Downregulates VCAM-1, chemokines, and IL-1β;
attenuates microglia activation; inhibits adenosine
uptake mediated by A2A receptors

Reduces neuroinflammation TMEV-IDD mice Intraperitoneal
injection

Mecha et al. (2013)

Interacts with CB1/CB2 receptors and A2A
receptors

Reduces IL-6 Aβ-injected mice Not reported Martín-Moreno
et al. (2011)

Inhibits adenosine uptake mediated by A2A
receptors

Decreases TNFα LPS-treated mice Not reported Carrier et al.
(2006)

Enhances the immune system response and
autophagy of hippocampal neurons

Inhibits AD pathological process APP/PS1 mice Intraperitoneal
injection

Hao and Feng,
2021

Enhances IL-33 and TREM2 expression Improves AD symptoms; delays cognitive decline 5�FAD mice (translational model
of familial AD)

Intraperitoneal
injection

Khodadadi et al.
(2021)

Reduces insoluble Aβ40 levels Improves social recognition memory and reduces
spatial learning deficits

AβPPswe/PS1ΔE9 mice Intraperitoneal
injection

Watt et al. (2020)

Unknown mechanism Reduces Aβ and tau deposition in the
hippocampus and cerebral cortex; reduces gliosis
and neuroinflammation

PK�/�/TauVLW mice Intraperitoneal
injection

Casarejos et al.
(2013)

(@) Does not affect behavioral changes TAU58/2 mice Intraperitoneal
injection

Watt et al. (2020)

Reduces astrogliosis, microgliosis, and
inflammatory-related molecules (interaction with
THC)

Reduces Alzheimer-like condition when
chronically administered during the early
symptomatic stage

Male APP/PS1 mice and wild-
typelittermates aged 6 months
(early symptomatic phase)

Intraperitoneal
injection

Aso et al. 2015

Decreases soluble Aβ42 peptide levels and changes
plaques composition (interaction with THC)

Induces reduction in the harmful effect of the
most toxic form of Aβ peptide

Male APP/PS1 mice and wild-
typelittermates aged 6 months
(early symptomatic phase)

Intraperitoneal
injection

Aso et al. 2015

Chronic treatment normalizes the levels of the pre-
synaptic SNAP25 (interaction with THC)

Reduces memory impairment occurring when
the progression of the disease is at an advanced
stage

Male Intraperitoneal
injection

Aso et al. 2016

APP/PS1 mice and wild-type-like
(WT).

A2AR-dependent actions; these receptors form
heteromers with CB1R at the presynaptic level in
hippocampus CA1 neurons (interaction with THC)

Blunts the THC-induced cognitive impairment Male mice C57BL/6J Intraperitoneal
injection

