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et al.

Anticonvulsant Action and Long-Term Effects of Chronic Cannabidiol Treatment in the Rat
Pentylenetetrazole-Kindling Model of Epilepsy
Reprinted from: Biomedicines 2022, 10, 1811, doi:10.3390/biomedicines10081811 . . . . . . . . . . 111

v



Zhanna Yekhtin, Iman Khuja, David Meiri, Reuven Or and Osnat Almogi-Hazan

Differential Effects of D9 Tetrahydrocannabinol (THC)- and Cannabidiol (CBD)-Based
Cannabinoid Treatments on Macrophage Immune Function In Vitro and on Gastrointestinal
Inflammation in a Murine Model
Reprinted from: Biomedicines 2022, 10, 1793, doi:10.3390/biomedicines10081793 . . . . . . . . . . 129

Tomer Mizrachi Zer-Aviv, Larglinda Islami, Peter J. Hamilton, Eric M. Parise, Eric J. Nestler, 
Brenda Sbarski and Irit Akirav

Enhancing Endocannabinoid Signaling via β-Catenin in the Nucleus Accumbens Attenuates 
PTSD- and Depression-like Behavior of Male Rats
Reprinted from: Biomedicines 2022, 10, 1789, doi:10.3390/biomedicines10081789 . . . . . . . . . . 147

Aviad Schnapp, Moria Harel, Dalit Cayam-Rand, Hanoch Cassuto, Lola Polyansky and Adi

Aran

A Placebo-Controlled Trial of Cannabinoid Treatment for Disruptive Behavior in Children and
Adolescents with Autism Spectrum Disorder: Effects on Sleep Parameters as Measured by the
CSHQ
Reprinted from: Biomedicines 2022, 10, 1685, doi:10.3390/biomedicines10071685 . . . . . . . . . . 173

Colleen M. Trevino, Cecilia J. Hillard, Aniko Szabo and Terri A. deRoon-Cassini

Serum Concentrations of the Endocannabinoid, 2-Arachidonoylglycerol, in the Peri-Trauma
Period Are Positively Associated with Chronic Pain Months Later
Reprinted from: Biomedicines 2022, 10, 1599, doi:10.3390/biomedicines10071599 . . . . . . . . . . 187

Hana Golan, Raphael Mechoulam, Reem Smoum, Efrat Cohen-Zada, Sara Pri-Chen, Sapir

Wiener, et al.

Anti-Tumorigenic Effect of a Novel Derivative of 2-Hydroxyoleic Acid and the
Endocannabinoid Anandamide on Neuroblastoma Cells
Reprinted from: Biomedicines 2022, 10, 1552, doi:10.3390/biomedicines10071552 . . . . . . . . . . 199

Torsten Lowin, Christina Kok, Sophie Smutny and Georg Pongratz

Impact of Δ9-Tetrahydrocannabinol on Rheumatoid Arthritis Synovial Fibroblasts Alone and
in Co-Culture with Peripheral Blood Mononuclear Cells
Reprinted from: Biomedicines 2022, 10, 1118, doi:10.3390/biomedicines10051118 . . . . . . . . . . 215

Andrea Duranti, Gorane Beldarrain, Antonia Álvarez, Matilde Sbriscia, Silvia Carloni,
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and Cannabinoids

Wesley M. Raup-Konsavage

Department of Pharmacology, Penn State College of Medicine, Hershey, PA 17033, USA;
wkonsavage@pennstatehealth.psu.edu; Tel.: +717-531-4172

The number of patients reporting the use of cannabis for medical purposes, whether
through state-regulated medical marijuana programs or through over-the-counter hemp
extracts, continues to grow. The growth in medicinal use of cannabis has in many ways
surpassed the scientific data on the benefits and hazards of cannabis, and the scientific
community has largely been left playing catch-up. Since 1996, when California became the
first jurisdiction to legalize medical cannabis, the number of states following suit has grown
and is currently at 37, while nearly 50 countries have legalized medical cannabis (and even
more have decriminalized the plant) including Canada, Austria, Uruguay, Australia, South
Korea, and Lesotho.

Cannabis sp. produces a number of phytochemicals with potential medical benefits
including terpenes, flavonoids, and a unique class of molecules called cannabinoids, of
which Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) are the two most stud-
ied [1,2]. Amazingly, the plant produces over 100 different cannabinoids with different
potential therapeutic targets and activities, and these remain understudied. The thera-
peutic benefits of cannabinoids are due, in large part, to the endocannabinoid system
that exists in the human body, in addition to the ability of cannabinoids to interact and
signal through a large number of disparate receptor molecules [3].

The recent growth in cannabis and cannabinoid research is perhaps best highlighted
by the establishment of three scholarly journals devoted solely to this topic in the past few
years, namely, Cannabis and Cannabinoid Research, in 2016, Medical Cannabis and Cannabinoids,
in 2018, and The Journal of Cannabis, in 2019.

1. Original Research Articles

This Special Issue features fourteen original research articles across a wide range of
topics and includes 10 reports on phytocannabinoids, 2 studies examining the endocannabi-
noid system, and 2 papers using synthetic cannabinoids. Three of these studies looked at
the role of cannabinoids at mediating pain, two studies examined cannabinoids for treating
mental illness, two studies addressed the potential safety of cannabinoids, two looked
at cannabinoids as treatment options for gastrointestinal inflammation, and two studies
examined the impact of cannabinoids on neurodevelopmental diseases. Other studies
examined the impact of cannabinoids on cancer cell growth, anti-inflammatory activity in
fibroblasts from patients with rheumatoid arthritis, regulation of matrix metalloproteases
and cell proliferation, and regulation of neuroprotective genes in the brain. These various
topics highlight the wide-ranging potential benefit of cannabis and cannabinoids to treat
an array of human illness and disease.

In a study by Moreno-Sanz and colleagues, the impact of inhaled cannabis to treat
pain and anxiety was examined [4]. The authors found that inhalation of pharmaceutical-
grade cannabis flower provides patient-reported improvements to pain, mood, anxiety, and
sleep. Perhaps most importantly the study reports an overall increased quality of life in a
treatment-resistant group of patients. Sepulveda et al. found that pure THC, unlike pure
CBD, is capable of reducing hyperalgesia in a murine model of chemotherapeutic-induced
peripheral neuropathy [5]. This study also provides support for an “entourage” effect
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because a high CBD hemp extract, unlike the pure CBD, was able to reduce hyperalgesia
when normalized to CBD levels; however, high THC extract and pure THC were found
to offer the maximum reduction in sensitivity. In a study by Trevino and collaborators,
the authors report that levels of the endocannabinoid 2-arachidonoylglcerol (2-AG) in the
plasma at time of injury are positively correlated with chronic pain [6]. This suggests that
increased activation of the endocannabinoid system can contribute to the development of
chronic pain following an injury.

In addition to the Moreno-Sanz study described above, one other study examined
cannabinoids in mental illness. A study by Zer-Aviv et al., found that inhibition of the
endocannabinoid metabolizing enzyme fatty acid amide hydrolase (FAAH) produces a
stress-protective effect through activation of β-catenin in the nucleus accumbens region of
the brain [7]. The study also found that the increase in anandamide levels, from inhibition
of FAAH, acts through the cannabinoid receptor 1 to increase nuclear levels of β-catenin.

Hajjar and colleagues examined the use of prescription and non-prescription med-
ications in patients using medical cannabis, as self-reported by patients [8]. The study
found that patients frequently switch medical cannabis products, which may be due to
the need to find a dose and product that work well for the patient. The study also found
that despite the use of medical cannabis, the majority of patients taking antidepressants
and anxiolytic medications did not change their medications or the dose of these medica-
tions. Bouassa et al., found that THC and CBD were well-tolerated by patients with HIV
on anti-retroviral therapy [9]. Their study did find that patients on high doses of CBD
(800 mg/day) should be monitored for liver pathology.

Bacalia et al. examined the impact of CBD on intestinal inflammation, and they
found that in female mice, CBD suppresses inflammation in the absence of estradiol,
but it enhances inflammation in animals with estradiol [10]. Yekhtin and colleagues
found that both THC and CBD reduced nitric oxide production by lipopolysaccharide
(LPS)-stimulated peritoneal macrophages [11]. Interestingly, only CBD was able to reduce
cytokine production in LPS-stimulated macrophages, suggesting differences in the anti-
inflammatory properties of these two cannabinoids. Both cannabinoids were equally
beneficial at improving clinical outcomes in the dextran sodium sulfate murine model
of colitis.

Gáll and collaborators found that CBD increases the latency to the first seizure and
decreased the mortality associated with the pentylenetetrazol (PTZ)-kindling model of
epilepsy in rats [12]. However, no impact was observed for seizure frequency or duration in
this model. In a placebo-controlled trial of cannabinoids (CBD and THC at a 20:1 ratio using
both extracts and pure compounds), Schnapp et al. found no impact on sleep parameters
in patients with autism spectrum disorder [13].

In another study that examined the anti-inflammatory activity of cannabinoids outside
of the gastrointestinal tract, Lowin et al. found that the impact of THC on inflammation
in synovial fibroblasts from rheumatoid arthritis (RA) patients is dose dependent [14].
Therefore, using THC to treat RA may require titrating the dose to find an effective dose
for each patient. Golan and colleagues found that a novel compound (HU-585), a synthetic
derivative of anandamide and oleic acid, induces apoptosis and senescence in treatment-
resistant neuroblastoma cells [15]. Greiner et al. report that activation of the cannabinoid
receptor 2 produces protective effects in vascular smooth muscle cells and cardiac myocytes,
and the opposite effect is observed when cannabinoid receptor 1 is activated in these
cells [16]. Finally, in a study by Mottarlini and colleagues, it was found that cannabidiol
administered via intraperitoneal injection is able to be detected in the prefrontal cortex of the
brain, and that CBD treatment modulates the expression of brain-derived neurotropic factor
(BDNF) [17]. BDNF plays a role in neurodevelopment, neuroplasticity, and neuroprotection,
and the authors propose that CBD may prove beneficial in these areas when taken as
a supplement.
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2. Review Articles, Brief Reports, and Systematic Reviews

Four review articles in this Special Issue summarize information on a wide array of
topics related to cannabinoids. Duranti and collaborators review the current literature on
the endocannabinoid system with regard to neuroprotection and neuroregeneration [18].
The focus of their review highlights the potential of modulating the endocannabinoid sys-
tem to treat hypoxia–ischemia in newborns, which can lead to encephalopathy, a condition
for which there are currently limited treatment options. Chacon et al. review some of
the less abundant (“secondary”) terpenes found in Cannabis and the potential therapeutic
utility of some of these molecules to treat a number of medical conditions [19]. Tudo-
rancea and colleagues review the evidence that supports targeting the endocannabinoid
system to treat age-related conditions such as Alzheimer’s disease, osteoarthritis, and
hypertension [20]. Finally, Sionov and Steinberg examine the antimicrobial activity of
endocannabinoids and phytocannabinoids. This latter review is important because the
development of novel antibiotics is an ongoing need as resistance to current drugs is a
continually evolving issue [21].

In a brief report by Sestan-Pesa et al. the authors explore the mechanism by which
THC may lead to increased risk of schizophrenia, depression, and anxiety by looking at
ghrelin signaling [22]. Ghrelin and its receptor, growth hormone secretagogue receptor
(GHSR), have previously been found to play a role in anxiety- and depression-related
behavior in animal models. However, the authors report no difference in anxiety-like
behavior between wild-type and GHSR knockout animals after exposure to THC.

Licitra and colleagues performed a systematic review of the literature on cannabinoids
in zebrafish [23]. The authors find that in many ways zebrafish respond similarly to rodents
following cannabinoid exposure, and may serve as another useful model for studying the
effects of cannabinoids in disease and on humans.

3. Closing Remarks

Cannabis is a complicated plant that produces over 100 cannabinoids in addition to
terpenes and flavonoids. Adding to the complexity of trying to address the mechanism
of action for cannabis is the fact that the cannabinoids that have been studied have been
reported to exhibit activity at a number of different receptors. This makes cannabinoids
(and cannabis) a promiscuous drug. While typically viewed as a negative, promiscuous
drugs do offer some advantages, most notably the ability to target different pathways of a
disease with one medication [24]. The field of medical cannabis is growing rapidly, and
as patients continue to use this plant to treat their conditions, there will remain a growing
need for the scientific and medical communities to better understand how cannabis can
impact the body. Not only is research needed to address the potential benefit and hazards
of cannabis and individual cannabinoids, but also we must determine which routes of
administration are best for each condition.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Background: Cannabis use is increasing among adults to treat a variety of health conditions.
Given the potential for interactions and adverse events, it is important to assess the use of medical
cannabis along with other concomitant medications when assessing for polypharmacy. Methods: The
objective of this observational, longitudinal study was to examine medical cannabis (MC) use along
with concomitant medications over 12 months in patients with serious medical conditions enrolled
in the Pennsylvania (PA) Department of Health’s (DOH) Medical Marijuana Program and to collect
and catalog which forms of MC patients are taking along with their concomitant medications.
Results: There were 213 participants who completed the baseline surveys in full, and 201, 187, and
175 who completed the 1, 6, and 12-month follow-up surveys. The mean age of the participants
was 41.3 years, and 54.5% were female. The mean number of MC products taken at baseline was
3.41 and 3.47 at the 12-month survey. Participants took an average of 3.76 (SD 3.15) medications at
baseline and 3.65 (SD 3.4) at 12 months. Most commonly used concomitant medications at baseline
included vitamins (42.3%), antidepressants (29.1%), analgesics (22.1%), herbal products (19.7%), and
anxiolytics (17.8%). Conclusion: Participants used multiple medical cannabis products to treat a
number of medication conditions in conjunction with multiple medications.

Keywords: medical cannabis; polypharmacy

1. Introduction

Polypharmacy is the use of multiple medications and can be defined in many ways,
with the most common definition being the use of five or more medications [1–3]. While
polypharmacy is often needed to treat multiple, concomitant medical conditions, it is
associated with negative outcomes such as falls, frailty, malnutrition, hospitalization,
cognitive impairments, physical impairment, and increased mortality [2,3]. Traditionally,
most polypharmacy research has studied prescription, over-the-counter medications, and
complementary and alternative medications that patients get from pharmacies and has not
included the use of cannabis products.

More states have approved cannabis in medical or recreational capacities, and the
use of cannabis among adults is increasing [4–6]. Daily or almost daily use (defined as
300 or more days in a year) has increased to nearly 4% of all US adults reporting use this
frequently [7]. However, most clinicians report having infrequent conversations about
cannabis use with patients and even less rarely documenting it in the medical record [8].
Commonly reported indications for using medical cannabis include anxiety, pain, appetite
stimulation, and insomnia [9]. While more patients are using cannabis, little is known
about how often it is used concomitantly with other medications. Use of cannabis has
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been associated with the risk of adverse events, overdose, cannabis use disorder, and
pharmacokinetic and pharmacodynamic drug–drug interactions. [10–12]. With the rise of
medical cannabis, it is important to regularly ask patients in all healthcare settings about the
use of MC, regardless of medicinal or recreational purposes, when evaluating the potential
risks and benefits of MC use for that specific patient. Given the fact that medical cannabis
is often used concomitantly to treat conditions that can also be treated with prescription
medications, our goal was to evaluate cannabis use patterns over the course of 12 months
for patients enrolled in a state medical cannabis program.

2. Materials and Methods

The objective of this observational, longitudinal study was to examine medical cannabis
(MC) use over 12 months on polypharmacy in patients with serious medical conditions
as defined by the Pennsylvania (PA) Department of Health’s (DOH) Medical Marijuana
Program, as well as collect and catalog which forms of MC patients are taking and what
their concomitant medications are. This study was conducted in partnership with Ethos
Cannabis, a state-approved dispensary that has locations across PA. Informed consent,
the baseline survey, and the follow-up surveys were administered over the phone and
recorded by study staff in Qualtrics. Follow-up surveys occurred after one-, six-, and
twelve-month periods.

2.1. Participants

Participants were recruited from dispensaries located throughout PA, through news-
paper articles, and in local presentations to community members. Dispensary staff alerted
patients to the study by providing flyers with all delivered and in-store purchases, posting
information on their website, and verbally asking patients about their interest in participa-
tion. If patients agreed to be contacted, dispensary staff securely submitted their contact
information to study staff on a weekly basis, or patients could contact study staff directly
by phone or email.

Patients were included in the study based on the following criteria: (1) age of at
least 18 years old; (2) certification to use MC through the Pennsylvania Medical Marijuana
Program, diagnosed by a healthcare provider and self-described as suffering from refractory
symptoms or impaired quality of life despite previous medical management; (3) enrollment
in the PA DOH Medical Marijuana Program; and (4) reported purchases of cannabis only
through state-regulated dispensaries. The rationale for restricting purchases from state-
regulated dispensaries was to enable two key aims for the larger, longitudinal study aimed
at characterizing information related to MC products available in the PA dispensaries (pills,
oils, topical formulations, liquids, and dry leaf or plant formulations for vaporization) and
comparing this information to self-reported use [13]. Synthetic and prescription products
such as dronabinol (Marinol®), nabilone (Cesamet®), and cannabidiol (Epidiolex®) were
not included in this study as they are only available by prescription and are not available
in medical marijuana dispensaries in Pennsylvania. Additionally, the rationale for why an
individual uses cannabis on any given day may vary between use for medical or recreational
purposes. Therefore, it is not practical to require participants to use the products in a strictly
‘medical’ sense. Exclusion criteria included: (1) known history of ongoing, active substance
use disorder (including alcohol) and (2) pregnancy or breastfeeding. Female subjects were
asked to sign a waiver attesting to not being pregnant or lactating.
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2.2. Measures
2.2.1. Demographics

Demographics were collected at baseline using four items that asked participants their
current age, ethnicity (Latino or Hispanic), race (White, Black/African American, American
Indian, Alaska Native, Asian, Native Hawaiian or Pacific Islander, or Other), and gender (Female,
Male, Transgender female, Transgender male, or Other/non-binary).

2.2.2. Medical Conditions

At baseline, study personnel obtained the certifying medical condition(s) that brought
patients to the dispensary. Next, participants were asked to report any other current medical
conditions and the number of years since they were first diagnosed with each condition. In
addition, the certifying medical condition recorded in the Pennsylvania Medical Marijuana
Program database was also obtained through record review.

2.2.3. Medications

At baseline, participants self-reported any medications, supplements, or vitamins
that they were actively using. For each follow-up, participants were asked if they were
still taking each medication listed in their prior survey and to list any new medications
that they were taking. For previously reported medications, participants were asked if the
medication had been discontinued and if there had been any dosing changes. For each
medication, participants were asked to report the corresponding medical condition and if
the medication was related to their certifying condition.

The medications were categorized and recoded by a pharmacist and a pharmacy
student on the study team and were then reviewed by a physician and a psychologist
for any further clarification, with any discrepancies resolved through consensus among
the three team members. The total number of medications used was calculated for each
time point. For all follow-up surveys, the number of medications that were pre-existing,
new, or stopped were calculated. For pre-specified medication categories (antidepressants,
anxiolytics, benzodiazepines, opioids, sedatives/hypnotics, and stimulants; pre-existing
medications), dosage changes were calculated as well (unchanged, increased, decreased,
or discontinued).

2.2.4. Medical Cannabis Use and Products

At baseline, participants self-reported their MC use patterns and detailed what prod-
ucts they were currently using, if any. For each product, participants were asked to report
the manufacturer, brand, formulation (vaporization cartridge, flower, capsules, tincture, topical,
patch, extract, suppository, RSO/edible oil, other), route of administration (oral, topical, inhaled,
rectal), CBD and THC percentages and ratios, and type (indica, sativa, hybrid). Participants
were also asked to report the dosage (number of inhalations, drops, etc.) and frequency of
use of each product. Participants were asked to report their daily use of each product
(1 = 1 time per day up to 7 = 7 or more times per day) and how many days per week they used
each product (1 = less than once a week up to 8 = seven days a week).

In each follow-up survey, participants were asked if they were still using any of the
products listed in the previous survey and, if so, for updated information on dosage and
frequency. If participants reported they were no longer using a specific product, the reason
for discontinuation was collected (did not work, prefer other meds, too expensive, side effects,
dispensary too far, availability, other). Participants were asked to report any new products and
all corresponding information about them and the participants’ use of them (brand, strain,
formulation, route, CBD/THC percentages and ratios, type, dosage, and frequency). A
count of total products was calculated as well as counts of discontinued and new products.

During follow-up surveys, participants were asked if they had been using MC since
their last survey (yes—in the last week, yes—but not in the last week, yes—but not in the last
month, no). If participants reported that they had not used MC in the last month or since
the last survey, the reason for discontinuation was collected (did not work, prefer other meds,
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too expensive, side effects, dispensary too far, availability, other). If participants responded that
they used MC in the last week, it was followed by asking about the frequency of use in
the last week (never, sometimes, regularly). Next, participants were asked if they had sought
guidance about their MC products from their certifying physician or dispensary staff since
the last survey (yes, no). If participants responded no, they were asked if they would be
willing to talk to their certifying physician or dispensary staff about trying a different MC
product (yes, maybe, no).

2.2.5. Side Effects

In all follow-up surveys, participants self-reported any side effects they experienced
from MC since the last survey and rated each side effect on an intensity scale (1 = mild
to 3 = severe). In all subsequent surveys, participants were asked if previously reported
side effects continued and, if yes, to rate their severity. The counts of total current and
discontinued side effects were calculated, as well as the average side effect severity.

2.2.6. Symptoms and Quality of Life

Information on quality of life and the impact of MC on symptoms was collected. This
information is reported in other publications.

3. Results

There were initially 215 participants enrolled who were certified to use MC in PA for
a serious medical condition between May and October 2020. A total of 594 individuals
contacted research staff regarding their interest in participating in the study, of these
594 potential participants, 213 enrolled (2 did not complete the baseline), for a 35% response
rate. Of the 379 individuals who did not enroll, reasons included: not meeting criteria
(n = 18), declining or withdrawing once the study procedures were reviewed (n = 27), or
losing contact after an initial response/no response to our initial outreach (n = 334). An
additional 2 participants were not able to complete the baseline survey after initiating the
consent process with study staff, and their data were not included in the final sample of
213 participants.

Of the 213 participants who enrolled and completed the baseline surveys in full,
201 participants were retained at their one-month follow-up, 187 were retained at their
six-month follow-up, and 175 were retained at their one-year follow-up. Of those who did
not complete the study, 35 were lost to follow-up, and 5 declined to participate further.

The mean age of the participants was 41.3 years, with 54.5% being female (Table 1).
The mean number of self-reported cannabis products taken at baseline was 3.41 and 3.47
during the 12-month survey (Table 2). Additionally, 55.4% of participants reported using
MC via 1 route with 44.6% using MC in 2 or more routes (Table 2). The most common self-
reported routes of administration were inhalation (93% at baseline, 86% at 12 months) and
oral (44% at baseline, 37.7% at 12 months) (Table 2). A vast majority of patients continued
to use cannabis throughout the study period in some form or another, as only 5 patients
(2.9%) stopped using cannabis altogether at the 12-month survey. When looking at specific
cannabis products, usage varied across the time points, with 55–78% of participants using a
product previously reported at an earlier time point. In addition, 43–64% of participants
reported using a new medical cannabis product compared to the survey before, and 69–78%
of participants reported discontinuing a product.
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Table 1. Participant Characteristics.

Variable Total (N = 213)

Gender Male 94 (44.1%)
Female 116 (54.5%)
Other/Non-binary 3 (1.4%)

Age Mean (SD) 41.3 (13.3)
Range 18–78

Race White 149 (70%)
Black/African-
American 33 (15.5%)

Asian 6 (2.8%)
Other/Prefer not to
answer 24 (9.4%)

Ethnicity Hispanic or Latino 20 (9.4%)
Non-
Hispanic/Latino 183 (85.9%)

Prefer not to answer 10 (4.7%)

Already using cannabis for certifying condition Yes (n, %) 165 (77.5%)

Use of benzodiazepine, opioid, or sedative Yes (n, %) 51 (23.9%)

Certifying conditions via PA state database 1 Chronic
Pain/Neuropathy 105 (49.3%)

Anxiety 78 (36.6%)
PTSD 33 (15.5%)
Opioid Use Disorder 10 (4.7%)
GI disorder (IBD,
IBS, Crohn’s) 6 (2.8%)

Cancer 3 (1.4%)
HIV 2 (0.9%)
Parkinson’s disease 1 (0.5%)
Epilepsy/Seizure
disorder 2 (0.9%)

Self-reported reason for use 1 Chronic
Pain/Neuropathy 108 (50.7%)

Anxiety 95 (44.6%)
PTSD 45 (21.1%)
Opioid Use Disorder 11 (5.2%)
GI disorder (IBD,
IBS, Crohn’s) 8 (3.8%)

Depression 7 (3.3%)
Arthritis 6 (2.8%)
Insomnia 5 (2.3%)
Seizure disorder 4 (1.9%)
Fibromyalgia 2 (0.9%)
HIV 2 (0.9%)
Migraines 1 (0.5%)
Cancer 1 (0.5%)
ADHD 1 (0.5%)
Multiple Sclerosis 1 (0.5%)
Neurocognitive 1 (0.5%)

Symptom count Median (Range) 4 (1–14)

Number of medical conditions reported 2 Median (Range) 3 (1–12)

Note. 1 Participants could list more than one condition; 2 Medical conditions related and unrelated to
cannabis certification.
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Table 2. Medical Cannabis Usage.

Baseline
(N = 213)

1 Month
(N = 201)

6 Months
(N = 187)

12 Months
(N = 175)

N (%) N (%) N (%) N (%)

Number of Participants taking a MC product

Existing Product (reported at a
previous survey) 213 (100%) 157 (78.1%) 103 (55.0%) 116 (66.3%)

New Products 87 (43.3%) 121 (64.7%) 90 (51.4%)

Discontinued Products 140 (69.7%) 146 (78.1%) 125 (71.4%)

Number of Self-Reported MC Products

Mean (SD)

Existing 1.82 (1.53) 1.13 (1.36) 1.48 (1.63)

New Products 1.53 (1.44) 2.35 (1.62) 1.99 (1.94)

Discontinued Products 1.55 (1.40) 2.01 (1.63) 1.80 (1.53)

Total Current Products 3.41 (1.52) 3.35 (1.81) 3.48 (1.89) 3.47 (2.45)

Self-Reported MC Formulations

Inhalation 198 (93%) 185 (92%) 161 (86.1%) 151 (86.3%)

Oral 94 (44.1%) 81 (40.3%) 75 (40.1%) 66 (37.7%)

Topical 35 (16.4%) 36 (17.9%) 24 (12.8%) 20 (11.4%)

Suppository 1 (0.5%) 3 (1.5%) 4 (2.1%) 4 (2.3%)

Number of Self-Reported Routes of Administration

1 route 118 (55.4%) 114 (56.7%) 109 (58.3%) 101 (57.7%)

2 routes 75 (35.2% 64 (31.8%) 59 (31.6%) 57 (32.6%)

3 routes 20 (9.4%) 21 (10.4%) 11 (5.9%) 9 (5.1%)

4 routes 0 0 1 (0.5%) 0

Participants took an average of 3.76 (SD 3.15; range of 0–10) medications in addition to
their medical cannabis at baseline and 3.65 (SD 3.4; range 0–15) at 12 months. Additionally,
35.2% of patients at baseline and 31.4% of patients at the 12-month survey were taking
five or more medications. The most commonly used concomitant medications at baseline
included vitamins (42.3%), antidepressants (29.1%), analgesics (22.1%), herbal products
(19.7%), and anxiolytics (17.8%) (Table 3). Those medication classes stayed consistent in
terms of prevalence at the 12-month mark as well.

Table 3. Most Commonly Used Medications.

Medication Class Baseline (N = 213) 1 Month (N = 201) 6 Months (N = 187) 12 Months (N = 175)

Vitamins 90 (42.3%) 80 (39.8%) 68 (36.4%) 62 (35.4%)

Antidepressant 62 (29.1%) 58 (28.9%) 54 (28.9%) 45 (25.7%)

Analgesic 47 (22.1%) 43 (21.4%) 31 (16.6%) 31 (17.7%)

Herbal product 42 (19.7%) 38 (18.9%) 31 (16.6%) 27 (15.4%)

Anxiolytic 38 (17.8%) 31 (15.4%) 25 (13.4%) 22 (12.6%)

Antihypertensive 36 (16.9%) 34 (16.9%) 27 (14.4%) 25 (14.3%)

Antihistamine 35 (16.4%) 34 (16.9%) 27 (14.4%) 25 (14.3%)

Anticonvulsant 30 (14.1%) 29 (14.4%) 24 (12.8%) 23 (13.1%)

Asthma/COPD
medication 23 (10.8%) 21 (10.4%) 21 (11.2%) 22 (12.6%)
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Medications used to treat the same common indications as medical cannabis were
analyzed to see if there was a potential change in usage over time. Those taking antidepres-
sants and anxiolytics remained relatively stable on their medications and doses. In those
taking an antidepressant, 69% remained on their original antidepressant, and 66.7% re-
mained on the same dose at the 12-month mark, with 10% of the participants discontinuing
their antidepressant at 12 months (Table 4). In those taking an anxiolytic, 71.4% remained
on their original medication at 12 months, with 64% taking the same dose. This trend
stayed consistent with opioids and sedative-hypnotics as well (Table 4). Of those taking
a sedative/hypnotic, 80% remained on the same medication throughout the 12 months,
with 92.3% staying on the same dose. Of those taking an opioid, 76.9% remained on their
original medication, with 81.8% remaining on the same dose. 9.1% of participants were
able to decrease their opioids dose, and 7.7% were able to discontinue their opioids at
12 months (Table 4).

Table 4. Concomitant Medication Dosage Changes.

1 Month 6 Months 12 Months

Antidepressant Dosing Changes N = 62 N = 58 N = 54

Increased dosage 4 (4.8%) 7 (12.1%) 2 (3.7%)

Same dosage 58 (93.5%) 41 (70.7%) 36 (66.7%)

Decreased dosage 2 (1%) 3 (5.2%) 4 (7.4%)

Anxiolytic Dosage Changes N = 38 N = 31 N = 25

Increased dosage 0 0 0

Same dosage 29 (76.3%) 19 (61.3%) 16 (64.0%)

Decreased dosage 2 (5.3%) 2 (6.5%) 3 (12.0%)

Sedative/Hypnotic Dosage Changes N = 13 N = 13 N = 13

Increased dosage 0 1 (7.7%) 0

Same dosage 13 (100%) 8 (61.5%) 12 (92.3%)

Decreased dosage 0 0 0

Opioid Dosage Changes N = 14 N = 14 N = 11

Increased dosage 0 1 (7.1%) 0

Same dosage 11 (78.6%) 5 (35.7%) 9 (81.8%)

Decreased dosage 2 (14.3%) 2 (14.3%) 1 (9.1%)

The most commonly reported side effects of MC usage included dry mouth, increased
appetite, and drowsiness/fatigue (Table 5). Those remained relatively constant across all
time points. The most commonly reported reason for discontinuation of an MC product
include availability, the MC product not being effect, and the preference to use another
medication (Table 6).
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Table 5. Most Common Self-Reported Side Effects.

Side Effect
1 Month

N (%)
6 Months

N (%)
12 Months

N (%)

Dry mouth 24 (11.9%) 21 (11.2%) 18 (10.3%)

Increased appetite 21 (10.4%) 33 (17.6%) 20 (11.4%)

Drowsiness/fatigue 19 (9.5%) 27 (14.4%) 16 (9.1%)

Anxiety 8 (4%) 12 (6.4%) 12 (6.9%)

Impaired mentation 7 (3.5%) 15 (8%) 9 (5.1%)

Cough 4 (2%) 7 (3.7%) 10 (5.7%)

Headaches/migraines 4 (2%) 6 (3.2%) 5 (2.9%)

Nausea/vomiting 4 (2%) 2 (1.1%) 1 (0.6%)

Dry eyes 3 (1.5%) 3 (1.6%) 2 (1.1%)

Lung/breathing problems 3 (1.5%) 3 (1.6%) 4 (2.3%)

Table 6. Reasons for discontinuation of a MC product.

1 Month
N (%)

6 Months
N (%)

12 Months
N (%)

Availability 95 (47.3%) 113 (60.4%) 74 (42.4%)

Not effective 15 (7.5%) 36 (19.2%) 12 (6.9%)

Prefer other medications 8 (4.0%) 4 (2.1%) 20 (11.5%)

Cost 8 (4.0%) 5 (2.6%) 3 (1.7%)

Side effects 5 (2.5%) 1 (0.5%) 3 (1.7%)

4. Discussion

The purpose of this survey was to assess participants’ medical cannabis usage within
the Pennsylvania Medical Marijuana Program. The data collected in this survey provide
needed information about the demographics, numbers of cannabis products used over
time, routes of administration, and concomitant medication use of patients enrolled in a
state-run medical cannabis program over the course of the year.

This study highlights the fact that patients take multiple medical cannabis products
along with multiple other medications. While the average number of concomitant medica-
tions was low, it is important to recognize that patients reported using up to 15 additional
medications along with cannabis, and approximately 30% were taking 5 or more medi-
cations. Some patients may choose to use cannabis as a sole agent or as an adjunctive
treatment to other medications, as evidenced by the proportion of patients concomitantly
using opioids, benzodiazepines, and antidepressants. The use of medical cannabis can
impact the levels of other medications and may have synergistic effects with patients also
taking benzodiazepines, sedative-hypnotics, and opioids [14].

Approximately 40% of study participants did report using vitamins, and nearly 20%
reported using complementary and alternative medications along with their cannabis. This
may be an indication that some people are seeking more natural ways to treat conditions in
addition to or as a replacement for prescription medications [15,16].

Another important aspect of the data is that participants exhibited high rates of
starting new cannabis products and discontinuing others at each of the follow-up survey
time periods. This could be due to patients needing to experiment with various products to
find the one that works best for them, as patients exhibit different sensitivities to cannabis
depending on the dose, dosage form, and prior use history [8]. This could also be due to
product availability, as cannabis products may or may not be available over time depending
on demand or crop production [8].
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This study has several limitations. First, this study did attempt to look at the specific
information for each MC product that participants reported taking. Unfortunately, it was
evident during data collection that patient recall of specific information such as THC/CBD
percent or ratios was hard to gather for each individual product. This may be due to the
fact that people used various products at different times of the day and had a hard time
recalling each one individually and the fact that MC products are often interchanged due
to varied product availability over time. Patients were able to express that they use certain
forms a certain number of times per day, but they may have had multiple products within
the same dosage form. For example, patients could verbalize that they used a tincture
multiple times per day, but they may have used one type of tincture in the morning and
another later in the day depending on therapeutic effects they were looking to achieve or
what types of adverse effects they were trying to avoid. For future studies, the challenge
of self-reported data will impact how questions are asked with regard to getting accurate
information on the types and composition of MC products used. The lack of participant
recall also highlights the challenges of using MC in a clinical sense, in that patients could
say they were using MC but did not know much more about the individual products. This
also underscores the fact that clinicians who are trying to guide the patient’s choice of
product may prefer to reference documented objective data (dispensing data) as opposed
to self-report if small details are needed to help inform therapy decisions.

Another limitation was that study participants were recruited from dispensaries,
which may have led to a sample bias toward those that heavily rely on cannabis for
symptom management. This may have also impacted the number of people that stopped
using cannabis altogether due to lack of efficacy or intolerable side effects, as a majority of
patients continued to use MC products throughout the study. Data from a meta-analysis on
the efficacy of cannabis in the treatment of pain found that 10% of participants withdrew
due to adverse effects [17]. Other meta-analyses on cannabis in multiple sclerosis and
chemotherapy-associated nausea and vomiting also found that study withdrawal rates
were higher in those taking cannabis as opposed to a placebo [18,19].

Furthermore, the sample was mostly comprised of individuals who identified as
white. This may be due to known differences in cannabis use by race [20]. Future surveys
should focus on recruiting more diverse participants from both cannabis dispensaries and
non-dispensary locations to get a sample more indicative of general use. Lastly, this study
was conducted during the COVID-19 pandemic, which may have impacted patients’ MC
and medication use due to potential social, economic, behavioral, physical, and mental
health changes incurred as a result of this world-wide event [21,22].

5. Conclusions

Participants used multiple medical cannabis products to treat a number of medical
conditions in conjunction with multiple prescription, over-the-counter, complementary,
and alternative products. There is a high rate of variability from time point to time point
as to what products people are using, so it is best to continually reassess patient use of
medical cannabis products.
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Abstract: Cannabidiol (CBD) (25 mg/kg peroral) treatment was shown to improve metabolic out-
comes in ovariectomized (OVX) mice deficient in 17β-estradiol (E2). Herein, CBD effects on intestinal
and hepatic bile acids (BAs) and inflammation were investigated. Following RNA sequencing of
colon tissues from vehicle (VEH)- or CBD-treated sham surgery (SS) or OVX mice (n = 4 per group),
differentially expressed genes (DEGs) were sorted in ShinyGO. Inflammatory response and bile
secretion pathways were further analyzed. Colon content and hepatic BAs were quantified by LC-MS
(n = 8–10 samples/group). Gut organoids were treated with CBD (100, 250, 500 μM) with or without
TNFα and lipopolysaccharide (LPS) followed by mRNA extraction and qPCR to assess CBD-induced
changes to inflammatory markers. The expression of 78 out of 114 inflammatory response pathway
genes were reduced in CBD-treated OVX mice relative to vehicle (VEH)-treated OVX mice. In contrast,
63 of 111 inflammatory response pathway genes were increased in CBD-treated sham surgery (SS)
mice compared to VEH-treated SS group and 71 of 121 genes were increased due to ovariectomy. CBD
did not alter BA profiles in colon content or liver. CBD repressed Tnf and Nos2 expression in intestinal
organoids in a dose-dependent manner. In conclusion, CBD suppressed colonic inflammatory gene
expression in E2-deficient mice but was pro-inflammatory in E2-sufficient mice suggesting CBD
activity in the intestine is E2-dependent.

Keywords: cannabidiol; inflammation; bile acids; transcriptomics; estrogen deficiency; ovariec-
tomized mice; postmenopause; gut organoids

1. Introduction

In the United States, women typically enter perimenopause in their mid-to-late forties
and reach menopause at the average age of 51 [1]. Decline in ovarian 17β-estradiol (E2)
levels during the menopause transition results in uncomfortable vasomotor symptoms
(e.g., hot flushes) that affect up to 80% of women and can persist for 5–13 years [2–7]. In
humans and rodents, the loss of E2 has also been associated with cardiometabolic disease
and bone loss [5,6,8] due to reduced gut barrier integrity leading to chronic low-grade
inflammation [5,6,9,10]. During the menopause transition, hormone replacement therapy
(HRT) is typically prescribed to relieve vasomotor symptoms and HRT was initially believed
to mitigate chronic disease [11]. After several clinical studies, HRT appears to be most
useful for management of vasomotor symptoms in women under 60 with reported benefits
for the cognitive function and decreased risk of bone fracture from osteoporosis [12]. HRT
dose and treatment regimen should be individualized according to medical history [13]
and the lowest effective dose is generally recommended for no more than 5 years to reduce
chronic disease risk [12]. HRT use in women over 60 is associated with increased risk of
cancer, heart disease, and stroke [12] leaving this population with few options for symptom
management and chronic disease prevention.

Biomedicines 2023, 11, 74. https://doi.org/10.3390/biomedicines11010074 https://www.mdpi.com/journal/biomedicines
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Cannabidiol (CBD) is a non-psychotropic phytocannabinoid derived from the indus-
trial hemp plant (Cannabis sativa L.). In preclinical studies, CBD was shown to reduce inflam-
mation [14–16], improve gut barrier integrity [17], and protect against bone loss [18–20].
Currently, CBD (i.e., Epidiolex®) is a FDA-approved for treatment of epilepsy-related
disorders in both children and adults [21–24]. Although there are currently no studies
for the effectiveness of CBD for menopausal or postmenopausal symptoms, a recent sur-
vey of 258 perimenopausal and postmenopausal women reported that 86% used medical
cannabis and 79% endorsed its use to relieve menopause symptoms [25]. The effects of
perorally administered CBD (25 mg/kg/day, 5 days/week for 18 weeks) or vehicle (VEH)
treatment (i.e., sesame oil and peanut powder) in the ovariectomized (OVX) mouse model
of postmenopause along with sham surgery (SS) controls were recently investigated [26].
Compared to VEH-treated OVX mice, the CBD-treated OVX group had improved oral
glucose tolerance, increased energy expenditure, improved bone phenotypes, and the
decreased markers of inflammation in bone and intestinal tissues [26]. CBD-treated OVX
and SS mice had altered gut microbial communities and BA profiles [26]. Notably, the
CBD-treated OVX group, but not the CBD-treated SS group, developed a bloom in Lacto-
bacillus species [26]. Studies suggest that probiotic Lactobacilli bacteria improve gut barrier
integrity leading to the lower levels of inflammatory cytokines in the gut, circulation, and
bone [27–31]. A recent meta-analysis of randomized controlled clinical studies cautiously
concluded that supplementation with probiotics could increase lumbar bone mineral den-
sity in postmenopausal women [32]. BAs modulate gut bacteria [33], inflammation [34],
glucose metabolism [35], and bone turnover [36]. Compared to SS groups, several ileal BAs
were increased in the VEH-treated OVX group while in CBD-treated OVX mice these BAs
were normalized to levels comparable to the SS groups [26].

Oral CBD bioavailability is 6% and increases 4-fold if consumed with fat [37]. Since
most ingested CBD would be in the intestinal tract, CBD may improve metabolic health
by directly modulating the gut microbiota and/or decreasing intestinal inflammation. In
this present study, samples collected from a previously described murine study [26] was
used to investigate the response of the colonic transcriptome to CBD or VEH treatment in
OVX and SS mice. Targeted metabolomics was performed in order to profile BAs in colon
content and liver tissue. Finally, the direct effect of CBD on intestinal inflammation was
tested in ileal gut organoids.

2. Materials and Methods

2.1. Chemicals and Materials

Experiments were performed using Optima LC-MS grade formic acid, methanol,
acetonitrile, and water purchased from Fisher Scientific (Hampton, NH, USA). Oasis
Prime HLB 1cc Cartridges (30 mg) were purchased from Waters (Milford, MA, USA) for
filtration of phospholipids from liver samples. Corning Costar Spin-X centrifuge tubes
with 0.22 μm nylon membrane (Corning, NY, USA) were used to filter BA extracts prior
to injecting. CBD isolate was purchased from Bluebird Botanicals (Louisville, CO, USA).
Twelve unconjugated, 9 taurine conjugated, and 6 glycine conjugated BAs were ordered
from Sigma-Aldrich Inc. (St. Louis, MO, USA), Cayman Chemical (Ann Arbor, MI, USA), or
Steraloids Inc. (Newport, RI, USA). Deuterated internal standards of BAs were purchased
from Cayman Chemical. BA and CBD information are detailed in Table S1.

2.2. Animals and Treatment

Animal study protocols were approved by Rutgers institutional animal care and
use committee under protocol# PROTO201900041. The details of the mouse study were
previously described [26]. Briefly, at age 12 weeks, female wild-type C57BL/6J mice were
ovariectomized (OVX) or underwent sham-surgery (SS). After recovery, at age 14 weeks,
OVX and SS mice were subdivided to receive either CBD isolate or vehicle (VEH) treatment
(n = 10 mice/group) for 18 weeks (5 days per week excluding weekends). A calculated
volume of VEH (sesame oil) or CBD (25 mg/kg, dissolved in sesame oil, 10 mg/mL) was
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mixed with 100 mg of powdered peanut butter to prepare individual peroral doses, which
were consumed within 1 min of offering. Mice were euthanized by CO2 asphyxiation
and liver, and intestinal tissues were collected as previously described [26]. Individual
colon segments were flushed with ice-cold, sterile PBS (pH 7.4) to collect luminal contents.
Samples were placed in cryogenic tubes, snap frozen in liquid nitrogen, and stored at
−80 ◦C until analysis.

2.3. Ribonucleic Acid Sequencing (RNA-Seq)

Total ribonucleic acid (RNA) from colon tissue (n = 4 mice/group) was extracted using
RNeasy Plus Universal Mini Kit (Catalog#73404, QIAGEN, Germantown, MD, USA). The
concentration, quality, and integrity of total RNA was determined using a Nano Drop 2000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and RNA samples were
provided to Azenta (South Plainfield, NJ, USA) for Standard RNA-Seq processing. Paired-
end sequencing was performed using Illumina HiSeq 2 × 150 bp paired-end configuration
yielding 124,739 Mbases and 415,802,210 reads.

2.4. RNA Sequencing Data Analysis

Raw reads were pre-processed using FastQC 0.11.9 and Java 14.0.1 software. Phred
quality scores of individual sequences were checked before merging paired-end sequences
with 20 bp overlap. Trimmomatic-0.39 data analysis software was used to trim adapters of
paired-end sequences and assess sequence quality. HISAT2 2.1.0 was used to map reads to
a reference mouse genome (grcm38 with Ensembl annotation v38.102) [38]. Differentially
expressed genes (DEGs) were analyzed using DESeq2 in R (R Studio v4.2.0) [39]. Gene
ontology (GO) enrichment analysis was performed using ShinyGO v0.76.3 (South Dakota
State University, Brookings, SD, USA) [40] with the application of FDR correction to
generate the list of pathways affected using gene ontology biological processes (GOBP)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. The FDR q-value
cut-off criteria were assigned as 0.05. The inflammatory response pathway genes were
identified in the GOBP network while the bile secretion pathway genes were found in the
KEGG network.

PCA plots to compare similarity/difference among RNA-Seq datasets for biological
replicates within group and between groups were generated using Metaboanalyst 5.0 [41].
The fold change of DEGs was converted to logCPM (Z-score) values and heat maps of
DEGs for each pathway were generated using Euclidean clustering between samples and
genes using Origin Pro 2023 software (Origin Lab Corp., Northampton, MA, USA). Venn
diagrams were also generated using Origin Pro.

2.5. LC-MS Analysis of Bile Acids
2.5.1. Preparation of Liver and Colon Samples

BAs were extracted from individual liver samples (n = 9–10/group). Frozen liver
tissue was sectioned on dry ice and 50–60 mg of median lobe was transferred into 2 mL
bead beating tubes with 4 stainless steel beads (2.8 mm, GBSS 089-5000-11, OPS Diagnostics,
Lebanon, NJ, USA) and 300 μL of water. Samples were homogenized using a 1600 MiniG®

(SPEX SamplePrep, Metuchen, NJ, USA) for 4 min. Homogenized tissue was transferred
to microcentrifuge tubes with 300 μL of pre-dried deuterated internal standards (TCA-d4,
DCA-d4, CDCA-d4, and GCDCA-d4 at 1 μg/mL each). Protein was precipitated with
99.9% acetonitrile and 1% formic acid (800 μL) and vortexed for 30 s and then placed on
an orbital shaker for 1 h at 4 ◦C. Samples were centrifuged at 13,000× g for 10 min at
4 ◦C and supernatant was transferred to glass scintillation vials. Pellets remaining after
centrifugation was resuspended in 1 mL 80% methanol and sonicated for 1 min with a
Qsonica sonicator Q700 with chiller fitted with cuphorn and 8-tube holder (Cole-Palmer,
Vernon Hills, IL, USA); 55% AMP, 30 s on, 59 s off, then a final 30 s on). Sonicated samples
were centrifuged at 16,000× g for 20 min at 4 ◦C and supernatants were pooled and
dried under speed vacuum at room temperature overnight. Samples were resuspended

17



Biomedicines 2023, 11, 74

in 300 μL 50% methanol, placed on orbital shaker for 30 min, vortexed for 2 min, and
filtered through Corning® Costar® Spin-X® microcentrifuge tube filters (nylon membrane,
pore size 0.22 μm, cat#CLS8169-200ea, Sigma-Aldrich, Darmstadt, Germany) for 5 min at
16,000× g. Samples were transferred into sampler vials (Cat# 6PSV9-1PSS Thermofisher„
Walthm, MA, USA) with 300 μL inserts (9 mm, C4010-630 Thermofisher, Walthm, MA,
USA) for HPLC analysis. Concentrations (μg/mg tissue) were determined by dividing final
concentrations by tissue weights used for extraction. For each liver sample, the limit of
detection (LOD), the limit of quantification (LOQ), and the coefficient of variance (CV) are
presented in Table S2. Recoveries ranged from 66–151% for TCA-d4, 35–76% for DCA-d4,
70–102% for GCDCA-d4, and 53–113% for CDCA-d4.

Individual colon content samples (n = 8–9/group) were collected into microfuge tubes
by flushing the lumen of the colon with 1× PBS (pH 7.4). The colon content was freeze-
dried in a FreeZone 1.0 L Benchtop lyophilizer (model# 7740020, LABCONCO, Kansas
City, MO, USA) overnight to evaporate PBS and dry weight (mg) of colon content was
recorded. To subtract weight contributed by salts in PBS, 3 tubes containing 1 mL of
1× PBS were freeze-dried and their mean weight was subtracted from dried colon content
weights. Deuterated internal standards (TCA-d4, DCA-d4, GCDCA-d4, and CDCA-d4 at
1 μg/mL each) were resuspended in 50% methanol and 300 μL was added to pre-weighed
microfuge tubes and dried in speed vacuum (CentriVap concentration system with cold
trap, Model 7810014 and 7460020 Labconco, Kansas City, MO, USA), after which colon
content (15–30 mg) was added. Then 600 μL of 90% acetonitrile/9.9% water/0.1% formic
acid (v/v/v) was added to internal standards and dry colon content, vortexed for 1 min,
and left on a benchtop shaker at 4 ◦C for 1 h. After extraction, samples were centrifuged at
15,000× g for 10 min and the supernatant was collected into a clean microfuge tube. For
the second round of extraction, 700 μL of 50% methanol/50% water (v/v) was added to
the pellet, vortexed for 2 min, and extract was placed in QSonica sonicator Q700 (with
chiller fitted with cuphorn and 8-tube holder, Cole-Palmer, Vernon Hills, IL, USA) at
65% amplitude for 2 min. Samples were placed on shaker at 4 ◦C for 45 min and then
centrifuged at 12,000× g for 10 min. Supernatants were transferred to microfuge tubes and
extraction was repeated with 600 μL of 90% acetonitrile and 0.1% formic acid. Samples were
vortexed for 30 sec and placed in QSonica sonicator at 65% amplitude for 1 min. Samples
were placed on shaker at 4 ◦C for 45 min and then centrifuged at 12,000× g for 10 min.
Supernatants from first and second extractions were pooled and solvent was evaporated
to dryness using a speed vacuum (CentriVap concentration system with cold trap, Model
7810014 and 7460020 Labconco, Kansas City, MO, USA) and resuspended in 300 μL of 50%
methanol. Samples were sonicated at 65% amplitude for 1 min and then filtered using
0.2 μm filters (Corning Costar Spin-x centrifuge tube filters, cat#CLS8169-200ea, Sigma-
Aldrich, Darmstadt, Germany). Filtrates were centrifuged at 12,000× g for 10 min and
transferred to HPLC vials (6PSV9-1PSS, Thermofisher, Waltham, MA, USA) fitted with
300 μL inserts (9 mm, C4010-630, Thermofisher, Waltham, MA, USA).

For each colon content sample, the limit of detection (LOD), the limit of quantification
(LOQ), and the coefficient of variance (CV) are presented in Table S2. Recoveries ranged
94–156% for TCA-d4, 63–124% for DCA-d4, 47–131% for GCDCA-d4, and 75–175% for
CDCA-d4.

2.5.2. LC-MS Analysis

Data was generated using an Alliance e2695 HPLC system coupled to a 2998 Pho-
todiode array detector and an Acquity QDa detector mass spectrometer equipped with
an electrospray interphase (ESI, Waters, Milford, MA, USA), an autosampler, and a Vacu-
ubrand pump (Essex, CT, USA). For each sample, technical duplicates (10 μL) were injected.
The instrument and processing methods have been previously described [26]. A Cortecs
C18+ column held at 40 ◦C (4.6 × 150 mm and 2.7 μm particle size, Waters, Milford, MA,
USA) was used to separate analytes and held at the temperature of 40 ◦C. The mobile phase
consisted of 0.1% formic acid in acetonitrile (A) and 0.1% formic acid in water (B). The flow
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rate was 1 mL/min. A linear gradient was used, specifically: 35–50% A over 30 min, a hold
at 50% A for 1 min, an immediate transition to 65% A for 9 min, a gradual increase to 90%
A over 2 min, and a hold at 90% A for 6 min. This was immediately followed by a washout
with 90% A to 10% A for 6 min before returning to the initial 35% A at 54.1 min, which
marked the end of each sample run. The column was allowed to equilibrate for 6 min in
35% A before the next injection. Pure compounds were used to produce standard curves
for the quantification of BAs and CBD, as detailed in Table S1.

2.6. Ileal Organoid Experiments

Eight-month-old WT C57BL/6J female mice were euthanized by CO2 asphyxiation
and ileal tissue was collected for crypt isolation according to established methods [42].
Crypts were collected in 1× PBS (pH 7.4, Growcells, Irvine, CA, USA), counted manually,
and the concentration of 300 crypts per μL was calculated. Culture was centrifuged at
200× g for 3 min, PBS was aspirated, Cultrex was added to obtain a density of 150 crypts per
25 μL volume, and 48-well plates were seeded with 25 μL Cultrex per well. The plate was
incubated in a 37 ◦C, 5% CO2 incubator (Galaxy 170, Eppendorf Co., New Brunswick, NJ,
USA) for 30 min to allow the polymerization of Cultrex then 250 μL of 1× complete growth
medium (CGM) [43] was added per well. CGM was replaced every 2 days. Organoids were
passaged every 7 days (1:3 ratio). Mature day 4 organoids were treated with 0, 100, 250,
or 500 μM CBD in the presence or absence of Tnfα (100 ng/mL; STEMCELL, Vancouver,
BC, Canada) + lipopolysaccharide (LPS; 100 μg/mL; Sigma-Alrich, Darmstadt, Germany)
to induce inflammation. Six wells were pooled to create one biological sample (n = 1) and
treatments were performed in triplicate. Organoids from passages 10–11 were used, and
the experiment was performed twice.

CBD (1 mg/mL) was dissolved in 100% methanol and then calculated volumes of this
stock were used to obtain 100, 250, or 500 μM CBD concentrations (in 250 μL/well) as well
as these same CBD concentrations in combination with lipopolysaccharide (LPS 2 mg/mL
0.9% NaCl stock; 10 μg/mL in CGM; Cat#L6143 Sigma-Alrich) and TNFα (100 μg/mL
sterile ddH2O stock; 100 ng/mL in CGM; Cat#78069, STEMCELL). TNFα and LPS alone
served as a positive control for inflammation. Samples were dried in speed vacuum
(CentriVap concentration system with cold trap, Labconco, Kansas City, MO, USA) and
resuspended in CGM media the day of treatment. Organoids were treated for 24 h, CGM
was removed, and 500 μL Cultrex organoid harvesting solution (Cat# 3700-100-01, R&D
Systems, Minneapolis, MN, USA) was added per well. Organoids (6 wells/treatment) were
collected into 15 mL conical tubes precoated with 1× PBS and left to incubate on ice for 1 h
to dissolve Cultrex. Samples were centrifuged at 500× g for 5 min at 4 ◦C, washed with
2 mL of 1× PBS, supernatant was removed, 800 μL of Qiazol was added, and samples were
transferred to 1.7 mL microfuge tubes with two 2.8 mm stainless steel beads and frozen at
−80 ◦C until RNA extraction. Samples were thawed on ice followed by vortexing for 30 s,
then RNA was extracted using RNeasy plus universal mini kit (Catalog#73404, QIAGEN,
Germantown, MD, USA).

2.7. MTT Analysis for Cell Viability

MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent (M6494,
Thermofisher, Waltham, MA, USA) was diluted 5 mg/mL in sterile 1× PBS per manufac-
turer’s instructions. Concurrently, treatments were performed on an additional 48-well
plate of organoids for MTT assay to assess viability. Three wells were used per treatment,
including 100% DMSO as a positive control for toxicity. At 24 h post-treatment, 27.5 μL of
MTT solution was added to the 250 μL of 1× CGM in each well, then placed in an incubator
(37 ◦C, 5% CO2) for 2 h. After media and MTT solutions were removed, viable organoids
appeared purple/black. Then 50 μL of 2% sodium dodecyl sulfate (SDS) was added to each
well and the plate was returned to the incubator (37 ◦C, 5% CO2) for 1 h. After incubation,
150 μL of pure dimethyl sulfoxide (DMSO) was mixed into each well and incubated for
4 h or overnight to solubilize the formazan crystals. Once solubilization was complete,
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200 μL from each well was transferred to a microplate and absorbance was measured in a
multimode plate reader (CLARIOStar, BMG Labtech, Cary, NC, USA) at 562 nm.

2.7.1. qPCR of Ileal Organoids and Liver Tissue

RNA was extracted from liver tissue (10–20 mg of right median lobe) as previously
described [43]. RNA extracted from organoids or liver samples was quantified by nanodrop
and 5 mg was used to prepare cDNA followed by RT-qPCR (QuantStudio 3, Thermo) as
previously described [26].

TaqMan™ assay primers (Life Technologies, Carlsbad, CA, USA) used were: Nos2
(Mm00440502_m1), Tnfα (Mm00443258_m1), Il6 (Mm00446190_m1), and Il1b (Mm004342228
_m1). Hmbs (Mm01143545_m1) was used as the house keeping gene.

2.8. Statistics

Data were analyzed using GraphPad Prism 8 software (GraphPad Software, Inc.,
La Jolla, CA, USA). The ROUT test was used to detect and remove any outliers. Nor-
mality and variance were tested before choosing parametric or non-parametric tests. To
detect differences in liver qPCR and BA analysis, two-way ANOVA was used followed by
Benjamini–Hochberg post hoc test with FDR adjustment, q < 0.05 was considered signifi-
cant. Non-parametric BA data were analyzed by Kruskal–Wallis test followed Benjamini–
Hochberg post hoc test with FDR adjustment. For organoid experiments, one-way ANOVA
was performed followed by Tukey post hoc test, and the significance level was p < 0.05.

3. Results

3.1. CBD-Induced Inflammatory Response Pathway Changes in E2-Deficient and -Sufficient
Female Mice

A whole transcriptomic RNA-Seq analysis of colon tissues (n = 4/group) was per-
formed to investigate differential gene expression due to OVX surgery or CBD treatment.
The PCA plot showed that samples within surgery and treatment groups clustered together
(Figure S1).

Comparing VEH- and CBD-treated OVX groups, there was a total of 2585 differentially
expressed genes (DEGs, q < 0.05) of which 1334 genes were upregulated and 1255 were
downregulated (Table 1). A comparison of VEH- and CBD-treated SS groups revealed
14,508 DEGs (q < 0.05) where 964 genes were upregulated and 13,544 were downregulated
(Table 1). There were 3162 DEGs (q < 0.05), 1552 increased and 1610 decreased, due to a
loss of ovarian E2 (SS+VEH vs. OVX+VEH).

Table 1. Differentially Expressed Genes in Total Transcriptome.

Upregulated Downregulated Total Changed

OVX+VEH vs. OVX+CBD 1334 1255 2589
SS+VEH vs. SS+CBD 964 13,544 14,508
SS+VEH vs. OVX+VEH 1552 1610 3162

The number of differentially expressed genes (DEGs) generated from EdgeR analysis of total transcriptome based
on surgery or treatment comparison. Significance based on false discovery rate (FDR) correction (q < 0.05). OVX:
ovariectomized; SS: sham surgery; VEH: vehicle treatment; CBD: cannabidiol treatment.

Gene ontology (GO) enrichment analysis was performed with ShinyGO for OVX+VEH
vs. OVX+CBD, SS+VEH vs. SS+CBD, and SS+VEH vs. OVX+VEH using the gene ontology
biological process (GOBP) database. For each of these comparisons, 1000 significantly
altered GOBP pathways were identified after FDR correction and the top 20 pathways are
shown in Figure S2. In a previous study, relative to VEH-treatment, CBD was found to
reduce the expression of inflammatory mediators in the colon (Il1b, Il6, Tnf ) and ileum
(Il1b, Il6) in SS and/or OVX mice [26]. To find pathways related to inflammation the
GOBP pathways were searched using the key word “inflammatory” and the inflammatory
response pathway was found for OVX+VEH vs. OVX+CBD (pathway ranked 323), SS+VEH
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vs. SS+CBD (pathway ranked 219), and SS+VEH vs. OVX+VEH (pathway ranked 729).
Inflammatory pathways were not detected when DEGs were mapped using KEGG.