Aso et al. 2019

Aβ, amyloid beta; APP, amyloid precursor protein; PPARγ, peroxisome proliferator-activated gamma; NO, nitric oxide; IL-1β, interleukin-1 beta; CB2, type 2 cannabinoid
receptor; CB1, type 1 cannabinoid receptor; BDS, botanical drug substances; THC, delta-9-tetrahydrocannabinol; VCAM-1, vascular cell adhesion protein 1; A2A,
adenosine receptor A2; [Ca2þ]i, intracellular calcium concentration; IL-6, interleukin-6; LPS, lipopolysaccharide; IL-33, interleukin 33; TREM-2, triggering receptor
expressed upon myeloid cells 2. (#)The authors did not describe the mechanisms. (@) Mouse behavioral tasks were not affected.
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Moreover, an in vitro study showed that several parameters of microglial
activation were attenuated by CBD (Martín-Moreno et al., 2011). Ac-
cording to Mecha et al. (2013), a possible explanation for some of these
anti-inflammatory actions of CBD is that it downregulates the vascular
cell protein 1 (VCAM-1) expression, which hinders the migration of
activated immune cells through the BBB, reducing (i) the brain levels of
IL-1β and (ii) the activation of microgliocytes. An in vitro study with PC12
murine cells stimulated with Aβ showed that CBD was able to reduce the
levels of IL-1β and Aβ, and the expression of iNOS, thus maintaining
(normal) the levels of NO (Esposito et al., 2006a,b); these actions reduce
both cellular toxicity and neuroinflammation. In vitro and in vivo exper-
iments indicated that CBD mitigates oxidative stress and hyper-
phosphorylation of tau, and down modulates NO levels caused by the
activation of the Wnt pathway, thereby indicating a neuroprotective ef-
fect, since it fights against the Aβ-induced neurotoxicity (Vall�e and
Lecarpentier, 2016). Immunosuppressive function has also been attrib-
uted to CBD due to its inhibitory action on adenosine reuptake, which
progressively causes an increase in endocannabinoid-mediated A2A
signaling in the post-synaptic membrane (Carrier et al., 2006). Adenosine
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is an extensively distributed signaling nucleoside which exerts a variety
of biological functions in the brain via A1, A2A, A2B, and A3 receptors (for
a review see Liu et al., 2019). Dysfunction of adenosine receptors has
been considered to be involved in the pathology of AD, and the theory of
the adenosine receptor balance has received much attention over the last
years. A2A adenosine receptor (A2AR) is involved in the pathophysiology
of different neurodegenerative illnesses. A2AR modulates glutamatergic
synaptic transmission in the CNS, and acts on microglia and astrocyte
activation, exerting a pivotal role in neurodegenerative diseases,
including AD, particularly regulating neuroinflammation via inhibition
of NLRP3 inflammasome (a tripartite multiprotein complex including
NLRP3, ASC, and procaspase-1; Merighi et al., 2022a; for recent reviews
see Merighi et al., 2022b, 2022c). A selective A2AR antagonist (istrade-
fylline) is already approved in the US and Japan as an adjunctive treat-
ment to levodopa and decarboxylase inhibitors in patients with
Parkinson's disease (for a recent review see Mori et al., 2022) and this
antagonist has been investigated as a putative candidate for the treat-
ment of AD as well; if its effects on AD is confirmed and reproducible, a
new hope for AD patients is coming (Merighi et al., 2022a; for recent



Table 4. Anti-inflammatory actions of cannabidiol in intestinal disturbances.

Mechanism Effect Animal model or Clinical trial Route of
administration

References

Reduces population size of gram-negative
bacteria in the GM (in association with
THC)

Suppresses neuroinflammation Murine models of multiple sclerosis Intraperitonial
injection

Al-Ghezi et al.
(2019)

Unknown mechanism Reduces inflammatory markers; increases
Akkermansia muciniphila population;
promotes some GM changes

Dextran sulphate sodium model of
mouse colitis

Gavage in sesame oil Silvestri et al.
(2020)

PPARγ interaction; targets enteric reactive
gliosis

Reduces LPS, TNF-α, immunoreactivity for
cleaved-caspase-3; reduces iNOS (UC)

LPS-treated mice Intraperitoneal
injection

De Filippis et al.
(2011)Biopsies of UC patients

Interaction with CB1 Prevents intestinal hyperpermeability Caco-2 cells Application in the
apical side of the insert

Alhamoruni
et al. (2010)

Changes in aquaporins, tight junction
proteins, and receptor expression

Reduces permeability in the human colon In vitro: Caco-2 cells In vitro: apical addition Couch et al.
(2018), 2019In vivo: Healthy human, with induced

increased gut permeability caused by
aspirin treated with oral CBD

In vivo: oral
administration

Reduces colon injury, inducible iNOS
expression, and IL-1β, IL-10, and promotes
endocannabinoid changes

Prevents experimental colitis in mice In vitro: Caco-2 cells Not reported Borrelli et al.
(2009)In vivo: Murine model of colitis (male

ICR mice)

Decreases the colon weight/length ratio,
and myeloperoxidase activity (in
association with BDS)

Attenuates intestinal inflammation and
hypermotility

Murine model of colitis (male ICR mice) Intraperitoneal
injection or oral
gavage

Pagano et al.
(2016)