There were 114 DEGs for the OVX+VEH vs. OVX+CBD comparison, 111 DEGs for
the SS+VEH vs. SS+CBD comparison, and 121 DEGs for the SS+VEH vs. OVX+VEH
comparison (Figure 1A–D). The annotations of DEGs are provided in Supplementary
File S1. There were 39 DEGs uniquely altered due to the CBD treatment of OVX mice and
40 DEGs uniquely altered in the CBD-treated SS group (Figure 1A). For the OVX+VEH vs.
OVX+CBD and SS+VEH vs. SS+CBD comparisons, 24 DEGs were in common and all but
one (Epha2) were changed by CBD in the same direction indicating that the changes were
independent of E2 status (Figure 1A,B and Supplementary File S1). There were 34 DEGs
due to OVX alone. The remaining overlapping DEGs (40, 11, and 36) were due to either
OVX or CBD treatment (Figure 1A). Consistent with prior colon tissue qPCR analysis [26],
Tnf was significantly decreased in CBD-treated OVX mice compared to VEH-treated OVX
mice (Figure 1B,D and Supplementary File S1). Tnf was increased in the VEH-treated
OVX group compared to the VEH-treated SS group but was not detected as a DEG when
comparing the VEH- and CBD-treated SS groups (Figure 1C and Supplementary File S1).

Figure 1. Cont.
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Figure 1. Differentially expressed inflammatory response genes. (A) Venn diagram showing the DEGs
for each of the indicated comparisons as well as DEGs that are in common between comparisons. DEGs
held in common do not necessarily indicate the same direction of change. DEGs for (B) OVX+VEH vs.
OVX+CBD, (C) SS+VEH vs. SS+CBD, and (D) SS+VEH vs. OVX+VEH generated based on Euclidean
clustering. Z-score scale indicates downregulated genes from 0 to −2.5 (orange to yellow shades) and
upregulated genes from 0 to 2.5 (red to purple/navy shades).

For the OVX+VEH vs. OVX+CBD comparison, CBD treatment resulted in the down-
regulation of 78 of the 114 differentially expressed inflammatory pathway genes (Figure 1B).
In contrast, for the SS+VEH vs. SS+CBD comparison, CBD treatment resulted in the upreg-
ulation of 63 of the 111 differentially expressed inflammatory pathway genes (Figure 1C). A
similar heatmap pattern was observed for the SS+VEH vs. OVX+VEH comparison where 71
of 121 differentially expressed inflammatory pathway genes were increased due to ovarian
E2 deficiency (Figure 1D).

3.2. CBD-Induced Bile Secretion Pathway Changes in E2-Deficient and -Sufficient Female Mice

A prior study found that, compared to VEH-treated OVX mice, CBD-treated OVX mice
had alterations to serum and ileal content BA profiles [26]. ShinyGO enrichment analysis
followed by GOBP pathway enrichment did not uncover any hits using the keyword “bile”.
Shiny GO enrichment analysis using the KEGG pathway database revealed that CBD
significantly altered 134 pathways in OVX mice and 209 pathways in SS mice, while 92
pathways were altered due to ovariectomy. For each of these comparisons, the top 20 KEGG
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pathways were ranked based on FDR correction (Figure S3). The “Bile secretion” pathway
was detected in the top 20 pathways of DEGs for OVX+VEH vs. OVX+CBD and SS+VEH
vs. SS+CBD but not for SS+VEH vs. OVX+VEH (Figure S3).

Relative to VEH-treatment, the CBD-treated OVX group had 27 DEGs involved in
bile secretion and the CBD-treated SS group had 29 DEGs (Figure 2A and Supplementary
File S2). The OVX+VEH vs. OVX+CBD and SS+VEH vs. SS+CBD comparisons had
17 DEGs (Abcb1a, Abcc3, Abcg2, Abcg5, Adcy3, Adcy5, Nceh1, Nr1h4, Rxra, Sct, Slc10a2,
Slc4a2, Slc51b, Ugt1a1, Ugt1a6a, Ugta7c, Ugt2b5) in common, indicating that these changes
to the bile secretion pathway were CBD-induced and unrelated to surgery (Figure 2A and
Supplementary File S2). For OVX+VEH vs. OVX+CBD, all 17 DEGs were upregulated
due to CBD (Figure 2A,B and Supplementary File S2). For the SS+VEH vs. SS+CBD
comparison, 14 DEGs were upregulated and 3 were downregulated by CBD (Figure 2A,C
and Supplementary File S2).

 

Figure 2. Differentially expressed bile secretion genes. (A) Venn diagram showing DEGs for indicated
comparisons as well as DEGs that are in common between comparisons. DEGs held in common do
not necessarily indicate the same direction of change. DEGs for (B) OVX+VEH vs. OVX+CBD and
(C) SS+VEH vs. SS+CBD were generated based on Euclidean clustering. The Z-score scale indicates
downregulated genes from 0 to −2.5 (orange to yellow shades) and upregulated genes from 0 to 2.5
(red to purple/navy shades).
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3.3. Colon Content and Hepatic BA Profiles

Due to the upregulation of bile secretion pathway genes in the colon tissue, BAs
in colon content were quantified. Hepatic BAs were profiled to investigate potential
effects of CBD on hepatic BA production. The hepatic markers of inflammation were also
investigated. The concentrations of total BAs (TBAs), primary BAs (PBAs), secondary
BAs (SBAs), and conjugated BAs were similar between groups regardless of surgery or
CBD treatment (Table S3). CBD did not alter the concentrations of individual BAs in colon
content and liver tissue (Table S3). CBD did not induce differences in the hepatic expression
of Tnf, Nos2, Il1b, or Il6 (Figure S4). Compared to SS+VEH group, the OVX+VEH group
showed less a hepatic expression of Il6 (Figure S4).

3.4. CBD Suppressed Inflammation in Ileal Organoids

Compared to vehicle treatment, the combined TNFa and LPS (TL) treatment of ileal
organoids induced the gene expression of inflammatory markers Nos2 and Tnf (Figure 3).
Organoids treated with CBD concentrations of 100 or 250 μM suppressed the TL-induced
expression of Tnf and Nos2 where the latter showed a dose-dependent effect. Organoids
treated with 500 μM CBD also appeared to decrease the TL-induced expression of Tnf and
Nos2; however, this reduction may be due to the lower viability of the organoids with the
500 μM CBD dose (Figure S5). The other treatments resulted in organoid viability which
was similar to NT (Figure S5). CBD treatments alone did not alter the expression of Nos2
and Tnf (Figure 3). The mRNA levels of Il1b and Il6 were also assessed by qPCR but were
not detected.

Figure 3. Cont.
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Figure 3. CBD decreased expression of inflammatory markers in intestinal organoids. Mature ileal
organoids were treated with Tnfα + LPS (TL) to induce inflammation or treated with increasing
concentrations of CBD in the absence or presence of TL. Negative controls consisted of no treatment
(NT). On day 4, after organoids were passaged, organoids were incubated with treatments (n = 6
wells per treatment) for 24 h; each well contained approximately 100 mature organoids. Organoids
were harvested and RNA was extracted for qPCR and the relative expression of target genes were
determined using the 2e-Δct method. Outliers were not detected after ROUT test. Significant
differences between treatments were detected using one-way ANOVA followed by a Tukey post hoc
test. Different letters indicated significant difference between treatments.

4. Discussion

The anti-inflammatory effects of CBD isolate or CBD-rich extracts have been re-
ported [44], but the differential effects of CBD in female pre- and postmenopausal states
remains largely unexplored. The decline in ovarian E2 during perimenopause and after
menopause is associated with a pro-inflammatory state which promotes several metabolic
disorders, including diabetes, osteoporosis, and neurodegeneration [45]. Due to the draw-
backs of HRT use, especially in older postmenopausal women [12], other strategies are
needed to address chronic disease burden. CBD products are currently marketed for
a variety of indications, including female menopause, but often without adequate ev-
idence [46,47]. Building upon prior work that suggested CBD may have therapeutic
application in E2-deficient females [26], in this study, the RNA-Seq analysis of colon tis-
sues revealed that the effect of CBD on inflammatory response pathways depends on E2
status. While CBD decreased the expression of inflammatory response pathway genes in
E2-deficient OVX mice (Figure 1B), CBD had the opposite effect in E2-sufficient SS mice
(Figure 1C), where the expression of inflammatory response genes was increased. Indeed,
the CBD-treated SS and VEH-treated OVX groups showed a similar increase in inflam-
matory response genes (Figure 1B,D). While the loss of ovarian E2 is known to increase
the expression of inflammatory markers in murine tissues [48], the elevated expression
of inflammatory response pathway genes in the CBD-treated SS group was unexpected,
especially given that the prior qPCR analysis of these tissues showed decreased mRNA
levels of selected inflammatory markers (Il1b, Il6, and Tnf ) in both CBD-treated OVX and
SS groups relative to VEH-treated controls [26]. Notably, compared to VEH-treatment,
CBD-treated SS mice had decreased mRNA levels of Ocln and Tjp1, while the latter was
increased in CBD-treated OVX mice, which suggested CBD compromised gut barrier in-
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tegrity in the E2-sufficient state but was beneficial in E2-deficiency [26]. It remains to be
determined whether the induction of the inflammatory response pathway in CBD-treated
SS mice is unique to colon tissue or whether this extends to other segments of the intestine
or other tissues.

The loss of E2-producing ovary cells with increasing age in perimenopause through
postmenopause leads to elevated oxidative stress, which induces inflammation [49]. In
young reproductive adult females, ovarian cells have abundant mitochondria that require
the high amounts of oxygen for oxidative phosphorylation and optimal cell survival [49].
Reactive oxygen species (ROS), such as superoxide ion and hydrogen peroxide, are cre-
ated by oxidative phosphorylation and quenched by endogenous glutathione and dietary
antioxidants (e.g., vitamins E, C, polyphenols) [49–51]. As aging progresses, ovarian cell
membranes and mitochondria are in danger of oxidative damage due to the imperfect
detoxification of oxy-radicals and reduced mitochondrial regeneration [49]. Oxidative
damage leads to E2 deficiency and subsequent decline in the function and homeostasis
of E2-dependent cells throughout the body [49]. CBD reduced ROS production and had
a protective effect on Caco-2 monolayer integrity [17]. Together ROS and E2 deficiency
may induce systemic inflammation and contribute to menopausal symptoms, such as hot
flashes, an increased risk of arteriosclerosis, and decreased gut barrier integrity [17,49].

CBD is a potent antioxidant [14]. Besides its use for patients with epilepsy [21–24],
CBD is being investigated for treatment of other neurodegenerative diseases, such as
Huntington’s disease and schizophrenia [21,50,52,53]. CBD inhibits ROS production and
modifies redox balance by activating the redox-sensitive nuclear factor erythroid 2-related
factor (Nrf2) in multiple cell types [54,55]. Nrf2 transactivates several antioxidant and
cytoprotective genes [55,56]. CBD was shown to reduce ROS production via the inhibition
of Tnfα and iNOS [49,50], which is consistent with the CBD suppression of TL-induced
inflammation in ileal organoids (Figure 3). CBD is also used for pain relief as it is a
cyclooxygenase (COX)-2 inhibitor that reduces glutathione-dependent prostaglandin E2
(PGE2) signaling and subsequent inflammation [49,50]. In the present study, Ptges, which
encodes PGE2 synthase, was downregulated in the colon tissue of CBD-treated OVX mice
compared to VEH-treated OVX mice (Figure 1B and Supplementary File S1).

The presence of ROS species is sensed and monitored by the hypoxia inducible factor
(HIF) pathway [57]. In hypoxic conditions, HIF1α is stable and reduces the levels of
oxidative phosphorylation and ROS [57]. HIF1α stabilization plays an important role in
activating osteoclast activity and bone resorption [58–60]. E2 destabilizes HIF1α, even
under hypoxic conditions while E2-deficient OVX mice have stabilized HIF1α, which
leads to bone loss [58]. Consistent with these published reports, Hif1α was upregulated in
VEH-treated OVX mice compared to VEH-treated SS mice (Figure 1D and Supplementary
File S1) and exhibited an osteoporotic bone phenotype [26]. The administration of a HIF1α
inhibitor was protective against bone loss in OVX mice [58]. In the present study, Hif1α was
downregulated in CBD-treated OVX mice compared to the VEH-treated mice (Figure 1B
and Supplementary File S1) and had improved bone phenotypes [26]. It remains to be
determined whether CBD directly or indirectly inhibits HIF1α.

Importantly, a physiologically beneficial level of ROS is required for pathogen resis-
tance and cell signaling [61]. The excessive suppression of ROS was reported to induce
inflammation [62], which may be the case in CBD-treated SS mice (Figure 1C). The effects
of CBD on ROS in OVX and SS mice remain to be investigated.

While CBD isolate was used in this study, hemp-derived (defined as having <0.3%
tetrahydrocannibinol) extract preparations contain other phytocannabinoids as well as
terpenes and flavonoids [63,64]. Complex extracts are thought to have superior efficacy
compared to CBD isolate preparations due to the synergistic activities of the phytochemical
constituents, termed the “entourage effect” [65–67]. Whether other phytochemicals in a
CBD-rich extract would temper CBD’s stimulation of colonic inflammation in E2-sufficent
females remains to be examined. Interestingly, when male C57BL6/J mice were orally
administered a CBD-rich cannabis extract (CRCE) for 5 days per week for 2 weeks, they
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showed a higher colonic expression of pro-inflammatory markers (Il1ß, Cxcl1, and Cxcl2)
and a decreased expression of Muc2, suggesting an induction of intestinal inflammation [68].
Male mice have low circulating E2 levels making them more similar to OVX female mice
then SS mice; therefore, the increased expression of colonic markers of inflammation may
be due to sex-based difference in profile of hormones other than E2, CBD dose, and/or the
presence of other phytochemicals in the CRCE.

The endocannabinoid system functions to maintain the homeostasis of central and
peripheral tissues and displays cross-talk with estrogen signaling [69]. Endogenous
cannabinoids (i.e., endocannabinoids) arachidonoylethanolamide (anandamide) and 2-
arachidonoylglycerol (2-AG) are lipid messengers that signal to CB1 and CB2 endocannabi-
noid receptors present in central and peripheral tissues [70–72]. CBD activity at endo-
cannabinoid receptors is limited but it can interact with over 65 molecular targets through-
out the body [73,74]. The molecular basis of CBD bioactivity in E2-deficient vs. -sufficient
states remains to be investigated.

CBD is a partial agonist for CB2, which is mainly expressed in immune cells and
peripheral tissues [75]. CB2 is expressed in osteoblasts, osteoclasts, and osteocytes and is an
important target for improving bone phenotypes [26,76]. In a previous study, CBD-treated
OVX mice had increased femoral mRNA expression of Cnr2, which encodes CB2, compared
to VEH-treated OVX mice and was associated with decreased bone loss [26]. In the present
study, Cnr2 was upregulated in VEH-treated OVX mice compared to the SS group and
CBD treatment lead to a downregulation in the OVX mice (Figure 2B and Supplementary
File S1). CBD activity at endocannabinoid receptors is limited, but it has been reported to
interact with over 65 molecular targets throughout the body [73,74]. The molecular basis of
CBD bioactivity in E2-deficient vs. -sufficient states remains to be investigated.

When Corynebacterium parvum-primed and unprimed male mice were treated with CB2
agonist WIN 55212-2 or with CB2 antagonist SR141716A, the levels of pro-inflammatory
cytokines in serum was suppressed [77], suggesting that opposing effects on the CB2
receptor can result in the same outcome. Similarly, compared to VEH-treated OVX mice,
CBD-treated OVX mice had increased Cnr2 expression in bone [26] but decreased Cnr2
expression in the colon (Figure 2B) and in both cases resulted in the reduced expression of
inflammatory markers in bone and colon. Further study is needed to explain the mechanism
behind these observations.

BAs are synthesized in the liver, stored in the gallbladder, and secreted into the
duodenum for the digestion of lipophilic compounds [78]. 95% of Bas are reabsorbed
in the ileum and return to the liver via portal circulation, while 5% enter the colon for
excretion [78]. Low levels of BAs enter circulation and act as signaling molecules in
diverse tissues [78]. Glycine-conjugated BAs have been correlated with increased small
intestinal inflammation in rats [79]. Compared to SS groups, VEH-treated OVX mice
had increased concentrations of glycine-conjugated Bas, which were reduced in CBD-
treated OVX mice [26]. CBD did not alter the BA profiles in colon content (Table S3) but
induced the expression of the bile secretion pathway genes in colon tissue independently
of E2 status (Figure 2B,C). The CBD-induced increase in bile secretion genes is likely
due to it being a lipophilic compound that requires bile-mediated micelle formation for
intestinal absorption [80]. An increased BA pool in the liver would be an indicator of
hepatic inflammation and damage; however, CBD did not alter hepatic BA profiles in SS or
OVX mice (Table S3). OVX has been associated with hepatic tissue inflammation as mice
age, becoming apparent 6–7 months after the surgery [48]. There was no observation of
OVX-associated increase in the expression of hepatic inflammatory markers (Figure S4),
perhaps due to the mice being less than 6 months post-OVX when tissue qPCR analysis
was performed.

5. Conclusions

In conclusion, the RNA-Seq analysis of colon tissues allowed a comprehensive in-
vestigation of CBD- and OVX-induced transcriptome changes. CBD had a potent anti-
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inflammatory effect in colon tissues of E2-deficient OVX mice but may contribute to in-
flammation in intact, E2-sufficient females. To better delineate the CBD mechanisms of
action in E2-deficient and -sufficient states, additional experiments are needed to follow up
on the extensive gene expression changes. The gut organoid data suggest that CBD may
have a direct anti-inflammatory effect on the intestinal epithelium. Future gut organoid
studies that test CBD in the absence and presence of E2 treatment would contribute to
understanding CBD actions in E2-deficient and -sufficient states. In both the SS and OVX
groups, CBD induced similar changes to genes related to bile secretion, indicating changes
that were independent of E2 status. OVX or CBD treatment did not alter BA levels in liver
or colon content, suggesting that previously observed CBD-induced changes in ileal and
serum BAs [26] are more relevant. There is currently widespread use but inadequate investi-
gation of CBD and CBD-rich extracts/products in the menopause and postmenopause [25].
Whether CBD and/or other phytocannabinoids have differential effects in women based on
E2 status warrants further study. Given that HRT is not recommended for the prevention
of chronic conditions in postmenopausal women, CBD may offer a therapeutic option;
however, more research is needed to assist women in making better-informed judgements
about individualized CBD risks and benefits.
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Abstract: Cannabinoids (CB) are implicated in cardiovascular diseases via the two main receptor
subtypes CB1R and CB2R. This study investigated whether cannabinoids regulate the activity of
matrix metalloproteases (MMP-2, MMP-9) in vascular smooth muscle cells (VSMCs) and in cells of
cardiac origin (H9c2 cell line). The influence of CB1- and CB2 receptor stimulation or inhibition on cell
proliferation, apoptosis and glucose uptake was also evaluated. We used four compounds that activate
or block CB receptors: arachidonyl-2-chloroethylamide (ACEA)—CB1R agonist, rimonabant—CB1R
antagonist, John W. Huffman (JWH133)—CB2R agonist and CB2R antagonist—6-Iodopravadoline
(AM630). Treatment of cells with the CB2R agonist JWH133 decreased cytokine activated secretion of
proMMP-2, MMP-2 and MMP-9, reduced Fas ligand and caspase-3-mediated apoptosis, normalized
the expression of TGF-beta1 and prevented cytokine-induced increase in glucose uptake into the cell.
CB1R inhibition with rimonabant showed similar protective properties as the CB2R agonist JWH133,
but to a lesser extent. In conclusion, CB1R and CB2R exert opposite effects on cell glucose uptake,
proteolysis and apoptosis in both VSMCs and H9c2 cells. The CB2R agonist JWH133 demonstrated the
highest protective properties. These findings may pave the way to a new treatment of cardiovascular
diseases, especially those associated with extracellular matrix degradation.

Keywords: cannabinoid receptors; MMP-2; MMP-9; VSMC; H9c2 cells; glucose; cell proliferation;
apoptosis; cardiovascular disease

1. Introduction

Recent studies have demonstrated hemodynamic and cardiometabolic effects of
cannabinoids [1–5]. The cannabinoid system modulates the extracellular matrix turnover
in the heart and blood vessels [6,7]. These findings have led to interest in the biochemical
bases of their action. Endocannabinoids exert their effects, at least in part, by stimulating
two main receptor subtypes, CB1 and CB2 (CB1R and CB2R), which belong to a group
of seven transmembrane-spanning receptors. They are coupled to Gi/o-proteins and act
via an inhibition of adenylylcyclase and subsequently the reduction of cAMP [8,9]. Other
than the adenylylcyclase/cAMP pathways, several other intracellular pathways are in-
fluenced, such as p38, JNK and ERK [10]. Cannabinoid receptor ligands are divided into
endogenous cannabinoids, such as 2-AG and AEA, and exogenous cannabinoids, such
as derivatives from the cannabis sativa plant or synthetic cannabinoids [10]. Currently,
novel modulators of the cannabinoid system are under investigations. New compounds
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are able to bind to CB receptors in the low nanomolar range with a marked selectivity
towards the receptors [11]. Moreover, multitargeting G-protein-coupled receptors is also a
promising strategy, as shown for antinociception by bivalent agonists for the opioid and
cannabinoid receptors [12,13]. CB1R stimulation elicits bradycardia, negative inotropy and
hypotension [14]. The CB1R is also implicated in inflammation, apoptosis and oxidative
stress in the heart [15], whereas the CB2R may play a protective anti-inflammatory, antiox-
idative and antiatherogenic role [15–17]. We have previously shown that blockade of the
CB1R with rimonabant decreased collagen accumulation and prevented upregulation of
the profibrotic protein TGF-β1 in the heart and aorta in a myocardial infarction model [7].
Moreover, CB1R blockade also reduced the activity of the matrix metalloprotease 9 (MMP-9)
in cardiac fibroblasts [7]. On the other hand, genetic deletion of the CB2R increased TGF-β1
and collagen production in a heart failure model [18], pointing to opposite effects of CB1R
and CB2R. Recent studies provided further findings on extracellular matrix regulation by
cannabinoids in the heart and vessels. For example, CB2R knockout models showed an
increase in atherosclerotic vascular changes as well as an increase in MMP-9 expression [19].
In patients with high plaque instability of the carotid artery, decreased CB2R expression
was correlated with a MMP-9 increase [20]. Based on these findings, we hypothesized
that cannabinoids may influence proteolytic processes in the vessels directly via CB1R and
CB2R, which are known to be localized on vascular smooth muscle cells (VSMCs) [21,22].
Therefore, we aimed to investigate whether cannabinoids regulate the activity of MMPs in
the cells of rat vascular (VSMCs) and cardiac origin (H9c2). Given that the gelatinase A
(MMP2) and gelatinase B (MMP9) are capable of degrading components of the extracellular
matrix [23], we have focused on their regulation. By using various cannabinoid receptor
ligands, we also intended to explore which receptor subtype is implicated in proteolysis. In
our study, we used four different synthetic compounds that activate or block cannabinoid
receptors: arachidonyl-2-chloroethylamide (ACEA), a CB1R agonist; rimonabant, a CB1R
antagonist; John W. Huffman (JWH133), a CB2R agonist; and 6-Iodopravadoline (AM630), a
CB2R antagonist. Since MMPs secretion is closely connected to cell proliferation, apoptosis
and glucose metabolism, we analyzed their regulation.

2. Materials and Methods

2.1. Cell Cultures

Primary vascular smooth muscle cells (VSMCs) were isolated from the aorta of male
normotensive Wistar rats (200 to 220 g; Charles River Laboratories Germany GmbH) as
previously described [24]. Briefly, under dissecting microscope fat, connective tissue and
outgoing arteries were removed from the aorta. The vessel was cut longitudinally, and the
endothelium was removed with a cell scraper by gentle scraping along the luminal face.
VSMCs were isolated by using digestion method, cultured and frozen in liquid nitrogen.

The cells were identified by “hill and valley” growth pattern and immunofluorescence
staining with an anti-smooth muscle actin monoclonal antibody (Merk KGaA, Darmstadt,
Germany). VSMCs were cultured in Dulbecco’s modified Eagle’s medium (4.5 g/L glucose)
supplemented with 10% fetal bovine serum. Experiments were performed with cultures
from passages 4 to 12.

This study was carried out in strict accordance with national and European guidelines
for animal experiments with approval by the ethics commission of the regulatory authorities
of the City of Berlin, Germany, the “Landesamt for Gesundheit und Soziales” (registration
number G0002/16).

Neonatal rat cardiomyocytes (H9c2 cell line, 88092904, Sigmaaldrich, Merk, Germany)
are a subclone of the original clonal cell line derived from embryonic BD1X rat heart tissue
that exhibit many of the properties of skeletal muscle. The cells were incubated in high-
glucose Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum. Cell splitting
was performed when H9c2 cells reached confluence.
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2.2. Cell Culture Experiments

Confluent cells were serum-deprived for 24 h. The cells were exposed to recombi-
nant interleukin-1α (IL-1α) 1.0 ng/mL (Sigma-Aldrich, Taufkirchen, Germany) to induce
secretion of MMPs. Incubation was performed with or without added compounds for
48 h. The following CB1R and CB2R agonists and antagonists were used: CB1R agonist
arachidonyl-2-chloroethylamide (ACEA) (0.5 μM), CB1R antagonist rimonabant (1.0 μM),
CB2R agonist JWH133 (0.5 μM) and CB2R antagonist 6-Iodopravadoline (AM630) (1.0 μM).
Epigallocatechin gallate (ECEG) (5 μg/mL), an inhibitor of MMPs, was used as a positive
control. Conditioned media were obtained by collecting the culture media at the end of the
experiment. Proteins were extracted from the cells and processed for Western blot analysis.

2.3. Chemical Compounds

Arachidonyl-2-chloroethylamide (ACEA), JWH133, and 6-Iodopravadoline (AM630)
were purchased from Tocris (Bristol, UK). Rimonabant was purchased from Sanofi Aventis
Deutschland GmbH (Frankfurt, Germany) and epigallocatechin gallate (ECEG) from Enzo
Life Science (Lörrach, Germany).

2.4. Gelatin Zymography

Cultured media harvested from cells were analyzed for MMP2 and MMP9 by gelatin
zymography, as described previously [25]. Briefly, conditioned media aliquots were re-
suspended in nonreducing sample buffer and applied to 10% SDS-PAGE copolymerized
with gelatin (1 mg/mL). After electrophoresis, the gels were washed for 1 h in Triton-X-100
(2.5% v/m), incubated overnight in an enzyme buffer (developing buffer) at 37 ◦C, stained
in Coomassie solution for 1.5 h and subsequently destained for 1 h in a destaining solution.
By that, the enzymatic active areas became visible as a transparent band on the blue-stained
gel. The zymograms were analyzed with Scion ImageJ software.

2.5. Western Blot Analysis

Protein samples were separated via SDS-PAGE and transferred to Amersham Hybond
PVDF membranes (VWR International, LLC, Radnor, PENN, USA). Membranes were
probed with antibodies against MMP-9, caspase-3 (1:1000 in 1× TBST with 5% w/v nonfat
dry milk) (Abcam, Hiddenhausen, Germany), FasL, TGF-beta1 (1:500 in 1× TBST with 5%
w/v nonfat dry milk) (Santa Cruz Biotechnology Inc, Heidelberg, Germany) and then incu-
bated with peroxidase-conjugated secondary antibodies anti-mouse antibody/anti-goat
antibody (1:2000 in 1× TBST with 5% w/v nonfat dry milk) (Agilent Dako, Santa Clara, CA,
USA). Protein expression was normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Abcam, Hiddenhausen, Germany). Immunoreactive bands were detected by
enhanced chemiluminescence (GE Health Care, Solingen, Germany) and quantified with
ImageJ Fiji software.

2.6. Immunofluorescence

Protein expression of FasL, caspase-3 and TGF-beta1 were studied by fluorescence
microscopy (Biorevo BZ-9000, Keyence, Japan) on cover slips with cells after stimulation
with IL-1α (1.0 ng/mL) in the presence or absence of compounds after 48 h. After treatment,
cell permeability was increased by Triton-x (5%). Afterwards the primary antibody was
added (1:100 in 5% donkey serum), caspase-3, FasL and TGF-beta1 overnight. After
washing, the secondary antibody was added (1:100; FITC/Cy3, Agilent Dako, Santa Clara,
CA, USA). Nuclei were stained with Hoechst (1:4000) (Merck Sigma-Aldrich, Darmstadt,
Germany).

2.7. IncuCyte Live-Cell Analysis

IncuCyte Live-Cell Analysis System (IncuCyte ® S3, Sartorius, Göttingen, Germany)
was used to observe cell death and proliferation. The experiments were performed with
VSMCs and H9c2 cells. Cells were transferred into 96-well plates and treated with the
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compounds or vehicle under same conditions (medium with 1% or 10% FBS) for 48 h (up
to 5 days). Cell proliferation was monitored by analyzing the occupied area (% confluence)
of cell images over time. Analysis of the IncuCyte images was performed with Incucyte®

Analysis Software.

2.8. Glucose, Lactate, Electrolytes Concentrations

The concentrations of glucose, lactate, sodium, calcium and potassium were measured
in cell supernatant 48 h after treatments. Na, K and Cl were quantified by an indirect
ion selective electrode (ISE, Gen. 2 Roche® Diagnostics GmbH) on a Roche® cobas ISE
module. Lactate dehydrogenase activity was determined applying Roche® cobas lactate
dehydrogenase according to IFCC version 2 (LDHI2, #05169330 190). Glucose and lactate
were quantified photometrically on a Roche® cobas analyzer.

2.9. Statistical Analysis

Results are expressed as the mean ± (SD) standard deviation in the graphics unless
declared otherwise in the figure legends. Two-group comparisons were analyzed by
the 2-tailed Student unpaired t-test for independent samples. Welch’s correction was
used when results in relation to IL-1α were compared, as declared in the figure legends.
Pearson R statistical test was used for measuring the strength between glucose and lactate
variables and their relationship. Statistical analysis was performed using GraphPad Prism
6 (GraphPad Software Inc., La Jolla, CA, USA).

3. Results

3.1. Regulation of MMP-2 and MMP-9

MMPs’ enzymatic activity levels in conditioned media were demonstrated by gelatin
zymography. Experiments were performed in different passages of VSMC (P4-P12,
n = 10–16). The results are presented in Figure 1.

MMP-9 showed a greater upregulation by IL-1α stimulation (Figure 1a; 92.1%,
p < 0.0001) than proMMP-2 (Figure 1b; 39.7%, p < 0.001) and MMP-2 (Figure 1c; 13.6%, n.s.).
In comparison to the IL-1α group, treatment with JWH-133 reduced MMP-9 activity by
30.4% (Figure 1a; p < 0.0001). Rimonabant, ACEA and AM630 reduced MMP-9 activity
slightly but not significantly. Even though less upregulated by IL-1α, proMMP-2 was
also reduced by JWH-133 treatment (Figure 1b; 27.6%; p < 0.05). Rimonabant reduced
proMMP-2 by 14.2%, while AM 630 and ACEA decreased proMMP-2 only by 7.7% and
7.9%, respectively. These changes were statistically not significant.

MMP-2, while showing only a minor upregulation after IL-1α stimulation, was also
reduced by JWH-133 treatment (Figure 1c; 13.2%; p < 0,05). Rimonabant reduced MMP-
2 by 10.1%, AM 630 by 11.2% and ACEA only by 6.3%, showing no significant effects.
Representative zymographies are shown in Figure 1d,e.

The same experimental setup was used to evaluate MMP activity in H9c2 cardiac
cells after treatment with the cannabinoid receptor agonists and antagonists after IL-1α
stimulation. Similar to VSMC, MMP activity was more affected by the treatment with the
CB2R agonist JWH-133, which decreased MMP-9 by 12.6% and proMMP-2 by 29.9% (n.s.,
Figure S1).

MMP-2,9 protein expression analysis is presented in Figure 2. Apart from the proMMP-
9 (92 kDa) and MMP-9 (72 kDa) bands, three bands in the area of 45 to 60 kDa were
detected (Figure 2a). ProMMP-9 expression increased by 48.4% after stimulation with IL-1α
compared to control (Figure 2b), and the CB2R agonist JWH-133 augmented the increase
by 35.5%, whereas the CB2R antagonist AM 630 increased the expression of proMMP-9 by
50.8%. Moreover, proMMP-9 expression was increased by rimonabant (+4.5%) and CB1R
agonist ACEA (+13.0%). The bands in the area of 45–60 kDa, which were not expressed in
the control group, showed a higher degree of regulation than the proMMP-9 and MMP-9
bands (Figure 2b). The CB2R agonist JWH-133 reduced the MMP expression of the three
bands by 60.7%, and the CB1R antagonist rimonabant reduced MMP expression by 25.7%.
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The correlating agonists/antagonists increased MMP activity at this molecular weight,
AM630 by (+46.2%) and ACEA by (+40.9%).

 
 

Figure 1. Effect of rimonabant (Rimona), AM630, ACEA and JWH-133 on IL-1α-induced secretion of
MMP-9 (a), proMMP-2 (b) and MMP-2 (c) in VSMCs, 48 h after treatment. The graphs represent the
densitometric analysis (mean ± SD; n = 11). Statistical analysis performed with t-test with Welch’s
correction, * p < 0.05; **** p < 0.0001. (d) MMP-9 activity, gelatin zymography, VSMCs, representative
zymogram. (e) ProMMP-2, MMP-2 activity VSMCs, representative zymogram.
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Figure 2. (a) Representative Western blots of MMP-9 in VSMCs, 48 h after stimulation with IL-1α.
(b) Densiometric analysis of proMMP-9. (c) Densiometric analysis of MMP-9. (d) Densiometric
analysis of MMP (45–60 kDa).

3.2. Regulation of Apoptosis
3.2.1. Apoptosis Ratio

MMP secretion is closely connected with cell death mechanisms. Therefore, the
experimental setup used for zymography was also used to perform cell nuclei staining
to evaluate apoptosis. The cells were treated with different compounds and cultivated
on cover slips. After stimulation of VSMC with IL-1α for 48 h, apoptosis was increased,
as demonstrated by an apoptotic ratio (Figure 3). More condensed small cell nuclei with
irregular form (blebbing) as well as more disintegrating cells were detected (Figure 3A).
IL-1α stimulation increased the number of apoptotic cell nuclei as compared with control.
JWH-133 and rimonabant partially mitigated this effect. Rimonabant increased the ratio of
normal cell nuclei to apoptotic cell nuclei by 2.5-fold and JWH-133 by 2.0-fold compared to
IL-1α-treated cells (Figure 3B). Treatment with ACEA and AM630 did not have a similar
effect; apoptosis levels in those two groups were comparable to that after IL-1α stimulation
(Figure 3B; IL-1α = 1.0).

The same experimental setup was performed in H9c2 cells. The proapoptotic effect of
the IL-1α stimulation was less pronounced in comparison to the IL-1α stimulation in VSMC,
hence the effect of the treatment also showed smaller effects. IL-1α treatment increased the
number of apoptotic cells 1.2-fold as compared to the control. The CB2R agonist JWH-133
ameliorated this increase 1.1-fold and rimonabant 1.3-fold, while AM 630 treatment showed
no difference to the IL-1α group and ACEA showed even more apoptotic cell nuclei than
the IL-1α-stimulated H9c2 cells (Figure S2).
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Figure 3. (A). Effect of rimonabant, AM630, ACEA and JWH-133 on IL-1α-induced apoptosis in
VSMCs. Magnification ×10. More condensed small cell nuclei with irregular form (blebbing) as well
as more disintegrating cells were detected after IL-1α stimulation (B). (a) The ratio of normal cell
nuclei to apoptotic cell nuclei in VSMC. The higher the bar, the more normal VSMC could be found
in the treatment group. (b) The relation of apoptotic ratio in the treatment group to the ratio of the
IL-1α-stimulated group. The resulting number expresses the factor of increased normal cell nuclei in
comparison to the IL-1α group.
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3.2.2. Regulation of Caspase-3, FasL and TGF-Beta1

We further investigated the expression of apoptotic markers caspase-3 and FasL as
well TGF-beta1 by fluorescence staining in VSMC. The intensity of caspase-3 expression
in different groups is shown in Figure 4A. caspase-3 staining was localized intracellularly
in VSMCs. IL-1α showed similar levels of caspase-3 signal compared with the control
group. Rimonabant increased caspase-3 expression (2.3-fold), and the CB1R antagonist
ACEA showed an even higher caspase-3 signal (2.8-fold) as compared with IL-1α group.
The CB2R antagonist AM 630 showed an increased caspase-3 signal (1.5-fold), whereas
JWH-133 decreased caspase-3 expression under the IL-1α level (by 43.2%) as well as under
the control level. Thus, it appears that CB2R activation reduced apoptosis via caspase-3
signaling.

 

Figure 4. Cont.
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Figure 4. (A) (a) Caspase-3 expression signal in VSMCs, 48 h after treatment with rimonabant, AM
630, ACEA and JWH-133; fluorescent images obtained with Biorevo BZ 900 Microscope using 10×
magnification. Exposure time was equal in all observed groups. (b) Intensity of caspase-3 expression
signal. The results were attained by measuring three areas of interest of the fluorescent image and
subtracting the background signal (n = 3). (c) Representative Western blots of caspase-3 in VSMCs,
48 h after stimulation with IL-1α. (B) (a) FasL expression signal in VSMCs, 48 h after treatment
with rimonabant, AM 630, ACEA and JWH-133; fluorescent images obtained with Biorevo BZ 900
Microscope using 10× magnification. Exposure time was equal in all observed groups. (b) Intensity
of FasL expression signal. The results were attained by measuring three areas of interest of the
fluorescent image and subtracting the background signal (n = 3). (c) Intensity of TGF-beta1 expression
signal in VSMCs, 48 h after treatment with rimonabant, AM 630, ACEA, and JWH-133, attained by
measuring three areas of interest of the fluorescent image and subtracting the background signal. The
measurements were repeated three times per image. Statistical testing was performed using unpaired
t-tests. Significance was expressed when p < 0.05; (* p < 0.05; ** p < 0.01; *** p < 0.001).
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FasL staining was strongly increased by 75.5% after IL-1α stimulation compared with
the control (Figure 4B). CB1R blockage with rimonabant showed a decrease of 57.0% in
FasL signal compared to IL-1α, while IL-1α plus ACEA showed the highest expression of
all treatment compounds (Figure 4B(a,b)). Treatment with JWH-133 decreased FasL fluores-
cence signal, 4.5-fold compared to IL-1α, even under control group levels (Figure 4B(a,b)).
This result suggests an antiapoptotic effect mitigated via CB2R activation.

Interestingly, TGF-beta1-expression staining showed opposing results compared to
FasL expression (Figure 4C). The involvement of TGF-beta1 in the regulation of cell apopto-
sis has long been a point of discussion, since it contributes to a plethora of processes in the
cell. Our results showed a 3.4-fold downregulation of TGF-beta1 in the IL-1α group com-
pared to control (p < 0.001) (Figure 4C). Rimonabant and JWH-133 (p < 0.005) reduced this
decrease (Figure 4C), while treatment with AM 630 and ACEA even decreased TGF-beta1
as compared to the IL-1α-stimulated group (19.1%, and 11.0%, respectively, p < 0.001).

3.3. Regulation of Cell Proliferation: IncuCyte Live-Cell Analysis

IncuCyte live-cell analysis enables the visualization and quantification of cell behavior
over time, thus providing insight into cell proliferation and cell death dynamics.

We performed live-cell analysis using a DMEM cell medium containing either 1% FBS
or 10% FBS. In line with our previous experiments for zymography analysis, 1% FBS cell
medium was used initially. However, such experimental conditions provoked stagnating
confluence due to cell death in all groups including the control. Growth rates without IL-1α
stimulation in the first 24 h and 48 h were extremely low in all treatment groups (0.1–5.6%).
A minimal cell growth rate was observed in the ACEA group (+0% in 24 h, + 3% after 48 h),
being in line with the results obtained in the apoptosis analysis.

In order to improve growth conditions, repeated experiments were performed using
10% FBS medium (Figure 5A). A 10% FBS medium increased the growth rates of the control
cells in comparison with 1% FBS (14.1% vs. 5.6% after 24 h and 28.0% vs. 5.1% after 48 h).
The growth rate of the VSMC after 24 h and 48 h after using 10% FBS DMEM are presented
in Figure 5A(a). IL-1α increased the growth rate in comparison to the control in 24 h
(p < 0.001). Growth rates equalized after 48 h and showed no significant differences
between cannabinoid treatment groups without IL-1α stimulation and the control group
(Figure S3).

Figure 5. Cont.
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Figure 5. (A) (a) VSMC, cell confluence difference (cell growth) at 24 h (confluence at 24 h-confluence
at 0 h) and the confluence at 48 h (confluence at 48 h-confluence at 0 h) in the treatment groups.
The experiment was performed using 10% FBS medium with and without IL-1α stimulation in all
treatment groups. (b) VSMC, cell growth in dynamic. Representative graph obtained from IncuCyte
Live-Cell Analysis System. Cell proliferation was monitored by analyzing the occupied area (%
confluence) of cell images over 100 h. Analysis of the IncuCyte images was performed with Incucyte®

Analysis Software. The experiment was performed using 10% FBS medium with and without IL-1α
stimulation in all treatment groups. (B) The growth rate (confluence difference) of VSMCs estimated
by IncuCyte live-cell analysis after treatment with compounds after IL-1α stimulation in 24 h (a) and
48 h (b). Statistical testing was performed using unpaired t-tests. Significance was expressed when
p < 0.05; n = 6–32 (* p < 0.05; *** p < 0.001).

We repeated the experiment using IL-1α stimulation in cannabinoid treatment groups.
IL-1α increased cell growth rate after 24 h compared to the control group (Figure 5B(b)),
and JWH-133 mitigated this increase (Figure 5B(b); p < 0.05). After 48 h, only the control
compound ECEG decreased the cell growth (Figure 5B(b); p < 0.05) as compared with IL-1α.

Repeating the experimental setup using the cardiac H9c2 cell line, we achieved dif-
fering results. H9c2 as a secondary cell line showed an increased growth rate. After
treatment, similar growth rates leading to full confluence in all groups were observed with
and without IL-1α stimulation (Figure S4).
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3.4. Regulation of Glucose, Lactate and Electrolytes

In order to ascertain if the treatment compounds influenced cell metabolics, we mea-
sured glucose, lactate and electrolytes concentrations in the supernatant. IL-1α stimulation
decreased glucose concentration in the supernatant of VSMCs (Figure 6a; p < 0.01). JWH-
133 and rimonabant normalized glucose levels, as compared to IL-1α stimulation, up to the
control levels (Figure 6a; p < 0.05). ACEA and AM 630, in contrast, showed no significant
effects (Figure 6a).

 

 

Figure 6. Concentration of glucose (a) and lactate (b) in the supernatant of VSMC after 48 h of
treatment with compounds and IL-1α stimulation. Concentration of glucose (c) and lactate (d) in the
supernatant of H9c2 cells after 48 h of treatment with compounds and IL-1α stimulation. The values
are expressed as mean ± SD (VSMC, n = 3–9; H9C2 cells, n = 3). Statistical testing was performed
using unpaired t-tests. (* p < 0.05; ** p < 0.01).
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Concomitantly, lactate concentration was increased after the IL-1α stimulation
(Figure 6b; 2.2-fold). Rimonabant (by 46.5%) and JWH-133 (by 52.7%) reduced this in-
crease (Figure 6b). The correlation analysis confirmed a negative correlation between
glucose levels and lactate levels in the JWH-133 group (r = −0.99; p < 0.05) and AM630
group (r = −0.99; p < 0.01).

Similar measurements were performed in the supernatant of treated H9c2 cells
(Figure 6c,d). JWH-133 also reduced the decrease in glucose concentration after IL-1α
stimulation (Figure 6c; p < 0.05). In H9c2 cells, lactate levels showed less scattering and
similar levels in all treatment groups (Figure 6d). The electrolytes Na, K and Cl were not
affected by the different treatments, neither in VSMCs (Figure 7a–c) nor in H9c2 (Figure S5).

Figure 7. The concentrations of potassium (a), sodium (b) and chloride (c), measured in cell super-
natant of VSMCs 48 h after treatments with compounds and IL-1α stimulation.

A comparison of the CB1 and CB2 receptor agonists and antagonists on cytokine-
induced MMPs secretion, apoptosis, glucose uptake and cell proliferation in VSMCs and
cardiac H9c2 cells is presented in Table 1.

Table 1. Comparison of the effects of the CB1 and CB2 receptor agonists and antagonists on cytokine-
induced MMPs secretion, apoptosis, glucose uptake and cell proliferation in VSMCs and cardiac
H9c2 cells. ↑—increase; ↓—decrease.

Compound IL-1α ACEA Rimonabant JWH-133 AM 630 ECEG

CB receptor
binding none CB1

agonist
CB1
antagonist

CB2
agonist

CB2
antagonist uncertain

MMP activity
VSMC ↑ no effect

↓ MMP-9
↓ proMMP-2
by tendency

↓↓↓ MMP-9
↓↓ proMMP-2
↓↓ MMP-2

no effect
↓↓ MMP-9
↓↓ proMMP-2
↓↓ MMP-2

MMP activity
H9c2 ↑ ↑ MMP-9 ↑ MMP-9

↓ MMP-9 (13%)
↓ proMMP-2
(30%)

↑ MMP-9
(30%) ↓↓ MMP9

Apoptosis VSMC ↑ no effect ↓↓ 2.5-fold ↓↓ 2.0-fold no effect ————–
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Table 1. Cont.

Compound IL-1α ACEA Rimonabant JWH-133 AM 630 ECEG

Apoptosis
H9c2 ↑ no effect ↓ 1.3-fold ↓ 1.1-fold no effect ↓↓ 1.4-fold

Fas L
VSMC ↑ ↑ ↓↓ ↓↓ ↓ —————

Caspase-3
VSMC ↑ ↑↑ no effect ↓↓ ↑ —————

TGF-beta1
VSMC ↓ no effect ↑ ↑ no effect —————

Cell proliferation
VSMC (10% FBS,
48h)

↑ no effect no effect no effect no effect ↓

Glucose in cell
supernatant VSMC ↓↓↓ ↑(1.8-fold, n.s.) ↑ 2.1-fold vs.

IL1α
↑ 2.2-fold vs.
IL1α ↑(2.2-fold, n.s.) ↑ 2.4-fold vs.

IL1α

Glucose in cell
supernatant H9c2
cells

↓ no effect no effect ↑ vs. IL1α no effect ↑ n.s.

4. Discussion

CB receptors are implicated in cardiovascular patho/physiological processes [1–3,5],
in particular, in the degradation of the extracellular matrix (ECM) [6,7]. The vascular and
cardiac cells could be regulated by these receptors, affecting cell metabolism, proteolytic
processes, cell death and proliferation.

In the present study, by using various CB receptor ligands, we intended to find out
which receptor subtype is implicated in proteolysis in VSMC. We demonstrated that both
CB receptors are involved in the regulation of MMPs, although the CB2R subtype plays
a more important role. In our study, the stimulation of the CB2R in the VSMCs by the
agonist JWH-133 reduced MMP-9 secretion in the supernatant and decreased proMMP-9
protein expression in the cells. In contrast, the CB2R antagonist AM630 increased MMP-9
expression.

Gelatinase MMP-2 is known to be involved in the degradation of extracellular matrix
components and angiogenesis [23]. JWH-133 induced a reduction of both proMMP-2 and
MMP-2. The same tendency was demonstrated in H9c2 cells of cardiac origin. Thus, we
provide evidence that CB2R stimulation prevents the cytokine-induced MMP-9 and MMP-2
secretion. Our finding is in line with a study from [20] in neutrophils, which showed
that treatment with JWH-133 reduced the release of TNF-α-induced MMP-9 via ERK1/2
phosphorylation. Moreover, JWH-133 exhibited antiproteolytic effects against MMP-1 and
MMP-3 in human tenon fibroblasts [26].

CB1R inhibition with rimonabant in the present study also tended to decrease MMP-9
secretion, confirming our previous data obtained in cardiac fibroblasts [7]. Despite this, an
opposite regulation by the CB1R agonist ACEA could not be shown.

In summary, CB2R stimulation decreased proteolytic activity in VSMC, mainly by
downregulation of MMP-9.

Given the multiple roles of MMPs in cell death and especially in apoptosis, we decided
to gain further insights in the effects of the CB agonists and antagonists on apoptosis.
The CB2R agonist JWH-133 as well as the CB1R antagonist rimonabant mitigated the cell-
damaging apoptotic effect of cytokine stimulation in VSMC, as demonstrated by nucleus
staining. Further, we could show that the CB2R agonist JWH-133 reduced the expression
of apoptotic markers caspase-3 and FasL, whereas the CB2R antagonist showed increased
caspase-3 expression.

46



Biomedicines 2022, 10, 3271

Our results concerning the role of the CB2R in apoptosis are in harmony with stud-
ies on cell survival performed in cardiac myocytes and fibroblasts [15] and in the heart
ischemia–reperfusion model [27]. Moreover, our data on the CB1R are also in line with the
findings that deletion of CB1R or treatment of diabetic mice with CB1R antagonist SR141716
prevented retinal cell death [28].

Nevertheless, the experiments in the H9c2 cell line failed to demonstrate a regulation
of apoptosis via CB receptors. Given that these cells showed a decreased reactivity to
the IL-1α stimulation, another protocol of apoptosis induction should be tested in future
investigations.

TGF-beta1 is an important multifunctional cytokine, which is implied in extracellular
matrix remodeling, cell proliferation and cell apoptosis [29]. Interestingly, TGF-beta1
expression was decreased after IL-1α stimulation, in contrast to MMP-9, MMP-2 regulation
and the apoptosis rate. These findings are in agreement with Risinger G.M. et al. [30],
who showed that TGF-beta1 suppresses the upregulation of MMP-2 by VSMCs. Notably,
the CB1R antagonist rimonabant and the CB2R agonist JWH-133 normalized TGF-beta1
expression in the VSMCs up to the control levels.

VSMC proliferation is known to be important for vascular wall remodeling in response
to injury. Given that the amount of secreted MMPs depends on cell number, the effect of the
treatment protocols on cell proliferation was studied. Therefore, IncuCyte cell life analysis
was used to obtain data on the dynamics of cell proliferation and cell death. Neither the
CB2R agonist JWH-133 nor the CB1R antagonist rimonabant significantly influenced cell
proliferation under the given experimental conditions, suggesting that MMP secretion and
apoptosis are regulated by the CB receptors. Nevertheless, at higher FBS concentrations
(10%), JWH-133 at one time point 24 h showed antiproliferative properties. Our results
may partly explain the controversy from previous studies showing pro-proliferative [22]
and antiproliferative [16,31] effects on CB2R stimulation. Interestingly, we also found a
strong antiproliferative effect of ECEG that has been used as a control substance in our
experimental setting. Thus, further investigations on the role of the CB2R as well as ECEG
in the atherosclerosis, angiogenesis and tumor growth would be important.

Since cell metabolism is an essential link between apoptosis and cell proliferation [32],
we also addressed the regulation of glucose, lactate and electrolytes after treatment. The
electrolytes sodium, potassium and chloride were not affected by treatment with CB1R and
CB2R agonists and antagonists. IL-1α stimulation strongly decreased glucose concentration
in the supernatant in comparison to the control group. Such decrease can be explained by an
increase in glucose uptake into the cell due to activation of glucose transporters GLUT1/4,
which are predominant transporters in VSMCs [33,34]. CB2R stimulation with JWH-133
as well as CB1R inhibition with rimonabant reduced the decrease in glucose levels of the
supernatant, pointing to a possible interaction of the CB receptors with glucose transporters.
Concomitantly, the concentration of lactate was increased after IL-1α stimulation, and
rimonabant and JWH-133 also reduced this increase. The effects of JWH-133 on glucose
levels were confirmed in cardiac H9c2 cells.

Whether glucose regulation by CB receptors is primary to MMPs secretion requires
further investigation. Metabolic changes in VSMC not only contribute to the regulation of
cell proliferation, apoptosis and proteolysis but also regulate a switch from the “contractile”
phenotype to the proliferative “synthetic” VSMC phenotype [35], thereby influencing the
progression of vascular diseases. Therefore, the involvement of the CB receptors in the
regulation of glucose metabolism is of relevance in the context of several vascular diseases,
including atherosclerosis, diabetes, hypertension and aneurysms.

In summary, the CB1R and the CB2R exert opposite effects on the regulation of cell
glucose metabolism, proteolysis and apoptosis in VSMCs and cardiac H9c2 cells.

The stimulation of the CB2R reduced the cytokine-activated secretion of proMMP-2,
MMP-2 and MMP-9, reduced FasL and caspase-3 mediated apoptosis, normalized the
expression of TGF-beta 1 and prevented cytokine-induced increase in glucose uptake into
the cell. CB1R inhibition showed similar protective properties but to a lesser extent. These
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findings may pave the way to new approaches to treat cardiovascular diseases, especially
those associated with extracellular matrix degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10123271/s1, Figure S1: Effect of Rimonabant,
AM630, ACEA and JWH-133 on IL-1α induced secretion of MMP-9 (a), proMMP-2 (b) and MMP-2
(c) in H9c2 cells, 48h after treatment. The graphs represent the densitometric analysis (mean ± SD;
n = 5–9 for MMP-9 and MMP-2, pro-MMP-2 (Rimonabant n =1; Control, IL1-alpha n = 2; ACEA,
JWH-133, AM 630 n = 3). Statistical analysis performed with t-test with Welchs correction, * p < 0.05;
Figure S2: (a) The ratio of non-apoptotic normal cell nuclei to apoptotic cell nuclei in H9c2 cells 48 h
after stimulation with IL-1α (b) The non-apoptotic/apoptotic cell nuclei ratio in relation to IL-1α
stimulation. Treatment groups with a ratio over 1.0 have more normal cell nuclei than those in the
IL-1α group; Figure S3: The growth rate (confluence difference) of VSMCs estimated by IncuCyte
live-cell analysis after treatment with compounds without IL-1α stimulation in the treatment groups
in 24 h (a) and 48 h (b). Statistical testing was performed using unpaired t-tests between treatment
and control group. Significance was expressed when p < 0.05; n = 5–32 (* p < 0.05; *** p < 0,01; ****
p < 0.001); Figure S4: The growth rate (confluence difference) of H9c2 cells estimated by IncuCyte
live-cell analysis after treatment with compounds without IL-1α stimulation in 24 h (a) and 48 h (b)
and with IL1-alpha stimulation in 24 h (c) and 48 h (d). (e) and (f) H9c2, cell growth in dynamic.
Representative graph obtained from IncuCyte Live Cell Analysis System. Cell proliferation was
monitored by analysing the occupied area (% confluence) of cell images over 48 h. Analysis of the
IncuCyte images was performed with Incucyte®Analysis Software. The experiment was performed
using 10% FBS medium with (f) and without (e) IL-1α stimulation in all treatment groups; Figure S5:
The concentrations of potassium (a), sodium (b) and chloride (c), measured in cell supernatant of
H9c2 cells 48 h after treatments with compounds and IL-1α stimulation.
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Abstract: Background: With anti-inflammatory properties, cannabinoids may be a potential strategy
to reduce immune activation in people living with HIV (PLWH) but more information on their
safety and tolerability is needed. Methods: We conducted an open-label interventional pilot study
at the McGill University Health Centre in Montreal, Canada. PLWH were randomized to oral
Δ9-tetrahydrocannabinol (THC): cannabidiol (CBD) combination (THC 2.5 mg/CBD 2.5 mg) or
CBD-only capsules (CBD 200 mg). Individuals titrated doses as tolerated to a maximum daily dose
THC 15 mg/CBD 15 mg or 800 mg CBD, respectively, for 12 weeks. The primary outcome was the
percentage of participants without any significant toxicity based on the WHO toxicity scale (Grades
0–2 scores). Results: Out of ten individuals, eight completed the study. Two from the CBD-only
arm were withdrawn for safety concerns: phlebotomy aggravating pre-existing anemia and severe
hepatitis on 800 mg CBD with newly discovered pancreatic adenocarcinoma, respectively. Seven
did not have any significant toxicity. Cannabinoids did not alter hematology/biochemistry profiles.
CD4 count, CD4/CD8 ratio, and HIV suppression remained stable. Most adverse effects were mild-
moderate. Conclusions: In PLWH, cannabinoids seem generally safe and well-tolerated, though
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larger studies are needed. Screening for occult liver pathology should be performed and hepatic
enzymes monitored, especially with high CBD doses.

Keywords: HIV; cannabinoids; cannabidiol (CBD); tetrahydrocannabinol (THC); chronic liver dis-
eases; quality of life; pilot clinical trial

1. Introduction

People living with HIV (PLWH) experience persistent immune activation and sys-
temic inflammation [1–4]. These processes, in turn, drive development and progression
of non-Acquired Immune Deficiency Syndrome (AIDS)-related comorbidities such as
cardiovascular diseases, metabolic and neurological disorders, malignancies, and liver fi-
brosis [1–4]. By attenuating chronic inflammation, one may slow the progression of chronic
diseases [5–8].

Historically, cannabis was used by PLWH to alleviate AIDS-related symptoms such as
nausea, anorexia and depression [9]. During the modern antiretroviral treatment (ART) era,
cannabis use remains common amongst PLWH for both recreational and medicinal reasons,
including chronic pain, anxiety and depression [9–13]. The primary phytocannabinoids,
delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD), possess anti-inflammatory and
anti-fibrotic properties, as demonstrated in vitro [14–18] and in vivo during animal [19–22]
and human observational studies [23–25]. Therefore, cannabinoids might be a potential
therapeutic strategy to reduce chronic inflammation in PLWH on ART.

Due to successful advocacy during the early days of the HIV/AIDS epidemic, medical
cannabis first became legalized in Canada in 2001 [26]. However, cannabinoid-based
medicines (CBM) have not gone through the traditional drug development and formal
drug approval process, and formal nonclinical pharmacokinetic and toxicology information
are lacking [7]. Consequently, there remains an important lack of safety data for cannabis-
based medicines in PLWH in the modern ART era [7]. Moreover, with legalization of
recreational cannabis in Canada [27], it is now easier to obtain cannabinoids which may
not have been thoroughly evaluated for safety and tolerability [28,29]. Before conducting
large scale clinical trials to evaluate the efficacy of CBM for diverse comorbidities and
symptomatology experienced by PLWH, a pivotal step will be to determine the safety,
tolerability and feasibility, of using oral cannabinoids in this population. Here, we report
on the safety and tolerability of oral cannabinoids in PLWH in a randomized, open-label,
interventional pilot study. A THC:CBD combination arm was selected as both compounds
have therapeutic properties and may function synergistically [30–34]. Furthermore, the
use of CBD tends to improve THC tolerability when combined [30–34]. A CBD-only
arm was also selected, in part, to observe the effects of CBD monotherapy in addition
to feasibility reasons (i.e., capsules availability). Feasibility and effects on immune cell
profiles, inflammatory markers, HIV reservoir size and gut microbiome will be reported in
separate manuscripts.

2. Methods

2.1. Study Design

This was a randomized, open-label, interventional pilot study (CIHR Canadian HIV
Trials Network (CTN) PT028) to assess the safety and tolerability of oral THC:CBD com-
bined or CBD-only capsules consumed daily for 12 weeks [7].

2.2. Enrolment, Selection Criteria and Study Population

Recruitment occurred at the Chronic Viral Illness Service, Royal Victoria Hospital of
the McGill University Health Centre in Montreal, Canada. Participants were included if
they were 18 years of age or older and had HIV infection with suppressed viral load (VL)
<40 copies/mL on ART for at least 3 years. Participants also had to have a negative baseline
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cannabinoid urine screen. Participants were excluded if they used cannabinoid-containing
products outside of the study or within 4 weeks of study commencement. A full list of
inclusion/exclusion criteria is included in Supplementary Table S1.

2.3. Study Intervention

Oral capsules, manufactured by Tilray Brands, Inc. (New York City, NY, USA), con-
sisted of highly purified (>98%) cannabinoids in oil. Formulations included TN-TC11M2, a
THC:CBD combination in a 1:1 ratio (2.5 mg/2.5 mg), and TN-C200M2, consisting CBD
only (200 mg). Capsules were of interest given the potential of orally administered cannabi-
noids to reduce gut-associated inflammation [35]. Due to person-to-person variability in
metabolism and tolerability [36], participants up-titrated cannabinoid doses as tolerated
(Table 1), a method which has proven successful in other clinical trials [37]. Dosage ranges
for both the THC/CBD combination (2.5 to 15 mg/day) and the CBD-only formulation
(200 to 800 mg/day) have been determined based on other clinical trials demonstrating
safety, tolerability, and the efficacy of these doses for the management of other pathologies
such as chronic pain, epilepsy, schizophrenia, or even multiple sclerosis [38–41].