GM, gut microbiota; THC, delta-9-tetrahydrocannabinol; PPARγ, peroxisome proliferator-activated gamma; LPS, lipopolysaccharide; TNF-α, tumor necrosis factor alpha;
iNOS, inductive isoform of nitric oxide synthase; UC, ulcerative colitis; IL-1β, interleukin-1 beta; IL-10, interleukin-10; BDS, botanical drug substances. ICR mice is a
strain of albino mice originating in SWISS and selected to create a fertile mouse line.
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reviews see Merighi et al., 2022b, 2022c). Carrier et al. (2006) have
raised the hypothesis that the activation of A2AR by CBD, acting as an
indirect agonist, reduces the release of tumor necrosis factor-alpha
(TNF-α), suggesting anti-inflammatory and neuroprotective effects of
CBD. In this context, another interesting discovery, combining in vivo and
in vitro techniques, was that CBD blunts the THC-induced cognitive
impairment in an A2AR-dependent manner (Aso et al., 2019).

3.9. Other neuroprotective actions of CBD

CBD also appears to act on pathways that overlap or precede neuro-
inflammation. In a recent study, Hao and Feng (2021) tested this hy-
pothesis in an animal model, demonstrating that CBD enhances the
immune response and upregulates autophagy-related genes of AD mice,
thus downmodulating neuroinflammatory pathway(s). In this context, an
in vitro and comparative study investigating human neuroblastoma cells
with APP overexpression (SHSY5YAPPþ) and neuronal control cells
revealed that CBD administration was able to induce APP ubiquitination,
causing decreased expression of Aβ, reducing cellular apoptosis, and
increasing neuronal survival (Scuderi et al., 2014). These results
corroborate findings of a descriptive observational study (conducted by
the same authors in 2013) in which it was found (using shsy5y neuronal
cell culture) that CBD (in a dose-dependent manner) can reduce Aβ for-
mation from the ubiquitination of APP, decreasing apoptosis rate and,
consequently, increasing survival of neurons (Scuderi et al., 2013).

It is well known that the activation of caspase family proteases in-
duces apoptosis. CBD has been shown to reduce caspase levels, inhibiting
neuronal apoptosis (Li et al., 2020). CBD has also been able to prevent an
increase in Ca2þ caused by Aβ (Li et al., 2020). Furthermore, a study in
6-month-old male AβPP/PS1 transgenic animals submitted to daily
treatment with CBD for 5 weeks showed that the phytocannabinoid
(CBD) favors memory formation in murine models of (advanced) AD (Aso
et al., 2016). Additionally, CBD has been shown to prevent cognitive
impairment in Aβ-injected mice (Martín-Moreno et al., 2011). Through
different mechanisms (see Table 2 and Table 3), recent studies confirm
that CBD is able to ameliorate the impaired cognitive function (Khoda-
dadi et al., 2021; G. Watt et al., 2020).
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3.10. CBD, the gut microbiota and the associated inflammation

A study conducted in murine models of multiple sclerosis (6 to 8-
week-old females C57BL/6 mice) concluded that a combination of CBD
and THC was able to promote changes in the GM that suppressed both
neuroinflammation and other signs of the disease (Al-Ghezi et al., 2019).
Considering that population size of certain gram-negative bacteria, such
as Proteobacteria in AD, is higher in AD patients than in normal in-
dividuals (Vogt et al., 2017), it is plausible to suggest that an intervention
which is able to regulate the population size of Proteobacteria is a
powerful ally in the treatment of AD. To investigate this possibility, a
recent work studied the effects of the treatment with CBD combined (or
not) with fish oil (FO) on inflammation and dysbiosis in dextran sulphate
sodium (DSS) mice model of colitis, which also causes behavioral dis-
turbances. Those authors observed the effect of CBD alone and found no
difference at any of the doses tested. However, when CBD and FO were
co-administered all inflammatory markers were reduced. Although the
study did not observe statistically significant changes in the diversity of
the GM of DSS mice, the changes were observed at the level of phylum,
families, genera and species of intestinal bacteria with the treatments
(combined or not). A remarkable result of that study was: the combined
treatment was able to increase the population size of Akkermansia
muciniphila (considered to be anti-inflammatory; Silvestri et al., 2020).