Table 1. Recommended up-titration schedule for TN-TC11M2 and TN-C200M2 regimens.

Arm 1
(TN-TC11M2: (THC: 2.5 mg/CBD: 2.5 mg))

Arm 2 (TN-C200M2: CBD; 200 mg)
Original Titration Schedule *

Arm 2 (TN-C200M2: CBD; 200 mg)
Revised Titration Schedule #

Weeks Daily Dose

Number of
Capsules (Taken

Orally and Spaced
Out Every 12 h)

Weeks Daily Dose

Number of
Capsules

(Taken Orally and
Spaced Out Every

12 h)

Weeks Daily Dose

Number of
Capsules

(Taken Orally and
Spaced Out Every

12 h)

Week
0 and 1

(Day 1–14)

5 mg
THC/5 mg

CBD

1 capsule
twice daily
(2 capsules

per day)

Week
0 and 1

(Day 1–14)
200 mg CBD 1 capsule once

daily

Week
0 and 1

(Day 1–14)
200 mg CBD 1 capsule once

daily

Week
2 and 3

(Day 15–28)

10 mg
THC/10 mg

CBD

2 capsules
twice daily,
(4 capsules

per day)

Week
2 and 3

(Day 15–28)
400 mg CBD

1 capsule
twice daily
(2 capsules

per day)

Week 2–11
(Day 15–84) 400 mg CBD 1 capsule

twice daily
(2 capsules per day)

Week 4–11
(Day 29–84)

15 mg
THC/15 mg

CBD

2 capsules three
times

daily,(6 capsules
per day)

Week 4–11
(Day 29–84)

800 mg #

CBD

2 capsules
twice daily(4 capsules

per day)

* Original titration schedule for arm 2: this titration schedule has been revised because of possible hepatotoxicity
of high dose of CBD (800 mg per day); # Revised titration schedule for arm 2.

2.4. Randomization

Participants were randomized in a 1:1 ratio to either TN-TC11M2 (arm 1) or TN-
C200M2 (arm 2).

2.5. Safety and Tolerability Assessments and Specimen Collection

The visit schedule is depicted in Figure 1. Participants underwent a physical exam and
occurrence of adverse events (AEs), use of concomitant medications and the presence of
common symptoms associated with cannabinoids (including dizziness, nausea, headaches,
appetite or mood changes) were assessed. Toxicity of TN-TC11M2 and TN-C200M2 was
assessed using the World Health Organization (WHO) toxicity scale. All AEs, regardless
of grade, were documented, and those possibly related to TN-TC11M2 and TN-C200M2
were managed by dose reduction. Cannabinoids were permanently discontinued when
life-threatening AEs occurred. Blood was drawn for CD4 and CD8 T-cells counts, plasma
VL, complete blood count, aspartate aminotransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP), total bilirubin, urea, creatinine and blood glucose, as
well as future T-cell activation and inflammatory markers. Nasal swabs and stool specimens
were collected at baseline and end of the treatment period for future microbiome analysis.
Men had the option of donating a semen specimen collected at baseline and end of the
treatment period for future HIV reservoir studies.
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Figure 1. Schedule of visits and procedures. Screening: Up to 4 weeks prior to randomization,
during the screening visit, study staff explained the study to the participants and obtained written
informed consent prior to initiating any study procedures. Study staff assessed the participant’s
eligibility by assessing the inclusion and exclusion criteria. Study staff collected the medical history
and concomitant medications of the study participants and they underwent a complete physical
exam. Blood was collected for hematology, blood chemistry, HIV RNA load and CD4 and CD8 T
cells counts. A urine pregnancy test was performed for female participants. Cannabis Use Disorder
Identification Test-Revised (CUDIT-R), Drug Use Disorder Identification Test (DUDIT) and Alcohol
Use Disorder Identification Test (AUDIT) questionnaires were administrated to the participants
and they underwent testing for Hepatitis B and C and syphilis infections. They also underwent
urine screen for cannabinoids use. Baseline 1: Up to 3 weeks before the randomization, study
staff confirmed eligibility of the candidate and reviewed their medical history. Participants then
underwent a second cannabinoids screening test, if his/her initial screen was positive, and answered
the CUDIT-R questionnaire in order to identify any problematic cannabis use. The participants
underwent a targeted physical exam and blood and semen (from male) were collected to quantify
the HIV reservoir size in circulating PBMC from blood and in the semen. Nasal swab and stool
specimens were collected from study participants. Antiretroviral Therapy (ART) compliance, alcohol
intake and concomitant medication were reviewed by the study staff. Baseline 2 (week 0: Initiation of
treatment): Participants confirmed their willingness to participate in the study and eligibility was
confirmed, before participants were randomized to either arm 1 or arm 2. Blood was collected from
participants. Participants underwent a targeted physical exam. Participants also completed the World
Health Organization Quality of Life—HIV Brief Scale (WHOQOLHIV-BREF), Euro-Qol-5Dimension
(EQ-5D) questionnaire, and Profile of MoodStates (POMS) questionnaires before receiving a one week
supply of the study medication. Follow-up visits (visit 3–8; week 1 to 10): During the follow-up visits,
participants underwent a physical examination, and blood was collected to assess the biological
study measures. Study drug and ART compliance was assessed. Adverse effects (AEs) were recorded.
Pregnancy test was performed on urine of female participants. The participants completed the
WHOQOLHIV-BREF, EQ-5D, and POMS questionnaires (Visit 6) and received the study medication
until their next visit. End of the treatment (Visit 9; week 12): At Visit 9, participants underwent a
physical examination, and blood was collected to assess the biological study measures. Nasal swab
and stool specimens were collected from all study participants and semen was collected from male
participants. AEs were recorded. A pregnancy test was performed on urine of female participants.
Participants then completed the WHOQOLHIV-BREF, EQ-5D, and POMS questionnaires. Final study
visit (Visit 10; week 14): At the final visit, participants underwent a physical examination, and blood
was collected to assess the biological study measures. AEs were recorded and ART compliance was
assessed. A pregnancy test was performed on urine of female participants.
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2.6. Quality of Life and Mood Assessment

WHO Quality of Life HIV Brief (WHOQOLHIV-BREF), Euro-Qol-5Dimension (EQ-
5D) and Profile of Mood States (POMS) questionnaires were administered at baseline,
midway through the study (Visit 6) and at the end of treatment (Visit 9) (Figure 1).
WHOQOLHIV-BREF consists of 31 items that measure the following domains: physical
health, psychological health, social relationships and environment [42]. EQ-5D is a descrip-
tive questionnaire examining five dimensions: (1) mobility, (2) self-care, (3) usual activities,
(4) pain/discomfort and (5) anxiety/depression [43]. Meanwhile, the POMS questionnaire
measures the following six factors: (1) tension-anxiety, (2) anger-hostility, (3) fatigue-inertia,
(4) depression-dejection, (5) vigour-activity and (6) confusion-bewilderment [44].

2.7. Study Outcome Measures

Endpoints consisted of (1) the proportion of participants in both groups without
any sign of significant toxicity as determined by the WHO toxicity scale (i.e., number
of participants with grades 0–2 scores on the WHO toxicity scale); (2) the proportions
of participants who were able to complete the study and (3) changes in scores on the
WHOQOLHIV-BREF scale, EQ-D5 and POMS questionnaires from week 0 to week 12. A
description of WHO toxicity scale grades is presented in Supplementary Table S2.

2.8. Ethics

Prior to study enrolment, individuals signed a written informed consent form. This
study was approved by the Research Ethics Board of the McGill University Health Centre
(#2018-4336) and conducted in conformity with the Declaration of Helsinki.

2.9. Statistical Analyses

Data were recorded onto data collection work sheets and then entered into an InForm
collection and trial management online platform. Descriptive statistics were used. Means
(standard deviation) and medians (interquartile range) were calculated for quantitative
variables and the non-parametric Friedman test was used to assess differences between
measures repeated at each visit. Wilcoxon signed-rank test was used to compare paired
repeated measurements between two visits. GraphPad Prism Software (version 9.0.0, San
Diego, CA, USA) was used for statistical analyses.

3. Results

3.1. Study Participants

Between September 2021–February 2022, 10 PLWH were enrolled. The initial enroll-
ment target was 26 participants, but the study was closed prematurely due to rupture
of cannabinoid capsules stock, the impossibility of renewing the stock of capsules with
the same manufacturing criteria and enrolment challenges. Baseline characteristics are
summarized in Table 2. Median age was 57.5 years (IQR: 54.75–61.75) and most were
male (80%). Based on the CUDIT-R results, 7 out of the 10 participants (70%) reported
having consumed cannabis during the past 6 months. Study group allocation is depicted
in Figure 2.

Table 2. Demographic and biological characteristics of study participants at inclusion (n = 10).

Total
Population

THC:CBD Arm
(n = 5)

CBD Arm
(n = 5)

Age (Years), median (±IQR) 57.5 (54.75–61.75) 57.0 (46.5–57.5) 62 (47.0–65.0)

Sex assigned at birth (n (%))

Male 8 (80%) 5 (100%) 3 (60%)

Female 2 (20%) 0 (0%) 2 (40%)
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Table 2. Cont.

Total
Population

THC:CBD Arm
(n = 5)

CBD Arm
(n = 5)

Ethnicity (n (%))

White-North American 6 (60%) 3 (60%) 3 (60%)

Black-African 1 (10%) 0 (0%) 1 (20%)

Asian 1 (10%) 1 (20%) 0 (0%)

Mixed ethnicity 2 (20%) 2 (40%) 0 (0%)

Marital status (n (%))

Single 5 (50%) 2 (40%) 3 (60%)

Living as married 3 (30%) 2 (40%) 1 (20%)

Married 0 (0%) 0 (0%) 0 (0%)

Divorced 2 (20%) 2 (40%) 0 (0%)

Widowed 0 (0%) 0 (0%) 0 (0%)

Highest education level (n (%))

Elementary (grade) school 0 (0%) 0 (0%) 0 (0%)

Secondary (High) school diploma 3 (30%) 1 (20%) 2 (40%)

College diploma 2 (20%) 1 (20%) 1 (20%)

Apprenticeship or trades certificate or
diploma 1 (10%) 1 (20%) 0 (0%)

Bachelor’s degree 2 (20%) 1 (20%) 1 (20%)

Professional degree (e.g., MD, PharmD) 0 (0%) 0 (0%) 0 (0%)

Graduate degree (Master or Doctorate) 2 (20%) 2 (40%) 0 (0%)

Cannabis use in the past 6 months (n (%))

No 3 (30%) 2 (40%) 1 (20%)

Yes 7 (70%) 3 (60%) 4 (80%)

Monthly 5 (72.43%) 2 (40%) 3 (60%)

Weekly 2 (28.57%) 1 (20%) 1 (20%)

Daily 0 (0%) 0 (0%) 0 (0%)

Alcohol use in the past 6 months (n (%))

No 5 (50%) 2 (40%) 3 (60%)

Yes 5 (50%) 3 (60%) 2 (40%)

Drug use in the past 6 months (n (%))

No 3 (30%) 2 (40%) 1 (20%)

Yes 7 (70%) 3 (60%) 4 (80%)

History of infectious diseases (n (%))

Syphilis (treated) 2 (20%) 2 (40%) 0 (0%)

Hepatitis B (Anti-Hepatitis B core
antibodies) 4 (40%) 2 (40%) 2 (40%)

Hepatitis C (Anti-Hepatitis C Antibodies) 0 (0%) 0 (0%) 0 (0%)
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Figure 2. Allocation of participants enrolled in the study (n = 10). Distribution of study participants
randomized to arm 1 (TN-TC11M2; THC:CBD) or arm 2 (TN-C200M2; CBD-only), to the study.

3.2. Safety and Tolerability

Dosing completion and Adverse Events (AE): Dosing based on participant self-titration
is depicted in Figure 3. The majority of participants experienced AEs that were mild
or moderate in severity. Eight out of 10 participants completed 12 weeks of treatment.
Two participants were withdrawn from the CBD-only arm at 6 weeks for safety concerns.
In one case, the 33-year-old female had grade 2 anemia (Hg 83 g/L) at screening, which
failed to improve with oral iron supplementation. With frequent phlebotomy, the anemia
progressed to grade 3 (lowest Hg 76 g/L) over the course of the study. She was withdrawn
to prevent aggravation of her anemia. She also had moderate transaminitis at week 6 which
normalized within 1 week following CBD cessation (Figure 4). The second participant
withdrawn was a 62-year-old male who developed acute hepatitis at 6 weeks (Figure 4),
deemed to be an unexpected, life-threatening serious adverse events (SAE), possibly related
to cannabinoid treatment and requiring permanent CBD discontinuation and hepatology
evaluation. Imaging revealed a pancreatic head mass, confirmed by pathology as pancreatic
adenocarcinoma. Other potential contributors rendering the participant at risk for hepatitis
included diabetes type 2, mild hepatic steatosis (diagnosed by abdominal ultrasound),
alcohol binging, and possible interaction with ART resulting in increased CBD levels. Due
to these two episodes of hepatitis, the protocol was amended and the maximum allowed
dose for the CBD-only arm was reduced to 400 mg daily. However, this new protocol
amendment only affected one individual.

Eight out the 10 study participants (80%) reported at least one AE, including 4 out of
5 individuals in each arm. The most commonly reported AE was somnolence (50%), fol-
lowed by diarrhea (20%), difficulty concentrating (20%), transaminitis (20%) and worsened
diabetes type 2 (20%). Only somnolence, difficulty concentrating, cognitive impairment
and increase appetite were considered definitively related to cannabinoids and resolved
with dose reduction. Apart from the SAE, the majority of AEs were of mild-moderate
severity. Other AEs, as listed in Table 3, were reported only once and were considered
possibly, probably or not related to treatment (10%).
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Figure 3. Daily dosage of CBD-only and THC/CBD combination during the 12 weeks of treatment.
(A) THC/CBD arm: In arm 1 (THC/CBD), two participants were able to reach the maximum daily
dose of the study drugs (15 mg THC/15 mg CBD), but only one remained at this dose until the end of
the treatment, the other participant reduced his dosing to 10 mg THC/10 mg CBD per day because of
the occurrence of AEs (somnolence). Two other participants from arm 1 reached the daily dose 10 mg
THC/10 mg CBD, but after 3 weeks of treatment, they reduced their dosing because of the occurrence
of AEs, one participant experienced cognitive impairment (#102109), while the other had somnolence,
fatigue, difficulty concentrating, nightmares and paranoid thoughts (#102101). One remained at 5 mg
THC/5 mg CBD per day and the other one who had multiple AEs reduced his daily dose to 2.5 mg
THC/2.5 mg CBD after 5 weeks of treatment. A participant (#102110) from arm 1 who first reduced
his daily dosing from 5 mg THC/5 mg CBD after 3 weeks of treatment to 2.5 mg THC:2.5 mg CBD,
finally increased his dosing from 2.5 mg THC/2.5 mg CBD per day to reach 7.5 mg THC/7.5 mg CBD
per day until the end of treatment. (B) CBD arm: 3 participants reached the maximum daily dose of
800 mg CBD after 4 weeks of treatment, but two of them experienced AEs (transient transaminitis for
#102107) and SAE (hepatitis with persistent elevated transaminases and worsened diabetes type 2,
for #102108) and the treatment was permanently discontinued 1 and 2 weeks after, and they were
withdrawn from the study. The other participant who reached the maximum daily dose of 800 mg
remained on this daily dose until the end of the study. Finally, two participants from arm 2 gradually
increased their daily dosing to reach dose of 400 mg of CBD per day and remained in this range until
the end of the study medication.
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Figure 4. Dynamics of liver enzymes of participant #102107 and #102108 from arm 2 (TN-C200M2:
CBD only), during cannabinoid uptake. Evolution of liver enzyme blood levels in (A). participant
#102107 and (B). participant #102108 during the up-titration of CBD dose from the starting of CBD
medication to the cessation of the treatment.

Table 3. List of adverse events (AEs) experienced by the participants during the study.

Adverse Events

Total
Population

(n = 10)
(n (%))

THC:CBD Arm
(n = 5)
(n (%))

CBD Arm
(n = 5)
(n (%))

Somnolence 5 (50%) 2 (40%) 3 (60)

Diarrhea 2 (20%) 1 (20%) 1 (20%)

Difficulty concentrating 2 (20%) 1 (20%) 1 (20%)

Transaminitis 2 (20%) 0 (0%) 2 (40%)

Worsened diabetes type 2 2 (20%) 1 (20%) 1 (20%)

Abdominal cramps 1 (10%) 1 (20%) 0 (0%)

Acute hepatitis * 1 (10%) 0 (0%) 1 (20%)

Altered perception of peripheral
neuropathy of feet bilaterally 1 (10%) 1 (20%) 0 (0%)

Bilateral leg weakness 1 (10%) 0 (0%) 1 (20%)

Cognitive impairment 1 (10%) 1 (20%) 0 (0%)

Constipation 1 (10%) 0 (0%) 1 (20%)
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Table 3. Cont.

Adverse Events

Total
Population

(n = 10)
(n (%))

THC:CBD Arm
(n = 5)
(n (%))

CBD Arm
(n = 5)
(n (%))

Dental abscess 1 (10%) 1 (20%) 0 (0%)

Dizziness 1 (10%) 0 (0%) 1 (20%)

Dry mouth 1 (10%) 1 (20%) 0 (0%)

Fatigue 1 (10%) 1 (20%) 0 (0%)

Gastroenteritis 1 (10%) 0 (0%) 1 (20%)

Hypocalcemia 1 (10%) 0 (0%) 1 (20%)

Increase appetite 1 (10%) 1 (20%) 0 (0%)

Nausea 1 (10%) 1 (20%) 0 (0%)

Nightmares 1 (10%) 1 (20%) 0 (0%)

Palpitations 1 (10%) 0 (0%) 1 (20%)

Paranoid thoughts 1 (10%) 1 (20%) 0 (0%)

Right sided cramps 1 (10%) 0 (0%) 1 (20%)

Upper tract respiratory infection 1 (10%) 0 (0%) 1 (20%)

Worsened anemia 1 (10%) 0 (0%) 1 (20%)

Worsened renal function 1 (10%) 0 (0%) 1 (20%)

* Life threatening, serious adverse event.

3.3. Hematology, Biochemistry, and HIV Immunology and Virology

As previously indicated, one participant (CBD-only arm) who started the study with
a known anemia (83 G/L) of grade 2, progressed to anemia of grade 3 at visit 5 and 6
(Supplementary Table S3). Two diabetic participants developed worsened glucose control.
One participant, from the THC/CBD arm, had a glucose which progressively reached, at
the end of treatment (Visit 9), a WHO toxicity grade 3 (Supplementary Table S4). The other
diabetic was the participant who experienced the SAE. His ALT rise progressed to WHO
toxicity grade 4 by Week 6. His blood glucose was of WHO toxicity grade 3 at Weeks 4 and
6 (Figure 4 and Supplemental Table S4). Apart from these diabetic participants, we did not
observe any significant changes in glucose control (Table 4). Moreover, cannabinoids did
not affect CD4 and CD8 count, nor HIV viral load (Supplementary Table S5). Therefore, in
the overall study, 7 out of 10 individuals (70%) did not experience any significant toxicity
(Grades 0–2 scores on the WHO toxicity scale).

Table 4. Liver enzyme and kidney function profiles.

(Median
(IQR))

Screening
Visit

Visit 3 Visit 4 Visit 5 Visit 6 Visit 7 Visit 8 Visit 9
p-Value

Friedman
Test

p-Value
Wilcoxon
Matched-

Pairs
Signed

Rank Test
(Visit 3 vs.

Visit 9)

Creatinine
(μmol/L) $

86.0
(70.5–
100.0)

87.0
(68.75–
105.3)

88.50
(66.50–
103.5)

89.00
(71.75–
104.5)

92.00
(69.75–
104.5)

90.0
(77.0–
104.8)

102.0
(76.5–
109.5)

80.0
(66.5–
103.0)

0.49 0.55

Alanine
Amino-

transferase
(ALT)

(U/L) €

19.5
(13.75–
37.0)

21.5
(11.5–
36.75)

19.5
(12.0–
41.25)

19.0
(13.25–
34.0)

21.0
(14.25–
50.75)

20.5
(9.5–31.25)

20.5
(11.0–25.5)

23.0
(14.0–35.5) 0.31 0.87
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Table 4. Cont.

(Median
(IQR))

Screening
Visit

Visit 3 Visit 4 Visit 5 Visit 6 Visit 7 Visit 8 Visit 9
p-Value

Friedman
Test

p-Value
Wilcoxon
Matched-

Pairs
Signed

Rank Test
(Visit 3 vs.

Visit 9)

Aspartate
Amino-

transferase
(AST)
(U/L)

19.0
(13.5–28.0)

18.5
(15.75–
26.5)

20.5
(14.75–
30.0)

17.0
(14.5–23.5)

19.5
(15.5–
48.75)

18.0
(12.0–
22.75)

18.0
(10.0–21.0)

20.0
(15.0–28.5) 0.76 >0.99

Alkaline
Phos-

phatase
(ALP)
(U/L)

68.0
(56.25–
83.5)

65.0
(55.5–
73.25)

61.0
(52.5–70.5)

58.5
(53.25–
78.5)

63.5
(54.75–
77.5)

60.0
(51.5–72.5)

60.0
(55.0–62.0)

61.0
(54.0–73.5) 0.0107 * 0.29

Urea
(mmol/L)

£

6.1
(4.4–7.43)

5.9
(3.87–7.45)

6.3
(4.55–6.83)

6.25
(4.33–7.13)

6.15
(4.95–7.85)

5.95
(4.45–7.67)

6.1
(4.5–8.63)

6.0
(4.4–7.05) 0.38 0.71

Blood
Glucose

(mmol/L)

5.2
(4.87–6.97)

5.5
(4.57–7.3)

5.3
(4.9–9.4)

5.6
(4.93–9.77)

5.7
(5.1–9.1)

5.0
(4.6–6.13)

5.2
(4.95–5.37)

5.1
(5.0–6.15) 0.38 0.46

Total
Bilirubin
(mol/L)

10.15
(7.65–
12.25)

9.4
(7.87–
11.33)

10.0
(7.65–
11.53)

8.8
(6.8–15.05)

9.0
(7.67–
11.40)

8.05
(7.1–9.57)

9.3
(7.65–10.0)

8.5
(7.05–
12.20)

0.98 0.64

$ μmol/L: Micromolar per liter; € U/L: Units per liter; * while statistically significant, this was not deemed to be
clinically significant. £ mmol/L: Millimolar per liter.

3.4. Quality of Life and Mood Assessment

EQ-5D. Supplementary Figure S1 depicts the distribution of responses to the EQ-5D
questionnaire at Baseline 2 (prior to treatment), Visit 6 (during treatment) and Visit 9 (end
of treatment). Overall, cannabinoids did not significantly affect QOL.

WHOQOL-HIV BREF. Similar to what was observed with the EQ-5D questionnaire,
at baseline and throughout cannabinoid treatment, the majority of participants reported
moderate to very good quality of life (100%) and general health (80%, 90% and 100%, at
Baseline 2, Visit 6 and Visit 9, respectively) (Supplementary Figure S2). Variations in scores
across visits were not significant (Supplementary Figure S2).

POMS. Five out of ten participants (50%) showed a reduction in total mood disturbance
(TMD) score over time. Three participants showed a slight increase in their TMD over time,
including one in the THC/CBD arm, and 2 in the CBD-only arm who were withdrawn from
the study. Variations in scores across visits were not significant (Supplementary Figure S3).

4. Discussion

In this pilot clinical trial, we evaluated the safety and tolerability of oral THC:CBD
combination and CBD-only capsules over a 12 week period in PLWH on effective ART.
Overall, the capsules were safe and well-tolerated, with AEs mostly mild to moderate in
severity. Most participants completed the full 12 weeks of treatment. Importantly, even at
the highest dose, capsules did not negatively affect immunological (CD4 and CD8 T cells
counts) or virological (HIV viral load) parameters associated with HIV infection.

Highly purified THC:CBD combination and CBD-only capsules demonstrated accept-
able safety and tolerability profiles in clinical trials for persons with epilepsy, chronic pain,
and symptoms associated with multiple sclerosis and cancers [40,45–56]. In these trials,
the common cannabinoid-related AEs were mostly somnolence, diarrhea, abdominal pain,
fatigue, nausea, dry mouth, or dizziness, which occurred mainly during the up-titration
and were considered mild or moderate in severity and resolved without discontinuation of
the cannabinoid [40,45–56]. Similar to these studies, our participants also experienced som-
nolence and diarrhea as common AEs regardless of study arm. Abdominal pain, fatigue,
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nausea, dry mouth or dizziness were also reported, but less frequently. All these AEs were
mild or moderate in severity and none resulted in treatment discontinuation.

A key observation from this study is the potential risk for transaminitis and hepatotoxicity,
particularly for high doses of CBD (800 mg per day) in PLWH. In our study, two participants
experienced an abnormal rise in their ALT serum levels above the upper limit of the normal
range during the up-titration of CBD from dose 400 to 800 mg. Transient CBD-related eleva-
tions of ALT and AST are commonly reported in clinical studies [40,46–48,50,54,56]. Transient
transaminase abnormalities do not seem to be of critical long-term clinical significance for the
liver as they tend to normalize following dose reduction or treatment discontinuation [57,58].
On the other hand, the second participant who experienced abnormally high elevated transam-
inases was a 62 years old white man with underling fatty liver disease with elevated levels of
transaminases (ALT and AST) and blood glucose before the initiation of CBD treatment, along
with alcohol binging which was not openly disclosed to the study team. This participant
presented a significant and persistent rise of ALT, AST, ALP and total bilirubin, with an
increase in blood glucose levels. In that case, the persistency of the transaminitis, even after
treatment discontinuation, prompted us to conduct further liver examinations which revealed
a pancreatic adenocarcinoma. The underlying pathological state of this participant with sev-
eral serious comorbidities and pre-existing elevated transaminases would have facilitated the
marked rise of transaminases during the up-titration as shown in another clinical trial where
participants having elevated baseline serum ALT had 3 fold greater incidence of significant
ALT elevations compared to those starting CBD with normal level of ALT [56]. The likely in-
volvement of high doses of CBD in the aggravation of the pathological state of the participant
cannot be excluded [56]. Together, these findings suggest that HIV physicians should consider
screening PLWH with risk factors for hepatic steatosis with transient elastography (Fibroscan®,
Echosens, Paris, France) before initiating cannabinoid-based medicines given the high number
of baseline comorbidities and risks for chronic liver disease in this specific population [59].
Study teams should follow liver enzymes closely to detect any subtle rises in transaminases
which may suggest an undiagnosed steatohepatitis. Following the SAE in the later patient,
we reduced the maximum dose of CBD to 400 mg po daily in the CBD-only arm. As CBD
oils are available for purchase without prescription in Canada and some other jurisdictions,
PLWH who use these products should be counselled about their potential hepatotoxicity.

Although two participants in our study had worsened blood glucose control, in one
case this was the same participant with the SAE, suggesting that this could have been in-
duced by binge drinking. In the other participant, although less probable, a potential drug
interaction between cannabinoid treatment and one of the other medications taken by the
participant could not be entirely excluded. Cannabinoids can alter hepatic metabolism of
other drugs, making them ineffective or toxic [60,61]. The roles of cannabinoids in glucose
metabolism and diabetes have been documented, though mostly in in vitro and animal stud-
ies, and suggest beneficial, rather than deleterious effects on diabetic parameters [62–69].
Similarly, observational studies in individuals using cannabis more often suggest a pro-
tective effect of cannabis use against metabolic syndrome and diabetes mellitus [70–72].
In another pilot clinical trial assessing the effect of cannabinoids on glycemic parameters
in diabetic individuals, although CBD failed to directly improve diabetes parameters, it
did not worsen glucose levels [73]. The findings from these other studies suggest that the
uncontrolled blood glucose levels observed in two participants in our trial are unlikely
due to a direct effect of cannabinoids, but rather to a combination of factors including
comorbidities, alcohol consumption and polypharmacy.

Improvement in quality of life and mood are primary reasons why many PLWH use
cannabis [74], although cannabinoids did not impact on quality of life or on mood scores
throughout the study. However, most participants had good quality of life and mood scores
at baseline, perhaps making it difficult to observe significant improvements. Future studies
may wish to enroll individuals with poor or moderate mood or quality of life scores at
baseline in order to appreciate whether any improvement occurs with treatment. Other
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studies have shown that cannabis in PLWH [12] or individuals with chronic pain [59] was
associated with a marked improvement in quality of life [12,59].

5. Study Limitations

The most important limitation of this pilot study is the small sample size, greatly
limiting our ability to generalize these findings to other PLWH. We encountered significant
difficulty recruiting participants for this study. The lack of a placebo group and predomi-
nance of male participants are other limitations. While THC:CBD capsules were overall
well-tolerated in the 5 participants who received them, there was likely a self-selection
bias, with individuals participating in the study being more open towards the therapeutic
potential of cannabinoids and also more experienced with cannabinoids than those who
declined participation.

6. Conclusions

Taken together, our findings suggest that much additional work is needed to under-
stand safety and tolerability in PLWH. Transaminitis in 2/5 participants in the CBD-only
group suggests that more work is required to elucidate the best dosages of CBD in this
population. Pharmacokinetic studies in this regard could be helpful. We suggest that
PLWH should undergo a hepatological screening, ideally with transient elastography
or, if unavailable, with simple fibrosis biomarkers like fibrosis-4 score, prior to initiating
cannabinoid-based medicine, particularly formulations with high CBD dose, and they
should be closely monitored to detect any rise of transaminases reflecting potential hepa-
totoxicity. Work is also required to better understand the potential benefits and harms of
cannabinoids in chronic liver diseases and particularly in the context of HIV. As we recently
reviewed [69], the liver contains both CB1 and CB2 receptors and the consequences of
administering compounds which target these receptors must be understood. While future
studies in PLWH should use a lower maximum dose of CBD, the optimal dose to avoid
hepatotoxicity while leveraging anti-inflammatory and immunomodulatory properties of
cannabinoids are unknown. Future studies may wish to examine the potential of these
compounds to improve specific conditions, such as fatty liver disease, in PLWH. Work
is currently ongoing to address whether the treatments in this study had any impact on
immune activation, inflammatory markers, HIV reservoir size or gut microbiome, the
ultimately goal being a reduction in HIV-associated comorbidities driven by chronic in-
flammation. Given the small sample size and lack of blinding or use of placebo, we remain
cautious in our conclusions regarding the therapeutic benefits until more data is available.
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Abstract: In November 2018, the UK’s Home Office established a legal route for eligible patients to be
prescribed cannabis-based products for medicinal use in humans (CBPMs) as unlicensed medicines.
These include liquid cannabis extracts for oral administration (“oils”) and dried flowers for inhalation
(“flos”). Smoking of CBPMs is expressly prohibited. To date, THC-predominant cannabis flowers
remain the most prescribed CBPMs in project Twenty21 (T21), the first multi-center, prospective,
observational UK cannabis patient registry. This observational, prospective data review analyzes
patient-reported outcome measures (PROMS) collected by T21 associated with the inhalation of
KHIRON 20/1, the most prescribed CBPM in the project. PROMS collected at baseline and at
subsequent 3-month follow-up included health-related quality of life (HRQoL), general mood, and
sleep. Condition-specific measures of illness severity were performed with the Brief Pain Inventory
Short Form (BPI-SF) and the Generalized Anxiety Disorder 7-Item Scale (GAD-7). Participants
(N = 344) were mostly males (77.6%, average age = 38.3) diagnosed mainly with chronic pain (50.9%)
and anxiety-related disorders (25.3%). Inhalation of KHIRON 20/1 was associated with a marked
increase in self-reported HRQoL, general mood, and sleep (N = 344; p < 0.001). Condition-specific
assessments showed significant improvements in pain severity (T = 6.67; p < 0.001) and interference
(T = 7.19; p < 0.001) in patients using KHIRON 20/1 for chronic pain (N = 174). Similar results
were found for patients diagnosed with anxiety-related disorders (N = 107; T = 12.9; p < 0.001). Our
results indicate that controlled inhalation of pharmaceutical grade, THC-predominant cannabis flos
is associated with a significant improvement in patient-reported pain scores, mood, anxiety, sleep
disturbances and overall HRQoL in a treatment-resistant clinical population.

Keywords: cannabis; chronic pain; anxiety; inhalation; tetrahydrocannabinol; HRQoL

1. Introduction

Cannabis was (re) introduced into British medical practice in the early 1840’s by Irish
physician Dr. William O’Shaughnessy, an army surgeon serving in Calcutta, India [1]. In
the Victorian period, cannabis was widely used for a variety of ailments, including muscle
spasms, menstrual cramps, rheumatism, the convulsions of tetanus, rabies, and epilepsy,
and as a sedative. Cannabis extracts were typically administered orally in the form of an
alcoholic tincture and were commonly incorporated in proprietary medicines [2]. With the
introduction of synthetic drugs, herbal remedies were increasingly viewed as unpredictable
and many of them, including cannabis extracts and tinctures, were removed from the
British Pharmacopoeia of 1932 but retained in the British Pharmaceutical Codex of 1949.
Under the Dangerous Drugs Act 1964, which implemented the 1961 UN Single Convention
on Narcotic Drugs in the United Kingdom, the prescription of cannabis tinctures continued
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to be permitted due to a “license of right” received under the Medicines Act 1968. However,
this license of right was subsequently not renewed, and the original Misuse of Drugs
Regulations of 1973 listed cannabis, cannabis resin, cannabinol and its derivatives in
Schedule 4 (now Schedule 1) completely prohibiting medical use [2]. In November 2018,
the UK’s Home Office (re) established a legal route for the prescription of cannabis-based
products for medicinal use in humans (CBPMs) through the amendment of both the
Misuse of Drugs Regulations 2001 and Misuse of Drugs Order 2015, rescheduling CBPMs
as Schedule 2 drugs [3]. CBPMs remain strictly regulated and include both cannabis
extracts for oral administration (“oils”) and dried cannabis flowers for inhalation (“flos”).
These products may only be prescribed by a specialist medical practitioner as “special” or
“bespoke” medications following processes common to all unlicensed medications.

Whilst smoking of cannabis and CBPMs is expressly prohibited in the legislation,
cannabis flos remains the most popular cannabis galenic formulation in the UK, a situation
similar to that which occurs in other jurisdictions with established medicinal-cannabis
access schemes, such as Germany, Canada, and Israel [4]. Qualitative research studies have
shown that patients using cannabis for therapeutic purposes tend to choose the inhalation
of flos as their preferred method of administration, as it provides a greater control over
dosage and speed of onset, as well as a more robust relief of symptoms compared to the
oral route [5]. Additionally, the development of vaporizers and inhalers for flos, some of
which have attained certification as medical devices, affords patients greater control over
administration and dosing of the pharmacologically active molecules present in cannabis,
namely cannabinoids Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD), limiting the
occurrence of side effects related to the central nervous system and the inhalation of toxic
by-products of combustion [6].

Oral THC has been clinically approved for the treatment of several health conditions,
such as chemotherapy-induced nausea and vomiting, wasting syndrome associated with
AIDS and cancer, and spasticity in patients with multiple sclerosis, and its ability to
treat other neurological conditions is under investigation [7]. A large body of scientific
literature indicates that inhalation of chemotype I (THC-predominant) cannabis flos can
mitigate symptoms associated with chronic pain, increase relaxation, and facilitate resilience
to cope with disability. A series of small placebo-controlled, randomized control trials
(RCT) conducted with cannabis flos have shown that this therapy option is efficacious
and safe at treating neuropathic pain, whilst also improving mood and daily functioning
to a similar extent during treatment periods [8–13]. Analogous results were observed
in a placebo-controlled crossover trials investigating patients with multiple sclerosis, in
which perception of pain was a secondary outcome [14], or patients with chronic pain of
varying etiology [15]. In addition to these RCTs, numerous observational studies contribute
to a robust body of real-world evidence (RWE) which suggests that the inhalation of
chemotype I cannabis flos could effectively ameliorate other types of chronic pain including
pelvic pain [16], migraines [17], or fibromyalgia [18], as well as markedly improve various
traumatic psychiatric conditions such as stress, anxiety, or depression [19–21].

A recent single-center, observational study explored the clinical outcomes associated
with the use of CBPMs in British patients diagnosed with chronic pain, a condition that
affects approximately 28 million people in the UK with an estimated direct and indirect cost
of £21.2 billion [22]. To minimize the variability in the formulation, participants were pre-
scribed one single oral cannabis extract normalized in medium-chain triglycerides (MCT)
oil. Product composition and route of administration are typically difficult to control for
and a frequent confounding factor in observational studies. Authors reported significant
improvements in health-related quality of life, pain interference and sleep quality, accom-
panied by a 30% incidence of side effects of mild or moderate intensity [22]. Following a
similar rationale and experimental design, in the present work we aimed at investigating the
efficacy and safety of the inhalation of THC-predominant cannabis flowers on a treatment-
resistant cohort of patients enrolled in Project Twenty21 (T21), the first multi-center registry
of patients receiving bespoke CBPMs in the UK [23,24]. We analyzed clinical outcome
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measures, collected prospectively through validated questionnaires [25], reported by pa-
tients receiving treatment with KHIRON 20/1, the most frequently prescribed chemotype I
cannabis flower in T21.

2. Materials and Methods

2.1. Design

We analyzed clinical data collected prospectively between August 2020 and June 2022
to investigate the clinical outcomes associated with the inhalation of THC-predominant
flos for therapeutic purposes in a legal and medically supervised setting. Participants were
patients registered in Project Twenty21 (T21), the first UK multi-center registry seeking to
develop a body of real-world evidence (RWE) to inform on the effectiveness and safety of
medical cannabis. Full information relating to T21 procedures is outlined elsewhere [23,25].
In brief, patients receiving CBPMs for a variety of conditions are entered into the registry by
invitation and monitored for data collection as part of their standard of care. According to
UK regulations, individuals must have an established diagnosis and have failed to respond
to at least two treatment options to legally receive CBPMs. Patients provided consent (fol-
lowing Good Clinical Practice guidelines) to the collection of their medical history, past and
current treatments, plus a series of symptomatic assessments based on standardized and
comprehensively validated self-report questionnaires. Prescribing physicians partnering
with T21 use a product formulary that includes a wide range of CBPMs including oral
extracts and flos of differing CBD and THC ratios. To date, THC-predominant flos remains
the most prescribed CBPM in the project [23]. To reduce the inherent variability associated
with the chemical composition of cannabis dried flowers, we decided to include in our
data review only those patients receiving at their initial appointment a prescription for
KHIRON 20/1, the most frequently prescribed THC-predominant flos in T21. Additional in-
clusion criterion was that participants had completed health-related quality of life (HRQoL)
questionnaires both at the initial appointment (baseline) and at the subsequent 3-month
follow up.

2.2. Drugs

KHIRON 20/1 (Pharmadrug Production GmbH, Rostock, Germany) is a chemotype
1 cannabis variety which contains 20% (w/w) of THC and less than 1% (w/w) of CBD
in dried weigh. This variety is also referred to by the breeder’s name Hindu Kush and
is classified as an indica-type plant. Indica/sativa terminology relates to structural and
botanical features of the cannabis plant and, contrary to what commonly misconstrued,
does not provide robust information on the chemical composition nor on the pharmaco-
logical characteristics of the flos [26]. The batches of KHIRON 20/1 flos prescribed to T21
participants were produced in full compliance with good manufacturing practices (GMP)
requirements and to the standards established in the German monograph for cannabis
flos [27].

2.3. CBPM Administration Protocol

The UK´s Misuse of Drugs Regulations 2018 explicitly prohibits smoking of cannabis
and CBPMs, therefore, an herbal vaporizer/inhaler is required for the therapeutic admin-
istration of cannabis flos. Currently, there are two vaporizers that have attained the EU
certification of medical devices for the inhalation of cannabis flowers, both manufactured
by the German company Storz&Bickel: the Volcano medic, a tabletop model [28], and the
battery-operated, handheld device Mighty Medic [29]. Although most clinical research
on vaporizing medicinal cannabis has been performed using the Volcano device, the ma-
jority of T21 participants typically prefer a handheld device, such as the Mighty Medic
(Figure 1A), both for convenience and economic reasons. Owing to the more rapid effect
onset, inhalation allows the experienced patient to easily titrate the dosage to maximize
therapeutic benefit and minimize side effects typically related to overt THC-related psy-
choactivity, by controlling the number, duration, and frequency of inhalations. Figure 1C
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illustrates the dosing protocol we developed to guide T21 prescribers and cannabis-naïve
participants through the process of personalizing cannabis inhalation depending on the
needs of each individual patient. In brief, to vaporize THC-predominant flowers, patients
are advised to:

1. Fill the Mighty Medic dosing capsules with grounded cannabis flos (Figure 1B).
Although the maximum capacity per capsule is 250 mg, dosing is based in both
the number and frequency of inhalations rather than the absolute amount of herbal
material loaded into the device. This allows an experienced patient to have more
control over administration and dosing while, at the same time, adjust and standardize
the amount of cannabis flos used to optimize cost–benefit.

2. Turn on the device and set the temperature to 180 ◦C (Figure 1A). At this temperature,
vapor will be composed mainly of steam, most volatile terpenes (e.g., limonene, pinene),
and small amounts of THC (boiling point 157 ◦C) which will start decarboxylating.

3. Once the target temperature is reached, patients are instructed to inhale and exhale
naturally. Vapor should not be held in the lungs longer than during regular breathing.
The first inhalation is typically less effective since it serves to “prime” the device and
warm up the herbal material.

4. After inhaling the indicated number of times (see Figure 1C), patients are advised
to wait for 15–20 min and observe for side effects (such as dizziness, tachycardia,
nausea, disorientation, euphoria, etc.). After this period, and in absence of side effects,
patients can repeat the cycle if symptomatic control has not been achieved, increasing
the temperature by 10 ◦C (Figure 1C).

5. At 190 ◦C and 200 ◦C the vapor may feel dryer and less fragrant but will be more
concentrated in cannabinoids [30]. Vaporization of cannabinoids continues at high
temperatures even if vapor is not visible when exhaling, due to the exhaustion of
water in the herbal material.

6. The goal for this 5-day initiation protocol is to provide the prescribing doctor with
clear administration instructions to share with patients so that they can experiment
with the device and familiarize themselves safely with cannabis inhalation.

 
Figure 1. Proposed protocol to initiate naïve patients and prescribing doctors safely into the inhala-
tion of THC-predominant cannabis flos. (A) The herbal vaporizer mightly medic is powered by
rechargeable batteries and attained EU-mark as a medical device; (B) Pharma-grade aluminum dosing
capsules holding up to 0.25 g of grinded cannabis flos can be loaded into the mighty heating unit.
(C) Flowchart depicting a proposed 5-day familiarization plan for naïve users, with daily increases in
number and frequency of inhalations to minimize the risk of CNS-related side effects.

2.4. Patient-Reported Outcome Measures (PROMS)

PROMS questionnaires are completed by T21 participants both at baseline/treatment
entry and then every 3 months at scheduled follow-ups. The following questionnaires
were employed to capture outcome measures that were either common for all partici-
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pants (HRQoL, Mood and Sleep) or specific for each diagnosed condition (chronic painful
conditions or anxiety-related disorders).

2.4.1. Health-Related Quality of Life

The EuroQol 5 Dimensions (EQ-5D-5L) is a widely used, validated, and reliable
tool to assess the quality of life of patients in many disease areas through evaluating the
severity of each of 5 dimensions (mobility, self-care, usual activities, pain/discomfort, and
anxiety/depression) [31]. Two measures of HRQoL were considered:

1. The visual analog score (VAS) of general health (0–100) was interpreted as a patient-
reported measure of general health.

2. The sum of ratings for the five dimensions of the EuroQol (5–25) was interpreted as
patient-reported measure of HRQoL.

2.4.2. Mood/Depression

The Patient Health Questionnaire (PHQ-9) is a reliable and valid measure of depression
severity, which is comprised by a 9-item, self-rated instrument previously validated in
general populations, medical populations, and psychiatric samples [32]. Scoring ranges
from 0 to 27.

2.4.3. Sleep Disturbances

Quality of sleep was assessed by using four items adapted from the widely used
Pittsburgh Sleep Quality Index [33]. Scoring ranges from 4 to 20.

2.4.4. Chronic Pain

Participants diagnosed with chronic pain were asked to complete the Brief Pain
Inventory Short Form (BPI-SF). The BPI-SF is validated in patients with both cancer and
non-cancer pain and is one of the most used measurement tools for evaluating clinical
pain, including both pain severity and the interference of pain on feelings and function [34].
Therefore, items from this scale were used to assess two distinct dimensions of pain:
(i) severity of pain; and (ii) the extent to which pain interferes with daily activity. Patients
scored both dimensions on a 0–10 scale.

2.4.5. Anxiety

Participants diagnosed with anxiety-related disorders were asked to complete the Gen-
eralized Anxiety Disorder 7-Item Scale (GAD-7). The GAD-7 is one of the most frequently
used, validated, self-reported questionnaires clinically employed to screen for, diagnose,
and assess the severity of generalized anxiety disorder [35]. Each item is scored 0–3 for a
composed total range 0–21.

2.5. Statistical Analysis

Demographics are expressed either as percentage or as the mean ± standard deviation.
Results of PROMS analysis are represented in box and whisker graphs, which indicate
upper and lower extreme values, median, upper quartile, and lower quartile. Statistical
analyses were performed by either student’s t (comparisons of means at t = 0 and t = 3) or
one-way ANOVA (comparisons of means at t = 0, t = 3 and t = 6) followed by Friedman
non-parametric test and pair-wise comparisons (Durbin-Conover) using the Jamovi free
software V2.2.2 (San Francisco, CA, USA). Post hoc analyses were considered statistically
significant if p < 0.05.

3. Results

3.1. Participants

A total of 344 patients registered in T21 satisfied the inclusion criteria of (i) having
PROMS questionnaires correctly recorded at the initial appointment (t = 0) and, at the
least, at the 3-month follow up (t = 3), and (ii) receiving a prescription for KHIRON 20/1
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at t = 0. Of those, 140 participants had also reported PROMS at the 6-month follow up
(t = 6). Participants enrolled in T21 between August 2020 and June 2022. Demographics
and clinical characteristics of the patient cohort are depicted in Table 1. Coherent with
the overall patient population of T21, three out of four participants were adult males
(77.6%), with an average age of 38.4 ± 10.4 years old. A majority of them were diagnosed
with a chronic painful condition (50.8%) or an anxiety-related disorder (25.3%). Other
minor qualifying diagnosis were Attention Deficit Hyperactivity Disorder (ADHD) (6.98%),
Post Traumatic Stress Disorder (PTSD) (6.1%) or insomnia (2.9%). As required by law, all
patients had trialed at the least two standard therapeutic options to treat their condition
before accessing medicinal cannabis. Of note, only 16 participants were naïve to cannabis
when commencing the T21 process. A vast majority of patients (95.6%) had previously
utilized illicitly acquired cannabis, and 3 out of 4 of those consuming cannabis did so with
the intention of treating their primary diagnosed condition. Most participants elected to
administer CBPM once a day (58.7%).

Table 1. Cohort demographics, previous cannabis use and primary diagnosed conditions.

Gender
Total

Male Female Non-Binary

Participants
Sample: N (%) 267 (77.6) 76 (22.1) 1 (0.3) 344 (100)

Age: Mean ± SD 38.3 ± 10.6 38.6 ± 9.89 42 ± 0.0 38.4 ± 10.4
Previous Experience with Cannabis: N (%) 259 (97.0) 69 (90.8) 1 (100) 329 (95.6)

Intention of treating their primary condition with
cannabis: N (%) 205 (76.8) 56 (73.7) 1 (100) 262 (76.1)

Frequency of cannabis use: N (%)
Weekly 2 (0.75) 1 (1.32) 0 3 (0.87)

A few times a week 29 (10.9) 12 (15.8) 0 41 (11.9)
Once a day 160 (59.9) 41 (53.9) 1 (100) 202 (58.7)

Multiple times a day 15 (5.62) 3 (3.95) 0 18 (5.23)
Did not answer the question 61 (22.8) 19 (25.0) 0 80 (23.2)

Primary Condition: N (%)
Chronic painful conditions 134 (50.2) 40 (52.6) 1 (100) 175 (50.8)
Anxiety-related disorders 74 (27.7) 13 (17.1) 0 87 (25.3)

ADHD 19 (7.12) 5 (6.58) 0 24 (6.98)
PTSD 12 (4.49) 9 (11.8) 0 21 (6.10)

Other Mental Health 14 (5.24) 4 (5.26) 0 18 (5.23)
Insomnia 8 (3.00) 2 (2.63) 0 10 (2.91)

Autism Spectrum Disorder 2 (0.75) 0 0 2 (0.58)
Epilepsy 0 1 (2.33) 0 1 (0.52)

Other 4 (1.50) 1 (1.32) 0 5 (1.45)

3.2. General Health Outcome Measures
3.2.1. Health Related Quality of Life (HRQoL)

Inhalation of THC-predominant cannabis flos was associated with a marked improve-
ment both in general health and in health-related quality of life (HRQoL) after 3 months,
expressed as the VAS score (Figure 2A, T = 8.80; p < 0.001) and the sum of ratings for the
5 dimensions of the EuroQol (Figure 2B T = 10.3; p < 0.001), respectively. A similar degree
of improvement was reported by participants at the 6-month follow up (Figure 3A,B),
which is suggestive of (i) the maximal effect of the treatment being already achieved at
the 3-month timepoint which was maintained but not further improved at 6 months, and
(ii) no overt tolerance to the treatment developing after 6 months of daily administration.
As shown in Table 2, participants diagnosed with chronic pain reported lower baseline
levels of HRQoL compared to those diagnosed with anxiety disorders. However, no signifi-
cant differences in the degree of improvement captured by the EQ-5D were found between
these two groups at the 3-month follow up. On the contrary, patients diagnosed with
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anxiety-related disorders did report a larger improvement in general health compared to
chronic pain patients (mean difference 12.4 vs. 6.98; p < 0.05), as captured by the VAS of the
EuroQoL questionnaire.

Figure 2. Improvement of general health outcome measures at the 3-month follow-up. Analysis of
PROMS shows how the inhalation of KHIRON 20/1 was associated with a marked improvement in
self-reported health related QoL (N = 344) measured as (A) the scoring of the VAS of the EQ5D, and
(B) the sum of the 5 dimensions of the EQ5D questionnaire. (C) General mood/ clinical depression
assessed with the PHQ-9 scale (N = 339) was markedly improved. This effect was mainly driven by
patients diagnosed with anxiety-related disorders (Table 2). (D) Quality of sleep assessed with the
Pittsburgh Sleep Quality Index (N = 344) was improved by the treatment with inhaled chemotype 1
cannabis flos. *** p < 0.001.

Figure 3. Comparative improvement of general health outcome measures at 3- and 6-month follow-
up. Analysis of outcome measures reported by patients that completed the validated questionnaires
both at 3- and at 6-month follow-up visits (N = 140). Improvements associated with the inhalation
of KHIRON 20/1 in (A,B) HRQoL, (C) General mood/ clinical depression, and (D) quality of sleep
were maximal at 3 months and maintained, although not further increased, at the 6-month follow-up.
*** p < 0.001.
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Table 2. Comparative analysis on the influence of the two main participants sub-populations by
primary indication, chronic painful conditions, and anxiety-related disorders, over the general
PROMS: HRQoL, mood/depression and sleep quality. * p < 0.05; ** p < 0.01.

General Health EQ5D VAS Score
Health-Related QoL EQ5D

5-Dimensions SUM
Mood/Depression PHQ-9 Score Quality of Sleep PSQI Score

Mean
T = 0

Mean
T = 3

Mean
Diff

Mean
T = 0

Mean
T = 3

Mean
Diff

Mean
T = 0

Mean
T = 3

Diff
Mean

Mean
T = 0

Mean
T = 3

Mean
Diff

Anxiety
(N = 107) 57.10 69.55 12.4 10.07 8.31 1.76 13.72 6.58 7.14 12.31 9.16 3.15

Chronic
Pain

(N = 174)
47.35 54.33 6.98 * 14.24 12.94 1.30 12.78 9.42 3.36

** 13.51 10.79 2.72

3.2.2. General Mood/Depression

Participants reported an improved overall mood associated with the treatment at
the 3-month follow-up (Figure 2C, N = 339; T = 15.3; p < 0.001), which was maintained
up to 6 months (Figure 3C, N = 136; X2 = 94.0; p < 0.001) as indicated by a significant
reduction in the PHQ-9 questionnaire scoring. As shown in Table 2, the observed effect was
strongly influenced by participants diagnosed with anxiety-related disorders, who reported
slightly poorer baseline levels of mood/depression (13.72 vs. 12.78) and a significantly
larger average improvement (7.14 vs. 3.36; T= −5.18; p < 0.01) in the PHQ-9 scale compared
to those participants diagnosed with chronic pain after 3 months.

3.2.3. Sleep Quality

Sleep deprivation is one of the most common comorbidities associated with chronic
illness [36]. Quality of sleep, assessed by the Pittsburg sleep quality index (PSQI), was
improved following the inhalation of THC-predominant cannabis flowers after 3 months
(Figure 2D, N = 344; T = 14.5; p < 0.001). This effect was maintained, but not further
increased, at the 6-month follow up (Figure 3D, N = 140; X2 = 74.9; p < 0.001). Participants
diagnosed with anxiety disorders and chronic pain conditions reported similar basal levels
(12.31 vs. 13.51) and no significant differences were found among the average improvement
(3.15 vs. 2.72) in the PSQI scores of the two sub-populations (Table 2).

3.3. Indication-Specific Outcome Measures

Besides general outcome measures, which were collected for all patients, T21 partici-
pants are asked to complete health questionnaires specific to their primary indication. Here,
we report only results from the main two health conditions, which included more than 85%
of all participants (Table 1). Results from other less frequent indications, such as ADHD
(N = 24) and PTSD (N = 21), will be disclosed in a separated data review once adequate
statistical powering is achieved. Participants diagnosed with a chronic painful condition
(N = 174) completed the Brief Pain Inventory-Short Form, a 9-item questionnaire used to
evaluate (i) the severity of a patient’s pain and (ii) the impact of this pain on the patient’s
daily functioning. Patients diagnosed with anxiety-related disorders or other mental health
issues concomitant with anxiety (N = 107) completed the Generalized Anxiety Disorder
(GAD-7), which total score for the seven items ranges from 0 to 21.

3.3.1. Pain Severity

Participants reported a 16.2% reduction in pain severity (Figure 4A, N = 174; T = 6.67;
p < 0.001) from an average baseline value of 5.63 to a mean value of 4.72 at the 3-month
follow up, associated with the treatment.
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Figure 4. Improvement of indication-specific outcome measures at the 3-month follow-up. Analysis
of PROMS shows how the inhalation of KHIRON 20/1 was associated with a marked improvement
in self-reported (A) pain severity and (B) pain interference in patients diagnosed with chronic painful
conditions, measured with the Brief Pain Inventory-short form (N = 174). (C) Generalized anxiety
measured with the GAD-7 questionnaire was markedly decrease after 3 months of treatment with
cannabis flos KHIRON 20/1 (N = 107). *** p < 0.001.

3.3.2. Pain Interference

Recovery of daily functioning and restoring “their old self” is one of the most recurrent
features that chronic, self-medicating, patients associate to their therapeutic use of cannabis.
Participants reported a 18.4% reduction in pain interference with their daily activities
associated with the treatment from an average baseline value of 6.97 to a mean value of
5.69 at the 3-month follow up (Figure 4B, N = 174; T = 7.19; p < 0.001).

3.3.3. Generalized Anxiety Disorder

Participants who completed the GAD-7 questionnaire reported a 50.7% reduction in
anxiety symptoms (Figure 4C, N = 107; T = 12.9; p < 0.001) from an average baseline value
of 12.7 to a mean value of 6.28 at the 3-month follow up.

3.4. Adverse Effects

T21 participants were also encouraged to report any adverse side effects that they
considered associated with the treatment with CBPMs. Inhalation of THC-predominant
flower was found in general to be safe. Only two participants diagnosed with chronic pain
reported minor adverse side effects associated with KHIRON 20/1 from those available
in the list: (i) a 42-year-old male with previous experience with cannabis who medicated
several times a day reported suffering a “mild headache” which remitted after 1–2 h; and
(ii) a 32-year-old female reported suffering “memory loss”. This adverse effect was de-
scribed by the patient as “transient” and “not relevant”. Of note, this participant was
among the 15 patients (4.4% of total cohort) that were naïve to cannabis prior to enrolling
in project T21.

4. Discussion

The presented work investigates the ability of inhaled THC-predominant (chemotype-1)
cannabis flos to improve health-related quality of life (HRQoL) and mitigate symptoma-
tology in a treatment-resistant population of patients diagnosed with chronic painful
conditions and anxiety-related disorders. Our results indicate that sustained inhalation of
cannabis flos KHIRON 20/1 was associated with a robust and long-lasting improvement in
HRQoL, mood and quality of sleep. The pharmacokinetics of orally ingested cannabinoids
typically display erratic intestinal absorption, high inter- and intra-individual variability,
extensive hepatic metabolism, and a delayed onset of effects between 90 and 120 min. In
contrast, vaporized cannabinoids are rapidly and reliably absorbed into the bloodstream,
achieving peak concentrations in blood generally in under 10 min [37]. These differences
in pharmacokinetic properties afford patients a greater degree of control over dosage and
speed of onset. Accordingly, both quantitative and qualitative research report on the ability
of inhaled cannabis flos to quickly relieve symptoms of depression, stress, and anxiety. Pa-
tients describe the bodily sensation of cannabis inhalation as a “sigh of relief”, which leads
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to a state of relaxation promoting a reduction in pain sensation and, subsequently, improved
sleep, motility, mood and acceptance [5,38]. For this reason, inhalation of cannabis flos is
typically recommended as a rescue medication for acute or “breakthrough” symptoms [39].
However, our results showed sustained reduction in pain severity and interference of
chronic pain with daily activities after 3 months of daily administration of KHIRON 20/1,
which was maintained at the 6-month follow-up.

This finding is coherent with recent prospective observational studies investigating
medical outcomes in chronic pain patients combining different formulations of medicinal
cannabis, which also reported significantly lower levels of pain severity and pain inter-
ference, improved mood, sleep duration and sleep quality, and overall quality of life at
3 months compared to baseline [40,41]. Besides the 3-month follow up, Wang and collabo-
rators incorporated ecological momentary assessment (EMA) to measure real-time health
outcomes once daily for one week before (baseline) and for up to three weeks immediately
after starting the treatment. Authors reported a significant reduction in real-time pain
intensity (16.5-point reduction in a 0–100 VAS) and anxiety, longer sleep duration and better
sleep quality in the first 3 weeks of treatment [40]. In similar studies, chronic pain patients
treated exclusively with oral CBPMs also showed maximal improvement 3 months after
the treatment initiation, which was sustained for over 6 months [22,42], suggesting that
tolerance to the beneficial effects of cannabinoid therapy does not commonly occur. This
observation is further supported by results from RCTs leading towards the clinical approval
and commercialization of Sativex, in which MS patients showed sustained improvements
in pain for more than 12 months without developing tolerance [43].

It is notable that greater than 95% of patients included in our data review were using
cannabis illegally to treat their conditions at baseline and yet, we found a marked improve-
ment in all PROMS analyzed. We interpret this finding to indicate that the administration
of cannabis flowers in a clinical environment, under the supervision of a trained healthcare
provider, further improves the clinical outcomes associated with legally prescribed CBPMs
when compared to chronic patients self-medicating with illicit cannabis. This interpretation
is further supported by similar findings from different jurisdictions where legally protected
access to medical cannabis had recently become available [44,45]. The effect of such regula-
tory changes may have a greater impact in those experiencing anxiety-related disorders as
it eliminates several major concerns for these patients, such as product availability, product
reproducibility and the fear of potential legal consequences [5]. Our results indicate indeed
that the largest clinical improvements associated with the inhalation of THC-predominant
cannabis flos were reported by patients with a primary indication of generalized or social
anxiety. First, we found a robust reduction in the GAD-7 scoring, from a baseline value of
12.7 to a value of 6.28 at the 3-month follow up. This remarkable result contrast with those
reported by a Canadian group who applied the GAD-7 scale to a large cohort of adults
authorized to use cannabis between 2014 and 2019. Although a statistically significant
decrease in GAD-7 scoring was noted (from 9.11 to 9.04), it did not meet the threshold to be
considered clinically significant [46]. In contrast, participants in our cohort diagnosed with
generalized anxiety displayed higher baseline levels of moderate-to-severe anxieties, which
could be potentially exacerbated by their illicit use of cannabis. Second, our result show
that the cohort of patients diagnosed with anxiety-related disorders had a significantly
larger contribution to the improvement in mood captured by the PHQ-9 scale, a measure of
clinical depression. It could be postulated that the overall anxiolytic effect of whole flower
CBPM could result from the combination of a rapid pharmacological activation of central
type-1 cannabinoid (CB1) receptors together with the reassurance of pharmaceutical quality
CBPM, legally prescribed by a clinician.