By exploring the isolated action of CBD on the intestine, De Filippis
et al. (2011) found a low amount of MAC-3 (a macrophage marker) in the
intestine of LPS-injected mice treated with CBD. In the same study, CBD
alone significantly reduced the levels of TNF-α and the immunoreactivity
for cleaved-caspase 3 (a pro-apoptotic enzyme) (both TNF-α and
cleaved-caspase 3 are increased by LPS), suggesting that CBD can control
the immune response to inflammation by regulating cellular responses
and possibly protects the intestine from damage (De Filippis et al., 2011).

Thus, the possibility of preservation of the intestinal barrier by CBD
seems to be a relevant discovery, since it hinders the passage of microbial
metabolites and reduce the induction of pro-inflammatory cytokines that
generate systemic inflammatory responses which may affect the BBB
(Dinan and Cryan, 2017; Pistollato et al., 2016). Other research groups
investigated the effects of CBD on the ECS in the intestine. Importantly,
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CBD, by activating CB1, was able to prevent intestinal hyperpermeability
in an in vitro model with Caco-2 cells (Alhamoruni et al., 2010). Similar
results were obtained by Coach and colleagues (2019) in a randomized,
placebo-controlled, double-blind controlled trial in which some in vitro
analyses were also performed. In a study conducted in rats with induced
colitis (male ICR rats), it was reported that CBD exerts anti-inflammatory
effects in the intestine: inhibits FAAH, promotes negative regulation of
cytokine expression, and decreases the production of ROS in the
epithelial cells, thus contributing to the reduction of oxidative stress
(Borrelli et al., 2009) and preservation of intestinal integrity; these
findings were also documented by Pagano et al. (2016) (see Table 4).

4. Conclusion and perspectives

Until very recently, most of the attention and research efforts
worldwide have focused on the deleterious actions of amyloid plaques
and hyperphosphorylated tau. Unfortunately, therapeutic strategies to
prevent (or at least reduce) tau aggregation in patients (Gauthier et al.,
2016; Lawlor et al., 2018) and immunotherapy interventions against Aβ
plaques, although safe, have not been effective in clinical trials (Salloway
et al., 2014; Lawlor et al., 2018).

Recent scientific advances showed that changes in the GM composi-
tion affect the brain, alter immunological and intestinal functions, and
are associated with AD. The imbalance of the microbiota-gut-brain axis
can intensify inflammatory processes, including those in the CNS,
generating and intensifying processes of the pathophysiology of AD.
Therefore, therapeutic interventions which attenuate inflammatory
pathways are likely to mitigate the progression of AD. Although the ef-
fects of the treatment with CBD alone on the GM composition have not
yet been specifically investigated in AD models or patients, the effec-
tiveness of combined treatments with CBD has to be highlighted. Studies
with high methodological quality are necessary to investigate whether
CBD alone exerts immunomodulatory and neuroprotective effects in
animal models of AD and, later, in AD patients as well. If the modulatory
effects of CBD on the GM are confirmed, CBD becomes an even stronger
ally in the treatment of AD patients.

Thus, the search for truly effective interventions continues and,
consequently, some questions need to be raised: (1) Would there be a
(some) more promising therapeutic target(s) or a target that should be
treated together with the other one(s)? (2) Could this target be the GM?
(3) Could CBD, with its broad-spectrum actions, be a promising ally in the
treatment of AD?

The international scientific community did not answer these ques-
tions completely yet. Nevertheless, the present review article highlights
findings that should be taken into consideration, and we encourage
research groups to directly investigate (in animal models and/or ran-
domized clinical trials) whether the GM is indeed a promising thera-
peutic target for CBD, thereby offering remarkable therapeutic advances
in the treatment of AD.

5. Limitations

We found studies that documented a relationship between the pro-
gression of AD and alterations in the GM composition, including works
that investigated CBD mitigating AD pathological processes. Overall, the
main limitations were the absence of (i) clinical trials investigating the
putative effects of CBD on the GM composition in the context of AD, and
(ii) reports showing a direct action of CBD alone on the GM composition.
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