Functional imaging studies in humans have shown a correlation between THC-
mediated analgesia and a reduction in neural connectivity between the anterior cingulate
cortex (ACC) and cortical areas involved in pain processing, the dorsolateral prefrontal
cortex in particular, which are two key brain regions for the modulation of cognitive and
emotional inputs [47,48]. Accordingly, results from human lab experiments suggest that
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THC prevents the onset of pain sensation by slightly increasing pain threshold but does not
effectively reduce the perceived intensity of experimental pain [49]. Instead, THC seems
to influence affective processing, thus making pain sensation less unpleasant and more
tolerable, which resonates with qualitative assessments made by patients treated with
CBPMs [38]. Available evidence also suggests that inhaled THC can potentiate the extinc-
tion of fearful and aversive memories in humans and reduce anxiety responses without
eliciting psychotic effects [50], although it remains unclear if this effect is mediated by the
activation CB1 receptors in the same brain regions. However, significantly increased circuit
coupling between the ACC and the amygdala has been described during the processing of
fearful stimuli in anxious (but not in healthy) individuals, which also correlated positively
with self-reported symptoms of anxiety [51]. The key regulatory role of CB1 receptors in
the amygdala, activated by endogenously produced anandamide on fear processing and
aversive memory extinction has also been characterized both in preclinical and clinical
studies [52,53]. Taken together, this evidence highlights the role of the ACC as a critical
mediator in the analgesic and anxiolytic actions of THC, which could also explain why
frequent and transient activation of central CB1 receptors could lead to sustained improve-
ment in the emotional processing and a reduction in negative affect and physical symptoms
associated with chronic illnesses [19].

The occurrence of adverse side effects experienced by participants was relatively rare,
likely because most participants (95.6%) had previous experience with cannabis inhalation.
In fact, the one patient reporting transient, mild, memory loss was naïve to cannabis. Ad-
verse CNS-related side effects following cannabis inhalation are typically related to the dose
of THC [54]. To counter this we have detailed an administration protocol to guide naïve
patients and prescribing doctors following the mantra of “start low and go slow” [39], and
based on the number and frequency of inhalations as opposed to the total amount of herbal
cannabis loaded in the vaporizer. Pharmacokinetic studies on medically vaporized herbal
cannabis have previously been performed with a tabletop model, S&B Volcano, which has
a greater capacity to evaporate cannabinoids due to the instrument design and the range of
working temperatures [30]. Human pharmacokinetic information for handheld devices is
not readily available and it can largely depend on cannabinoid extraction efficiency, which
may vary between devices [15]. Therefore, we aimed at providing simple instructions for
first-time users to quickly gain control over cannabinoid dosing and speed of onset while
minimizing the risk of involuntary overdosing. However, it is worth noticing the relatively
safe profile of the inhaled route compared to the sublingual or oral administration. Firstly,
due to their lipophilic nature, sublingual absorption of cannabinoids in oily carriers is
limited and almost identical to oral ingestion [55]. Secondly, several studies have reported
that intoxication, acute psychiatric symptoms, and adverse cardiovascular events are more
common in patients following oral ingestion of CBPMs, while hyperemesis syndrome
(cycling vomiting) was more likely attributable to inhalation of herbal cannabis [56]. Fi-
nally, in response to the clinical requirement of prescribing THC-predominant cannabis
flos for extended periods of time in patients experiencing benefit, clinicians should be
aware of the relevant contraindications to this substance including psychotic vulnerability
and cardiovascular instability, as well as the risks of patients developing cannabis use
disorders (CUD).

This work presents several limitations, some of which are inherent to the way real-
world data is collected and interpreted [57]. We used a convenience cohort which, while
representative of the more than 3,000 patients enrolled by T21 over the last two years, still
poses a high risk of selection bias [58]. Additionally, patients were grouped for analysis of
PROMS by primary indication, but their diagnosis and etiology could differ. Although a
dosing protocol was suggested, it is plausible to assume that each patient established their
own individualize dosing regime and that some may not have used an herbal vaporizer to
administer their CBPMs, which is also representative of real-world clinical practice [39].
Finally, our research design did not control for placebo effect, which is typically robust
in studies using cannabis [58], although this could be partially mitigated by the flexible
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dosing regimen [10]. Owing to the inherent psychoactivity associated with the central
activation of CB1 receptors, complete blinding in studies using THC is virtually impossible.
In fact, relief of spontaneous pain typically correlates with high drug-like scores in human
lab studies [18]. Therefore, aiming at completely separating the therapeutic properties from
the psychoactive properties of THC may be erroneous, as some level of mind alteration
may be required for the analgesic effect of cannabis to occur.

5. Conclusions

Our results indicate that controlled inhalation of pharmaceutical grade, THC-predominant
cannabis flos was associated with a robust improvement in patient-reported pain scores, general
mood, anxiety, sleep, and overall HRQoL in a treatment-resistant clinical population. The effect
size, which was larger in patients diagnosed with anxiety disorders compared to chronic
pain, appeared to be maximal at 3 months and sustained for at least 6 months. Occurrence
of side effects was minimal, probably due to the previous experience of participants with
cannabis inhalation. This evidence supports the notion that the administration of cannabis
flos in a medicalized environment under the supervision of a trained healthcare provider
further improves the clinical outcomes of legally prescribed CBMPs when compared to
chronic patients self-medicating with illegal cannabis.
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Abstract: Neuropathic pain is a condition that impacts a substantial portion of the population and
is expected to affect a larger percentage in the future. This type of pain is poorly managed by
current therapies, including opioids and NSAIDS, and novel approaches are needed. We used a
cisplatin-induced model of neuropathic pain in mice to assess the effects of the cannabinoids THC
and CBD alone or in varying ratios as anti-nociceptive agents. In addition to testing pure compounds,
we also tested extracts containing high THC or CBD at the same ratios. We found that pure CBD
had little impact on mechanical hypersensitivity, whereas THC reduced mechanical hypersensitivity
in both male and female mice (as has been reported in the literature). Interestingly, we found that
high CBD cannabis extract, at the same CBD dose as pure CBD, was able to reduce mechanical
hypersensitivity, although not to the same level as high THC extract. These data suggest that, at least
for CBD-dominant cannabis extracts, there is an increase in the anti-nociceptive activity that may be
attributed to other constitutes of the plant. We also found that high THC extract or pure THC is the
most efficacious treatment for reducing neuropathic pain in this model.

Keywords: neuropathic pain; tetrahydrocannabinol; cannabidiol; cannabinoids; cannabis

1. Introduction

Neuropathic pain is a condition that is caused by damage to the nervous system as a
result of physical trauma, chemotherapy, infection, metabolic disease, or autoimmune dis-
orders [1,2]. This chronic pain condition affects 7–10% of the population and, unfortunately,
current drug treatments have poor efficacy and tolerability [3,4]. Patients are typically
unresponsive to analgesics and opioids. In addition to pain, patients also suffer from sleep
disturbances, anxiety and depression, and reduced quality of life [5]. The incidence of
neuropathic pain is expected to increase in the coming years due in part to the diabetes
epidemic, improved cancer survival rates, and age [6]. Therefore, new approaches to treat
pain in these patients are clearly needed.

Cannabis has been used for centuries to treat pain, and the plant contains a number
of pharmacologically active compounds including cannabinoids and terpenes that might
have anti-nociceptive properties [7,8]. The two most abundant and studied cannabinoids
in the plant are Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD), and the ratio of
these two compounds can vary greatly between cultivars and subtypes of Cannabis. Both
THC and CBD have been shown to reduce neuropathic pain in animal models [9–13].
However, patients rarely take pure THC or CBD for pain. Additionally, THC and CBD are
normally administered together at varying ratios depending on the product consumed.
Furthermore, the anti-nociceptive effects of these varying ratios of THC and CBD remain
underexplored. Instead, studies have largely focused on THC:CBD co-administered at
1:1 ratios, commonly found in the European-approved Sativex (nabiximols) that has been
shown to be effective at treating pain in patients with certain conditions [14–17]. We
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therefore set out to assess how different combinations of THC and CBD, as both pure
compounds and from unfractionated plant extracts, affect mechanical hypersensitivity in a
mouse model of chemotherapeutic-induced peripheral neuropathy (CIPN).

2. Materials and Methods

2.1. Animals

All experiments were conducted in a manner approved by the Pennsylvania State
University, College of Medicine Institutional Animal Care and Use Committee (IACUC).
Male (n = 120) and female (n = 120) age-matched (10–12 weeks) wild-type C57BL/6 mice
(The Jackson Laboratory, Bar Harbor, ME) were used in this study. All mice were group-
housed with a 12 h light/dark cycle with access to food and water ad libitum.

2.2. Drugs

Cannabidiol (CBD) and Δ9-tetrahydrocannabinol (THC) were purchased from Cayman
Chemical (Ann Arbor, MI, USA). CBD extract was produced through supercritical CO2
extraction from hemp (Helping Hands Hemp, Womelsdorf, PA, cultivar: YoungSim 10)
and THC extract was provided by the NIDA drug program (Research Triangle Institute,
Research Triangle Park, NC, USA) the composition of both was verified by an independent
laboratory (Keystone State Testing, Harrisburg, PA, USA) Cisplatin was purchased from
Acros Organics (Fairlawn, NJ, USA).

2.3. Supercritical CO2 Extraction

Dried hemp flower, 500 g, was ground and then extracted using supercritical CO2
in an extractor from Supercritical Fluid Technologies (CannabisSFE, Newark, DE, USA).
Extraction was performed at 55 ◦C, with 413 bars of pressure for 30 min. Extract was
collected and dissolved in ethanol to a concentration of 10% extract in 90% ethanol by
weight and incubated at −20 ◦C for 24 h (winterization). The solution was then filtered
and ethanol was evaporated. The extract was then resuspended in fractionated coconut oil
(Pure Body Naturals, West Chester, OH, USA) at 200 mg/mL and heated to 95 ◦C for 1 h to
decarboxylate the cannabinoids.

2.4. Cisplatin-Induced Neuropathy

Peripheral neuropathy was induced by injecting mice with 5 mg/kg of cisplatin
intraperitoneally (IP) once weekly for four weeks, as previously described [13,18]. The
mice were co-administered 1 mL of 4% sodium bicarbonate solution subcutaneously prior
to the cisplatin injection to reduce nephrotoxicity and to minimize compromised renal
functions [13,18]. Mechanical allodynia was assessed using an electronic von Frey anes-
thesiometer equipped with a semi-flexible polypropylene super-tip (IITC Life Science Inc.,
Woodland Hills, CA, USA), these assessments were made before and after cisplatin treat-
ment to confirm neuropathic pain state, as described below (Data from the pre and post
cisplatin assessments are presented in Supplemental Figures S1–S3).

2.5. Von Frey Testing

Hypersensitivity to mechanical pressure was assessed using an electronic von Frey
anesthesiometer (IITC Life Sciences Inc.). For testing, mice were placed in small acrylic
chambers on a wire mesh table (IITC Life Sciences Inc.). Animals were allowed to acclimate
to the chamber for 20 min prior to testing. The von Frey anesthesiometer was equipped
with a semi-flex tip (IITC Life Sciences Inc.), that was applied to the plantar surface of
the right hind-paw with increasing force to prompt a withdrawal response. The averages
from three tests were calculated with each test being separated by a minimum of 3 min. To
measure the effects of test compounds, neuropathic mice were randomly assigned to one of
6 groups and injected intraperitoneally (i.p.) with vehicle (DMSO, Tween 80, saline (1:1:18),
i.p.), THC at 6 mg/kg, THC and CBD in combination at 4 mg/kg and 2 mg/kg; 3 mg/kg
and 3 mg/kg; 2 mg/kg and 4 mg/kg, respectively, or CBD at 6 mg/kg 1 h prior to tests.
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These groups represent THC:CBD ratios of 1:0, 2:1, 1:1, 1:2, or 0:1, as shown in Table 1. All
von Frey measurements were performed by experimenters blinded to treatments.

Table 1. Dose of cannabinoid administered at each ratio for pure compounds.

Ratio THC (mg/kg) CBD (mg/kg)

0:1 0 6

1:2 2 4

1:1 3 3

2:1 4 2

1:0 6 0

2.6. Statistical Analysis

All results are shown as mean ± standard deviation. Statistical significance was
determined using GraphPad Prism Software (9.3.1, San Diego, CA, USA) using a one-way
ANOVA with Tukey’s correction for multiple comparisons. Two-tailed tests were used for
all comparisons.

3. Results

3.1. THC, but Not CBD, Reverses Mechanical Hypersensitivity in Neuropathic Male Mice

To assess the ability of pure CBD or THC to reduce cisplatin-induced neuropathic
pain, von Frey tests were conducted to measure mechanical sensitivity in neuropathic
male mice treated with varying doses (5, 10, or 20 mg/kg) of pure CBD or THC. Acute
CBD treatment, administered 1 h prior to von Frey testing, had no significant impact
on mechanical hypersensitivity in neuropathic male mice (Figure 1A). In contrast, there
was a dose dependent effect of THC on pain in these animals; with only the lowest dose
(5 mg/kg) being unable to reduce pain compared to vehicle treated animals (Figure 1B).
Based on these findings, in order to investigate the potential interaction between these two
compounds, we used a standard dose of 6 mg/kg of total cannabinoid (THC alone, CBD
alone, or a combination of various THC:CBD ratios) for all subsequent experiments, with
the knowledge that, at this dose, the THC (THC:CBD ratio of 1:0) would serve as a positive
control, based upon previous work [13]. The dose of 6 mg/kg was selected for two reasons,
first we wanted to be able to have a dose that limited the cataleptic effects of THC on mice
and, second, we wanted a dose of THC that would be responsive to any additive effects of
CBD on reducing hyperalgesia.

Figure 1. Dose response of cannabinoids on mechanical sensitivity in neuropathic male mice.
(A) Mice were treated with CBD administered i.p. at 5, 10, or 20 mg/kg 1 h prior to measuring
mechanical sensitivity. (B) Same as panel A except THC was administered. n = 5 mice per group.
* p < 0.05, **** p < 0.001.
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3.2. CBD Does Influence THC-Induced Decreases in Mechanical Hypersensitivity

We next investigated the anti-nociceptive effects of five THC and CBD combinations
while maintaining the total cannabinoid administered at 6 mg/kg as shown in Table 1. In
neuropathic male mice, we observed a statistically significant decrease in mechanical hyper-
sensitivity after administration of THC:CBD only at the 2:1 ratio (Figure 2A). In contrast, in
neuropathic female animals we observed a statistically significant decrease in mechanical
hypersensitivity after administration of THC:CBD at ratios of 1:2 and 2:1 (Figure 2B). While
the addition of CBD reduces the concentration of THC necessary to reduce hyperalgesia
(note that 5 mg/kg pure THC was without effect in Figure 1), no combination of CBD and
THC is greater at reducing sensitivity than THC alone.

 

Figure 2. THC reduces mechanical sensitivity in neuropathic mice. (A) Neuropathic male mice
were treated with 6 mg/kg of total cannabinoid at varying ratios of THC:CBD and mechanical
sensitivity was measured by von Frey filament. (B) Same as panel A except in female neuropathic
mice. n = 10 mice per group. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001.

3.3. CBD and THC Extracts Are Effective at Attenuating Mechanical Hypersensitivity in
Neuropathic Mice

We next compared the anti-nociceptive effects of THC and CBD ratios using CBD-
dominant or THC-dominant botanical extracts. Extracts were mixed at varying ratios of
THC: CBD. The composition of the extracts (as delivered to the mice) for cannabinoid and
most abundant terpene content (Tables S1 and S2), are shown in Tables 2 and 3, respectively.

For full composition of the undiluted extracts please see Supplemental Tables S1 and S2.
Using a CBD-dominant botanical extract (containing 40 μg/mL THC; labeled “0:1”),
we found a statistical difference between vehicle and treated animals for both sexes
(Figure 3A,B).

In neuropathic male mice, we saw a further reduction in mechanical hypersensitivity
when THC was added (1:2, 1:1, and 2:1 ratios compared to 0:1, CBD extract), but no change
in hypersensitivity as THC concentration increased (Figure 3A). In contrast, in neuropathic
female mice, we did not see any further reduction in mechanical hypersensitivity when
THC was included in the treatment. That is, the reduction in hypersensitivity was consistent
across the tested ratios with what was observed for the CBD extract (0:1 ratio). However,
the THC extract alone (1:0 ratio) was significantly better than the CBD extract (Figure 3B).
Because the CBD extract contains trace amounts of THC and vice versa; it was not possible
to have any extract ratio where the other cannabinoid was exactly zero. Table 4 shows the
concentration of THC and CBD delivered at each of the ratios.
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Table 2. Cannabinoid composition of extracts as administered to mice; concentrations are in mg/mL.
Cells with no values represent assay results below the level of detection.

Cannabinoid CBD Extract THC Extract

CBC 0.03

CBD 1.8 0.005

CBDA 0.003

CBDV 0.03

CBG 0.067

CBGA 0.002

CBN 0.048

THCA 0.002

Δ9-THC 0.04 1.8

Total Cannabinoid 1.87 1.957

Table 3. Terpene composition of extracts as administered to mice; concentrations are in ppm. Cells
with no values represent assay results below the level of detection.

Terpene CBD Extract THC Extract

β-Farnesene 3.13

β-Caryophyllene 191.72 20.97

α-Humulene 55.67 4.11

(−) α-Bisabolol 3.61 2.06

β-Myrcene 0.16 2.51

R(+) Limonene 0.17 1.33

Endo-Fenchyl Alcohol 4.33 1.14

Guaiol 1.4

α-Pinene 0.01 3.58

Linalool 2.87 1.54

(−) Caryophyllene Oxide 37.91

Trans-Nerolidol 3.91 0.61

Valencene 8.2

β-Pinene 1.74

Total Terpene 301.63 55.27

Total Terpene (mg/mL) 0.30 0.06

Table 4. Dose of cannabinoid administered at each ratio for THC and CBD extracts.

Ratio THC (mg/kg) CBD (mg/kg)

0:1 0.13 6

1:2 2.09 4.01

1:1 3.07 3.01

2:1 4.04 2.01

1:0 6 0.02
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Figure 3. Cannabinoid extracts containing either CBD or THC reduce mechanical sensitivity in
neuropathic mice. (A) Neuropathic male mice were treated with 6 mg/kg of total cannabinoid at
varying ratios of THC:CBD and mechanical sensitivity was measured by von Frey filament. (B) Same
as panel A except in female neuropathic mice. n = 10 mice per group. * p < 0.05, ** p < 0.01,
**** p < 0.001.

4. Discussion

In this study, we examined the effects of CBD and THC on pain associated with
chemotherapeutic-induced peripheral neuropathy (CIPN), both as pure compounds and
botanical extracts at varying ratios of THC:CBD. These data are important because patients
taking medical cannabis or cannabis-based products do not typically take pure CBD or
pure THC, but rather are using botanical or botanically derived products. These products
typically have varying ratios of THC:CBD but there are few studies that have investigated
the optimal ratios of the two primary cannabinoids for treating medical conditions. Most
studies that have investigated the interactions between these two cannabinoids have
limited their scope to the 1:1 ratio typically found in nabixmols (Sativex®) [14–17]. While
our data suggest that a 1:1 ratio of CBD to THC may not be optimal, there is a benefit of
including CBD in combination with THC to reduce neuropathic pain, as lower levels of
THC produced a reduction in sensitivity when CBD was included, this is especially true
for the botanical extracts.

Here, we found that pure CBD alone had little impact on acute pain associated with
CIPN. This is in contrast to several other studies that have found that CBD can reduce
neuropathic pain in animal models [10,12,19]. An important difference between our study
and the previous work is that we are looking at the acute effects of CBD administration
as compared to those studies that looked at more prolonged effects of CBD treatment.
Interestingly, we did observe that botanically derived CBD mixtures were able to reduce
pain in neuropathic animals at a dose where CBD alone was ineffective. While there was
a small amount of THC in this extract, the dose administered (0.13 mg/kg) would be too
low to account for the observed reduction in pain. A number of the terpenes present in
the CBD extract, such as β-caryophyllene and α-humulene, have been found to have anti-
nociceptive properties in their own rights [20,21]. Further studies will need to be conducted
to determine which other constituents of the CBD extract contribute to the improved pain
tolerance observed in neuropathic mice or if CBD contributes at all.

In contrast, we found that THC, when administered at a dose as low at 2 mg/kg, was
able to reduce neuropathic pain when combined with CBD, and the level to which pain was
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reduced was fairly consistent regardless of the ratio of THC:CBD tested (particularly for
botanical extracts). Although, in male mice there is a significantly greater reduction in me-
chanical sensitivity by pure THC when CBD was excluded. These data are consistent with
a recent meta-analysis that found that high THC:CBD ratios were better at reducing pain
severity across a wide range of conditions, including diabetic neuropathy, in patients [22].
These data are also consistent with reports that CBD is an antagonist at cannabinoid re-
ceptors 1 and 2, and can blunt the effects of THC [23–25]. Based upon the large number
of studies that have reported that nabiximols (mixtures of approximately 1:1 THC:CBD)
have antinociceptive properties, it was unexpected that we did not see a larger difference in
anti-nociceptive potential with different ratios [14–17]. Our data suggest that there is little
effect of CBD on reducing neuropathic pain, and that most of the reduction in pain can be
attributed to THC, although CBD may help to augment the impact of THC. This is true for
not only the pure compounds, but also the botanically derived compounds, particularly in
male mice (although the highest concentration of THC also was more effective than the
highest concentration of CBD in female mice).

The data comparing the botanical extracts to pure compounds also allows us to exam-
ine the controversial “entourage” effect, the idea that the whole plant provides an additive
benefit over individual pure compounds [26]. While we are not able to directly compare
the responses between the animals that received pure compounds and botanical extracts,
the animals that received botanical extracts did show a trend towards increased levels of
force compared to those receiving pure compounds. Furthermore, animals, particularly
males, receiving the botanical extracts exhibited a greater response at much lower levels of
THC when in a botanical extract compared to pure THC.

Another potential reason for looking at combinations of THC:CBD is that the addition
of CBD may alter the metabolism or prolong the effectiveness of THC at reducing pain.
While our current studies did not directly address this, a recent study in a rat model of
neuropathic pain actually found that CBD, when co-administered with THC, reduced
the therapeutic window in which THC had an effect [11]. This is in contrast to recent
data in humans that has reported that co-administration of THC and CBD can prolong
the effects of THC [27]. For this reason, studies in mice or rats may not be optimal for
examining the interaction of THC and CBD on the metabolism of cannabinoids, but instead
such pharmacokinetic studies might best be conducted in human derived microsomes and
ultimately patients.

The mechanism by which THC and CBD reduce neuropathic pain in our model was
not examined, but will be the work of future studies. One potential mechanism would
be that THC is acting through CB1 receptor to reduce the release of neurotransmitters
and neuronal excitability [28]. Both CBD and THC are also known agonists of the TRPV1
receptor and have been shown to reduce pain in murine models through this receptor [29].
CBD and THC have also recently been shown to reduce neuropathic pain through both CB1
and CB2 [30]. Our own recent work on cannabigerol (CBG) and neuropathic pain suggests
that it is likely to be a complicated interaction between multiple receptors [31], including
α2-adrenergic receptors, of which CBG is a known agonist; however, the role of CBD and
THC at this receptor are unknown.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10102548/s1, The full composition for each extract
tested can be found in supplemental Tables S1: Full Cannabinoid Content of Extracts and Table S2:
Full Terpene Content of Extracts. Supplemental Figure S1: Pre and Post Cisplatin von Frey assessment
for the Dose Response Experiment. Supplemental Figure S2: Pre and Post Cisplatin von Frey
Assessment for the Pure Compound Experiment and Supplemental Figure S3: Pre and Post Cisplatin
Responses for Extract Experiment.
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Abstract: Cannabidiol (CBD) is a phytocannabinoid contained in the Cannabis sativa plant, devoid
of psychotomimetic effects but with a broad-spectrum pharmacological activity. Because of its
pharmacological profile and its ability to counteract the psychoactive Δ9-tetrahydrocannabinol
(Δ9THC), CBD may be a potential treatment for several psychiatric and neurodegenerative disorders.
In this study, we performed a dose−response evaluation of CBD modulatory effects on BDNF, a
neurotrophin subserving pleiotropic effects on the brain, focusing on the cortico-striatal pathway for
its unique role in the brain trafficking of BDNF. Male adult rats were exposed to single and repeated
CBD treatments at different dosing regimen (5, 15, and 30 mg/kg), to investigate the rapid modulation
of the neurotrophin (1 h after the single treatment) as well as a potential drug-free time point (24 h
after the repeated treatment). We show here, for the first time, that CBD can be found in the rat brain
and, specifically, in the medial prefrontal cortex (mPFC) following single or repeated exposure. In
fact, we found that CBD is present in the mPFC of rats treated either acutely or repeatedly with the
phytocannabinoid, with a clear dose−response profile. From a molecular standpoint, we found that
single, but not repeated, CBD exposure upregulates BDNF in the mPFC, while the repeated exposure
increased BDNF only in the striatum, with a slight decrease in the mPFC. Together, these data reveal
a CBD dose-dependent and anatomically specific modulation of BDNF, which may be functionally
relevant and may represent an added value for CBD as a supplement.

Keywords: cannabidiol; prefrontal cortex; striatum; BDNF

1. Introduction

Cannabidiol (CBD) is one of the most abundant phytocannabinoids present in the
Cannabis sativa plant, devoid of psychotomimetic effects [1]. In addition, CBD antago-
nizes several of the psychoactive effects of the Δ9-tetrahydrocannabinol (Δ9-THC), the
major psychoactive compound of Cannabis sativa [2,3]. CBD exhibits a broad-spectrum
pharmacological profile that makes it a potential treatment for several psychiatric and
neurodegenerative disorders [4,5]. In fact, while CBD displays low affinity for cannabinoid
CB1 and CB2 receptors [6], it can act as a negative allosteric modulator at these recep-
tors [7,8]. In addition, its mechanism of action involves, at least, inhibition of anandamide
hydrolysis [9], as well as action at the vanilloid receptor 1 (TRPV1) [9], the serotoninergic
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5-HT1A receptor [10], and PPARγ receptors [11]. Friedman et al., reviewed the pharma-
cology of cannabinoids in neurological disorders, underlining the criticisms related to the
bioavailability of these highly lipophilic molecules, such as the way of administration. With
regards to CBD, the authors concluded that the bioavailability of oral administration in
humans is poor (6–19%) and variable, according to several clinical studies [12,13]. For this
reason, many in vivo studies concerning the effects of CBD in the central nervous system
(CNS), including ours, considered other ways of administration, such as intraperitoneal
(i.p.) injection. Regardless of the mode of administration, a clear characterization of the
brain distribution of CBD and of its neuroplastic effects is still lacking.

Brain-derived neurotrophic factor (BDNF) belongs to a group of proteins termed
neurotrophins, which play a pleiotropic role in the CNS. Besides its role during neurode-
velopment and its neuroprotective properties, BDNF and its high affinity receptor TrkB
are crucial regulators of neuroplasticity [14]. BDNF-induced activation of downstream
signaling cascades regulates different cellular processes including neuroprotection, cogni-
tion, and stress coping [15]. Furthermore, modulation of BDNF levels may be critical for
treatment of both psychiatric [16] and neurodegenerative disorders [17].

The organization of the BDNF gene is complex, exhibiting several 5′ non-coding ex-
ons, each with a separate promoter region that triggers the transcription of a common
3′ exon and encoding for the same protein [18]. The functions of these multiple variants
have not yet been fully clarified but, indeed, specific transcripts may undergo different
intracellular targeting. Thus, it appears that BDNF function is controlled in a dynamic
manner not only at the transcriptional and translational level, but also via specific mRNA
targeting as well as processing and secretion of its protein [19,20]. In fact, the cleavage of
the BDNF precursor gives rise to the mature form of the neurotrophin (mBDNF, 14 kDa),
which is anterogradely transported to its target neurons [21,22]. This is an important point
in the overall regulation of the BDNF system as, for instance, BDNF is not synthesized
in the striatum. After its release, BDNF binds to its high-affinity receptor TrkB that, af-
ter autophosphorylation, stimulates downstream pathways, primarily phosphoinositide
3-kinase (PI3-K) and mitogen-activated protein kinase (MAPK) pathways. Several botani-
cals and natural compounds, including CBD, have been shown to modulate neuroplasticity
acting on BDNF levels [23] in animal models of several disorders such as depression [24],
schizophrenia [25], addiction [26], ischemia [27], and Alzheimer’s disease [28]. However,
information on the fine-tuned regulation of BDNF in the action of CBD is still fragmentary.

Accordingly, we performed a dose−response study in rats to evaluate the rapid
modulation (1 h) of the neurotrophin as well as its downstream signaling following a single
injection of CBD. In addition, we exposed rats to repeated CBD treatment (five consecutive
injections, once a day) with sacrifice 24 h after the last injection, to investigate a potential
drug-free time point, focusing our attention on CBD-induced modulation of BDNF in the
cortico-striatal pathway.

2. Materials and Methods

2.1. Animals

Adult male Sprague Dawley rats (Charles River, Calco, Italy) weighing 280 to 300 g
on arrival were housed in groups of 2 in standard polycarbonate cages under standard
laboratory conditions of temperature (21 ± 1 ◦C), humidity (50–60%), and artificial light
(from 07:00 to 19:00 h). [29]. All animal procedures were conducted at the Department of
Pharmacological and Biomolecular Sciences at the University of Milan, and carried out
in accordance with the principles set out in the following laws, regulations, and policies
governing the care and use of laboratory animals: Italian Governing Law (D.lgs 26/2014;
Authorization n.19/2008-A issued 6 March 2008, by Ministry of Health); the NIH Guide
for the Care and Use of Laboratory Animals (2011 edition) [30]; and EU directives and
guidelines (EEC Council Directive 2010/63/UE). All efforts were made to minimize animal
suffering and to keep the lowest number of animals used. The experiments have been
reported in compliance with the ARRIVE guidelines.
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2.2. Drug Preparation

CBD extracted from Cannabis plants was provided by Curaleaf International, UK,
as a purified powder. Purity for CBD was above 95%; HPLC traces are provided as CBD
powder was dissolved in a vehicle of Tween-80 (2%) and saline (NaCl 0.9%), protected from
light, in agitation at 60 ◦C (avoiding boiling) until the complete mixing. The dissolved CBD
was freshly prepared immediately prior to injection, and it was administered at different
concentrations: 5 mg/kg, 15 mg/kg, and 30 mg/kg.

2.3. Experiments

Upon arrival, all the animals were habituated in the facility before starting any proce-
dure for one week. Rats were left undisturbed for two days and then they were handled
for 5 days before the injections; such manipulation was performed to avoid any potential
bias due to stress-related effects. After this period of acclimation to the facility and the
procedures, a total of 48 animals were divided into two separate sets of rats for acute (Ex-
periment 1) and repeated (Experiment 2) treatments with CBD. In Experiment 1, a subset
of 32 male Sprague Dawley rats was exposed to acute treatment of different CBD doses
and was further subdivided into four experimental groups: (1) control group receiving
a single i.p. injection of saline (n = 8), (2) single i.p. injection of CBD 5 mg/kg (n = 8),
(3) single i.p. injection of CBD 15 mg/kg (n = 8), and (4) single i.p. injection of CBD
30 mg/kg (n = 8). The animals were sacrificed one hour after the acute treatment with
saline or CBD. In Experiment 2, a subset of 32 male Sprague Dawley rats was subdivided
into four experimental groups: rats exposed to (1) repeated saline (n = 8), or CBD treatments
at the dose of (2) 5 mg/kg (n = 8), (3) 15 mg/kg (n = 8), or (4) 30 mg/kg (n = 8) for seven
consecutive days. Animals were sacrificed twenty-four hours after the last treatment with
saline or CBD. After decapitation, brains from Experiment 1 and 2 were rapidly removed,
and the medial prefrontal cortices (mPFC, defined as Cg1, PL, and IL subregions, corre-
sponding to plates 5–9) and striatum tissues (caudate putamen, corresponding to plates
10–25) were immediately dissected from 2 mm thick slices following the coordinates of the
Rat Brain Atlas of Paxinos and Watson [31], then frozen on dry ice and stored at −80 ◦C for
subsequent molecular analysis.

2.4. Plasma Preparation for CBD Measurements

Trunk blood from each rat was promptly collected after decapitation in tubes contain-
ing sodium citrate 3.8% (200 μL × 2 mL of blood collected) as anticoagulant agent. Plasma
was separated by centrifugation (6500× g for 20 min) and stored at −20 ◦C for future molec-
ular analysis. Plasma samples were prepared for CBD quantification as follows: 25 μL of
the internal standard [cannabigerol (CBG) 3 ng/μL] was added to 150 μL of each plasma
sample. Protein precipitation was performed by adding 100 μL of acetonitrile, while the
extraction of CBD was performed with 1 mL of hexane. The samples were mixed by vortex
and centrifuged at 10,000 rpm for 10 min, 900 μL of the supernatant was transferred into a
new 1.5 mL tube, and the solvent was removed under nitrogen gas flow. The residue was
reconstituted in 150 μL of methanol. Each sample was mixed and centrifuged at 10,000 rpm
for 5 min. The final supernatant was used for the LC–MS/MS analysis.

2.5. Brain Tissue Preparation for CBD Measurements

The extraction of CBD from the mPFC was performed by using the whole protein
homogenate extracted from each sample (see Protein Extracts preparation below). Ten μL
of the internal standard (CBG 3 ng/μL) was added to 250 μL of each protein homogenate.
The samples were mixed by vortex and centrifuged at 10,000 rpm for 10 min, 900 μL of the
supernatant was transferred into a new 1.5 mL tube, and the solvent was removed under
nitrogen gas flow. The residue was reconstituted in 150 μL of methanol. Each sample was
mixed and centrifuged at 10,000 rpm for 5 min. The final supernatant was used for the
LC–MS/MS analysis [32].
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2.6. LC–MS/MS Analysis

HPLC was performed through an Exion LCTM AC System (AB Sciex, Foster City, CA,
USA) composed of a vacuum degasser, a double plunger pump, a cooled autosampler, and
a temperature-controlled column oven. The MS/MS analysis was carried out with a Triple
QuadTM 3500 system (AB Sciex, Foster City, CA, USA). The analytes were separated on a
Synergi 4 μm Hydro-RP 80 A LC Colum 150 × 4.6 mm (Phenomenex, Torrance, CA, USA)
with a mobile phase composed of 0.1% formic acid in water (A) and methanol (B) at a rate
flow of 0.800 mL/min. The chromatographic gradient is described below in Table 1.

Table 1. Chromatographic gradient used for analysis by LC-MS/MS. Phase A: 0.1% formic acid in
water; phase B: methanol.

Time (min) Flow (mL/min) % A % B

0 0.8 40 60
1 0.8 40 60
10 0.8 0 100
12 0.8 0 100

12.10 0.8 40 60
17 0.8 40 60

The injection volume was 10 μL for each sample. Mass spectrometric detection was
done in negative ionization (ESI) mode, and the parameters were set as follows: curtain gas
at 30 psi, ionization voltage at −4500 V, source temperature at 500 ◦C, and nebulization gas
1 and nebulization gas 2 at 50 psi. The optimized compound-dependent MS/MS parameters
(declustering potential, entrance potential, collision energy, and collision cell exit potential)
were obtained, in multiple-reaction-monitoring (MRM) mode, by a separate infusion of
the analyte (CBD) and the internal standard (CBG). The analyte and the internal standard
were analyzed by using the following mass transitions: 313/245 (CBD), 315/136 (CBG).
The LC–MS/MS system was controlled by AB Sciex Analyst (version 1.7) software.

The Limit of Detection (LOD) of CBD was detected by multiple injections in LC-MS of
serial dilutions of the sample. LOD was found 1.2 pg. This can be considered the lowest
concentration of CBD that the instrument is able to detect.

2.7. RNA Preparation and Real-Time Polymerase Chain Reaction

Total RNA from mPFC was isolated by single-step guanidinium isothiocyanate/phenol
extraction using PureZol RNA isolation reagent (Bio-Rad Laboratories, Segrate, Milan,
Italy) according to the manufacturer’s instructions and quantified by spectrophotometric
analysis. Following total RNA extraction, the samples were processed for real-time reverse
transcription polymerase chain reaction (real time RT-PCR) to assess mRNA levels. Briefly,
an aliquot of each sample was treated with DNase to avoid DNA contamination. RNA was
analyzed by TaqMan qRT-PCR instrument (CFX384 real time system, Bio-Rad Laboratories)
using the iScriptTM one-step RT-PCR kit for probes (Bio-Rad Laboratories). Samples were
run in 384-well formats in triplicate as multiplexed reactions. Data were analyzed with the
comparative threshold cycle (ΔΔCt) method using 36B4 as reference gene [33]. Primers and
probe for Bdnf exon IV and VI were purchased from Applied Biosystems (Bdnf exon IV: ID
Rn01484927_m1 and Bdnf exon VI: ID Rn01484928_m1). Primers and probe for total Bdnf
and 36B4 were purchased from Eurofins MWG-Operon. Their sequences are shown below:

• total Bdnf : forward primer 5′-AAGTCTGCATTACATTCCTCGA-3′, reverse primer
5′-GTTTTCTGAAAGAGGGACAGTTTAT-3′, probe 5′- TGTGGTTTGTTGCCGTTGCCAAG-3′;

• 36B4: forward primer 5′-TTCCCACTGGCTGAAAAGGT-3′, reverse primer 5′-CGCAG
CCGCAAATGC-3′, probe 5′-AAGGCCTTCCTGGCC GATCCATC-3′.

2.8. Protein Extracts Preparation and Western Blot Analyses

Proteins from mPFC and striatum were homogenized in a glass−glass potter in cold
0.32 M sucrose buffer pH 7.4 containing 1 mM HEPES, 0.1 mM PMSF, in presence of com-

98



Biomedicines 2022, 10, 1853

mercial cocktails of protease and phosphatase (Sigma-Aldrich, Milan, Italy) inhibitors and
then sonicated. Total proteins were measured in the whole homogenate and quantified
according to the Bradford Protein Assay procedure (Bio-Rad, Milan, Italy), using bovine
serum albumin as calibration standard, and stored at −20 ◦C for subsequent molecular
analysis. Western blots (WB) were run using sodium dodecyl sulfate −8% polyacrylamide
gel under reducing conditions as previously described [34] on the whole homogenate
lysate (10 μg) of mPFC and striatum and then electrophoretically transferred (dry transfer)
onto nitrocellulose membranes (GE Healthcare). The strips of nitrocellulose membrane
close to the molecular weights at which the bands of the protein of interest were expected
were cut from the entire squared blot (full areas) as suggested by their specific molecular
weight and the information present in the datasheet of the antibody. Blots were blocked
for 1 h at room temperature (25 ± 2 ◦C) with I-Block solution (Life Technologies, Monza,
Italy) in TBS + 0.1% Tween-20 buffer and washed with TBS + 0.1% Tween-20 buffer. The
conditions of the primary antibodies were the following: anti mBDNF (1:1000, Icosagen,
Tartu, Estonia, cod: 327-100), anti phospho-TrkB Tyr706 (1:500, Novus Biologicals, Littleton,
CO, USA, cod: NBP2-54764), anti phospho-Akt Ser473 (1:1000, Cell Signaling Technology,
Danvers, MA, USA, cod: 9271), anti phospho-ERK2 Thr185/Tyr187 (1:1000, Cell Signaling
Technology, cod: 4370), anti-total TrkB (1:500, Cell Signaling Technology, cod: 4603), Akt
(1:1000, Cell Signaling Technology, cod: 9272), ERK2 (1:5000, Cell Signaling Technology, cod:
4695), and anti β-actin (1:10.000, Sigma-Aldrich, cod: A5441). Results were standardized
to β-actin control protein, which was detected by evaluating the band density at 43 kDa.
Immunocomplexes were visualized by chemiluminescence using the Chemidoc MP Imag-
ing System (Bio-Rad Laboratories) after 2–3 min of enhanced chemiluminescence substrate
(ECL) exposure (Cyanagen Srl, Bologna, Italy). Activation of the proteins investigated
were expressed as a ratio between the phosphorylated and the respective total forms and
analyzed. Gels were run two times each, and the results represent the average from two
different runs. We used a correction factor to average the different gels: correction factor gel
B = average of (OD protein of interest/OD β-actin for each sample loaded in gel A)/(OD
protein of interest/OD β-actin for the same sample loaded in gel B) [35].

2.9. Statistical Analysis

Data were collected in individual animals and are presented in bar graphs as
means of 8 independent determinations ± standard errors (SEM). Shapiro−Wilk and
the Kolmogorov-Smirnov tests were employed to determine normality of residuals (see
Supplementary Tables S1–S4). Molecular results from the single CBD treatment as well as
CBD content measurements in plasma and mPFC and mRNA and protein level determi-
nations, normally distributed, were analyzed by ordinary one-way ANOVA followed by
Tukey’s post-hoc test, or for repeated CBD treatments by unpaired Student’s t-test. Data
with a non-normal distribution were analyzed by the Kruskal−Wallis one-way ANOVA for
ranks followed by Dunn’s multiple comparisons test, or by the Wilcoxon−Mann−Whitney
test. Outlier calculation was performed with Grubb’s test on the free platform GraphPad
by Dotmatics. Statistical significance was assumed at p < 0.05.

3. Results

Figure 1 shows CBD plasma levels following single (Figure 1a) or repeated injections
(Figure 1b) with 5, 15 or 30 mg/kg of CBD. The concentration of CBD in the plasma in-
creased dose-dependently under both experimental conditions (Figure 1a: KW = 18.24,
p = 0.0001; CBD 5 mg/kg = +32.53 ng/mL; CBD 15 mg/kg = +79.78 ng/mL vs. 5 mg/kg,
p = 0.0327; CBD 30 mg/kg = +181.998 ng/mL vs. 5 mg/kg, p < 0.0001; Figure 1b:
F(2,21) = 102.4, p < 0.0001; CBD 5 mg/kg = +2.04 ng/mL; CBD 15 mg/kg = +10.51 ng/mL
vs. 5 mg/kg p = 0.0010, CBD 30 mg/kg + 23,96 ng/mL vs. 15 mg/kg, p < 0.0001).
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Figure 1. Concentration of CBD in the plasma of rats treated with a single (a) or repeated (b) CBD
administration at the dose of 5 mg/kg, 15 mg/kg, or 30 mg/kg and killed respectively one (a) and
twenty-four hours (b) after the last treatment. Bar graphs represent the mean ± SEM from eight
independent determinations for each experimental group. Red dashed line in panel a indicates the
y axis limit (100) of the bar chart represented in panel b. Ordinary one-way ANOVA followed by
Tukey’s multiple comparisons test, or Kruskal−Wallis one-way ANOVA for ranks followed by Dunn’s
multiple comparisons test for non-normally distributed data. * p < 0.05, *** p < 0.001 vs. 5 mg/kg,
### p < 0.001 vs. 15 mg/kg. CBD 5 mg/kg n = 8 CBD 15 mg/kg n = 8, CBD 30 mg/kg n = 8.

Figure 2 shows CBD cortical levels following single (Figure 2a) or repeated injections
(Figure 2b) with 5, 15, or 30 mg/kg of CBD. At variance from plasma CBD levels, it appears
that cortical CBD concentration rises significantly over untreated rats only at the highest
dose employed (i.e., 30 mg/kg) under both experimental conditions (Figure 2a: KW = 12.89,
p = 0.0016; CBD 30 mg/kg = +0.31 ng CBD/ng protein vs. 5 mg/kg, p = 0.0010; Figure 2b:
KW = 17.90, p = 0.0001; CBD 30 mg/kg + 0.10 ng CBD/ng protein vs. 5 mg/kg, p = 0.0001;
CBD 30 mg/kg + 0.09 ng CBD/ng protein vs. 15 mg/kg, p = 0.0070). Of note, CBD was
undetectable at the 5 mg/kg dose following both single and repeated administrations.

Figure 2. Concentration of CBD in the medial prefrontal cortex (mPFC) of rats treated with a single
(a) or repeated (b) CBD administration at the dose of 5 mg/kg, 15 mg/kg, or 30 mg/kg and killed
respectively one (a) and twenty-four hours (b) after the last treatment. Bar graphs represent the
mean ± SEM from eight independent determinations for each experimental group. Red dashed line
in panel a indicates the y axis limit (0.35) of the bar chart represented in panel b. Ordinary one-way
ANOVA followed by Tukey’s multiple comparisons test, or Kruskal−Wallis one-way ANOVA for
ranks followed by Dunn’s multiple comparisons test for non-normally distributed data. * p < 0.05,
*** p < 0.001 vs. 5 mg/kg, ### p < 0.001 vs. 15 mg/kg. CBD 5 mg/kg n = 8 CBD 15 mg/kg n = 8, CBD
30 mg/kg n = 8.

We next evaluated the dose-dependent effects of acute CBD exposure on the gene
expression levels of total Bdnf and related exons in the mPFC. In particular, we analyzed
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the main Bdnf exons, i.e., exon IV, the most abundant exon of somatic origin, and exon VI,
which is expressed at dendrite level. Figure 3 illustrates the effects of a single injection of
5, 15, and 30 mg/kg of CBD on the gene expression levels of total Bdnf and its exons.
While total Bdnf as well as exon VI gene expression levels are unchanged (Figure 3a:
F(3,27) = 1.553, p = 0.224; Figure 3c: F(3,27) = 1.980, p = 0.1407), the transcription of
exon IV is significantly upregulated in the mPFC, but only at the highest dose employed
(Figure 3b: KW= 10.24, p = 0.0166, + 21.14% vs. saline p = 0.0173).

Figure 3. Effects of acute CBD exposure on Bdnf gene expression levels in the mPFC. Rats were
treated with a single injection of CBD 5 mg/kg, 15 mg/kg, or 30 mg/kg, and killed one hour after
the treatment. Total Bdnf (a), Bdnf exon IV (b), and Bdnf exon VI (c) mRNA levels in mPFC are
expressed as percentages of saline-treated rats. Bar graphs represent the mean ± SEM from eight
independent determinations for each experimental group. Ordinary one-way ANOVA followed
by Tukey’s multiple comparisons test, or Kruskal−Wallis one-way ANOVA for ranks followed by
Dunn’s multiple comparisons test for non-normally distributed data. * p < 0.01 vs. saline-treated rats.
Saline n = 8 CBD 5 mg/kg n = 8 CBD 15 mg/kg n = 8, CBD 30 mg/kg n = 7.

We then analyzed protein levels of the mature form of the neurotrophin BDNF (mBDNF).
As shown in Figure 4, acute CBD treatment up-regulates mBDNF levels in the whole ho-
mogenate of the mPFC at 30 mg/kg (Figure 4a: F(3,27) = 3.361, p = 0.0333, + 30.00% vs.
saline p = 0.0230), but not at the lower doses used. Similarly, we found increased phospho-
rylation of the BDNF high-affinity receptor TrkB in Tyr(Y)706 (Figure 4b: F(3,28) = 7.893,
p = 0.0006, + 43.63% vs. saline p = 0.0035), with no changes in its total expression (Figure 4c:
KW 4.440, p = 0.2177). Of note, the levels of TrkB receptor activation, expressed as the ratio
between the phosphorylated and non-phosphorylated (pTrkB/TrkB), are increased only fol-
lowing the single injection of CBD 30 mg/kg (Figure 4d: KW= 17.82, p = 0.0005, + 15.25% vs.
saline p = 0.0220), with no effect at the lower doses.

Figure 4. Effects of acute CBD exposure on mBDNF and TrkB receptor protein levels in the mPFC.
Rats were treated with a single injection of CBD 5 mg/kg, 15 mg/kg, or 30 mg/kg and killed one
hour after treatment. Protein levels of BDNF (a), phospho(p)-TrkBY706 (b), TrkB (c), and of the ratio
pTrkB/TrkB (d) measured in the homogenate of mPFC are expressed as percentages of saline-treated
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rats. Below the graphs representative immunoblots are shown for mBDNF (14 kDa), pTrkB Y706
(145 kDa), TrkB (145 kDa), and β-Actin (43 kDa) proteins. Bar graphs represent the mean ± SEM from
eight independent determinations for each experimental group. Ordinary one-way ANOVA followed
by Tukey’s multiple comparisons test, or Kruskal-Wallis one-way ANOVA for ranks followed by
Dunn’s multiple comparisons test for non-normally distributed data. * p < 0.05 vs. saline-treated rats.
Saline n = 8, CBD 5 mg/kg n = 8 CBD 15 mg/kg n = 8, CBD 30 mg/kg n = 8 (mBDNF n = 7).

Then, to investigate whether alterations in the BDNF-TrkB system induced by a single
CBD exposure would engage the recruitment of BDNF downstream pathways, we analyzed
the expression and phosphorylation of Akt and ERK2 effectors (Figure 5). As shown in
Figure 5, while no significant changes are observed either in the phosphorylated (Ser473)
(Figure 5a: F(3.28) = 2.907, p = 0.0521) or in the total form of Akt (Figure 5b: KW = 6.804,
p = 0.0784), their ratio expressed as pAkt/Akt is significantly increased following the acute
CBD treatment at 30 mg/kg (Figure 5c: F(3.28) = 2.959, p = 0.0494, + 33.38% vs. saline
p = 0.0328). Conversely, the analysis of ERK2 phosphorylation (Thr185/Tyr187) does not
show any relevant changes (Figure 5d: KW= 8.619, p = 0.0348; Figure 5f: KW= 1.054,
p = 0.7882), whereas, despite that the ANOVA analysis of ERK2 expression is statistically
significant, the multiple comparisons test does not show any relevant change (Figure 5e:
KW = 4.662, p = 0.1983).

Figure 5. Effects of acute CBD exposure on BDNF-downstream signaling in the mPFC. Rats were
treated with a single injection of CBD 5 mg/kg, 15 mg/kg, or 30 mg/kg and killed one hour after
treatment. Protein levels of phospho(p)-AktS473 (a), Akt (b), pAkt/Akt (c), pERK2T185-Y187 (d),
ERK2 (e), and pERK2/ERK2 (f) measured in the homogenate of mPFC are expressed as percentages of
saline-treated rats. Below the graphs, representative immunoblots are shown for pAktS473 (60 kDa),
Akt (60 kDa), pERK2T185-Y187 (42 kDa), ERK2 (42 kDa), and β-Actin (43 kDa) proteins. Bar graphs
represent the mean ± SEM from eight independent determinations for each experimental group.
Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test, or Kruskal-Wallis one-
way ANOVA for ranks followed by Dunn’s multiple comparisons test for non-normally distributed
data. * p < 0.05 vs. saline-treated rats. Saline n = 8, CBD 5 mg/kg n = 8 CBD 15 mg/kg n = 8, CBD
30 mg/kg n = 8.
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Based on the results observed following the single exposure of CBD, showing a
significant effect on BDNF and its downstream signaling only at the highest dose em-
ployed, we decided to further analyze the neuroplastic effect of a repeated treatment
with the phytocannabinoid employing only the highest dose. We found that repeated
exposure to CBD (30 mg/kg) did not cause any change in the gene expression levels of
total Bdnf, and exon IV and VI in the mPFC (Figure 6a: −10.75% vs. saline, t(14) = 1.224,
p = 0.2410; Figure 6b: −9% vs. saline, t(14) = 0.8836, p = 0.3918; Figure 6c: −9.75% vs. saline,
t(14) = 1.027, p = 0.3219). Of note, despite that no alterations are present in the mRNA
levels of Bdnf and related exons, repeated CBD exposure reduces slightly, but signifi-
cantly, mBDNF protein levels (Figure 7a: −11.75% vs. saline, t(14) = 2.443, p = 0.0284) and
pTrkB/TrkB ratio (Figure 7d: −14.25% vs. saline, t(14) = 2.708, p = 0.0170).

Figure 6. Effects of repeated CBD exposure on Bdnf gene expression levels in the mPFC. Rats were
treated with repeated injections of CBD 30 mg/kg for seven days and killed twenty-four hours after
the last treatment. Total Bdnf (a), exon IV (b), and exon VI (c) mRNA levels in mPFC are expressed as
percentages of saline-treated rats. Bar graphs represent the mean ± SEM from eight independent
determinations for each experimental group. Unpaired Student’s t-test. Saline n = 8, CBD 30 mg/kg
n = 8.

Figure 7. Effects of repeated CBD exposure on mBDNF and TrkB receptor protein levels in the mPFC.
Rats were treated with repeated injections of 30 mg/kg for seven days and killed twenty-four hours
after the last treatment. Protein levels of BDNF (a), phospho(p)-TrkBY706 (b), TrkB (c), and of the ratio
pTrkB/TrkB (d) measured in the homogenate of mPFC are expressed as percentages of saline-treated
rats. Below the graphs, representative immunoblots are shown for mBDNF (14 kDa), pTrkBY706
(145 kDa), TrkB (145 kDa), and β-Actin (43 kDa) proteins. Bar graphs represent the mean ± SEM
from eight independent determinations for each experimental group. Unpaired Student’s t-test or
Wilcoxon−Mann−Whitney test. * p < 0.05 vs. saline-treated rats. Saline n = 8, CBD 30 mg/kg n = 8.

Interestingly, we found that the pAkt/Akt ratio is reduced (Figure 8c: −33.13% vs.
saline, t(14) = 2.959, p = 0.0104), in line with reduced levels of Akt phosphorylation in
Ser473 (Figure 8a), whereas no changes are observed in total Akt levels (Figure 8b: +9% vs.
saline, t(14) = 0.6370, p = 0.5344). As previously shown after a single injection, the analysis
of ERK2 does not show any alteration following repeated CBD exposure when compared
to saline-treated animals (Figure 8d: −0.88% vs. saline, t(14) = 0.0594, p = 0.9535; Figure 8e:
−7% vs. saline, U = 17, p = 0.1304; Figure 8f: +7% vs. saline, t(14) = 0.5305, p = 0.6041).
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Figure 8. Effects of repeated CBD exposure on BDNF-downstream signaling in the mPFC. Rats were
treated with repeated injections of 30 mg/kg for seven days and killed twenty-four hours after the
last treatment. Protein levels of phospho(p)-AktS473 (a), Akt (b), pAkt/Akt (c), pERK2T185-Y187 (d),
ERK2 (e), and pERK2/ERK2 (f) measured in the homogenate of mPFC are expressed as percentages of
saline-treated rats. Below the graphs, representative immunoblots are shown for pAktS473 (60 kDa),
Akt (60 kDa), pERK2T185-Y187 (42 kDa), ERK2 (42 kDa), and β-Actin (43 kDa) proteins. Bar graphs
represent the mean ± SEM from eight independent determinations for each experimental group.
Unpaired Student’s t-test or Wilcoxon−Mann−Whitney test. * p < 0.05, ** p < 0.01 vs. saline-treated
rats. Saline n = 8, CBD 30 mg/kg n = 8.

BDNF protein is known to undergo anterograde transport from the mPFC toward
striatum [21]. In line with the reduction observed in the mPFC, we analyzed the BDNF-TrkB
system in the striatum. Of note, accordingly, mBDNF protein levels are increased following
repeated exposure to 30 mg/kg of CBD (Figure 9a: +36.5% vs. saline, U= 0, p = 0.0002). No
changes are observed in the TrkB receptor levels (Figure 9b–d), either in the phosphorylated
(Figure 9b: −12.75% vs. saline, U= 20, p = 0.3969) or in the total form of TrkB receptor
(Figure 9c: −8.37% vs. saline, t(14) = 1.454, p = 0.1680) as well as in the pTrkB/TrkB ratio
(Figure 9d: −7.5% vs. saline, U = 19, p = 0.3357). The evaluation of BDNF downstream
effectors Akt and ERK2 revealed a significant increase in pAkt (Ser473) (+29.13% vs. saline,
t(14) = 4.599, p = 0.0004) and total Akt (+24.88% vs. saline, t(14) = 5.550, p < 0.0001) as
shown in Figure 10a,b, respectively, with no changes in the pAkt/Akt ratio (Figure 10c:
(+3.75% vs. saline, t(14) = 0.7222, p = 0.4821). In line with our previous observations, no
changes are detected for ERK2 (Figure 10d: −12.38% vs. saline, t(14) = 1.579, p = 0.1366;
Figure 10e: +1.38% vs. saline, t(14) = 0.1393, p = 0.8912; Figure 10f: −8.13% vs. saline,
U= 20, p = 0.2345).
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Figure 9. Effects of repeated CBD exposure on mBDNF and TrkB receptor protein levels in the
striatum. Rats were treated with repeated injections of 30 mg/kg for seven days and killed twenty-
four hours after the last treatment. Protein levels of mBDNF (a), phospho(p)-TrkBY706 (b), TrkB
(c), and of the ratio pTrkB/TrkB (d) measured in the homogenate of the striatum are expressed as
percentages of saline-treated rats. Below the graphs, representative immunoblots are shown for
mBDNF (14 kDa), pTrkBY706 (145 kDa), TrkB (145 kDa), and β-Actin (43 kDa) proteins. Bar graphs
represent the mean ± SEM from eight independent determinations for each experimental group.
Unpaired Student’s t-test. *** p < 0.001 vs. saline-treated rats. Saline n = 8 (pTrkB n = 7), CBD
30 mg/kg n = 8.

Figure 10. Effects of repeated CBD exposure on BDNF-downstream signaling in the striatum. Rats
were treated with repeated injections of 30 mg/kg for seven days and killed twenty-four hours after
the last treatment. Protein levels of phospho(p)-AktS473 (a), Akt (b), pAkt/Akt (c), pERK2T185-Y187
(d), ERK2 (e), and pERK2/ERK2 (f) measured in the homogenate of the striatum are expressed as
percentages of saline-treated rats. Below the graphs, representative immunoblots are shown for
pAktS473 (60 kDa), Akt (60 kDa), pERK2T185-Y187 (42 kDa), ERK2 (42 kDa), and β-Actin (43 kDa)
proteins. Bar graphs represent the mean ± SEM from eight independent determinations for each
experimental group. Unpaired Student’s t-test. *** p < 0.001 vs. saline-treated rats. Saline n = 8, CBD
30 mg/kg n = 8.
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4. Discussion

We show here, for the first time, that following single or repeated exposure, CBD can
be found in the rat brain and, specifically, in the medial prefrontal cortex (mPFC). In fact,
we found that CBD is present in the mPFC of rats treated either acutely or repeatedly with
the phytocannabinoid, with a clear dose−response profile. In fact, whereas CBD cannot be
detected at the lowest dose of CBD, i.e., 5 mg/kg, it is measurable at the dose of 15 mg/kg,
reaching its peak at the maximal dose tested (30 mg/kg). Similarly, with the brain, a clear
dose−response effect of CBD exposure was observed when measuring its levels in the
rat plasma. In fact, it is barely detectable at 5 mg/kg of CBD, whereas its concentration
increases dose-dependently at the other doses employed, reaching concentrations that
are indeed much higher when compared with the brain levels. Again, we observed
a significant reduction in CBD following repeated exposure when comparing plasma
concentrations with those of single exposure. Taken together, these results indicate that
CBD is already bioavailable within 1 h following the single injection and it is still detectable
24 h after the repeated administration, albeit at much lower concentration. Other authors
investigated the impact of different methods (pulmonary, oral, and subcutaneous) and
dosage of acute administration, on brain and serum level of CBD in rats. For this reason, the
comparison among previous works and ours with respect to brain uptake is hard to perform.
Independently of the route of administration, doses comparable to those used in our study
(10 mg/kg) led to relevant brain uptake. Hlozek et al., showed a peak of concentration
of 200 ng/g at 2 h after oral administration that was enhanced by the feeding state of
the animals [36]. Another study observed a high brain uptake after acute subcutaneous
injection of 10 mg/kg of CBD in mice with a peak reached after 1 h [37]. Again, Deiana
et al., evaluated the pharmacokinetics of a high acute dose of CBD (120 mg/Kg) in rats
(i. p.), thus measuring a Tmax of 60–120 min and relevant amount of CBD still after 24 h
at brain level [38]. To the best of our knowledge, no previous studies regarding repeated
exposure to CBD were conducted.

In line with the presence of the phytocannabinoid in the mPFC following a single
exposure, we found that a single dose (30 mg/kg) of CBD is sufficient to upregulate Bdnf
exon IV, the most abundant variant of the BDNF gene, which is paralleled by a similar
increase in cortical mBDNF and TrkB. Such up-regulation drives the selective activation of
the PI3K pathway (i.e., Akt). These effects might be beneficial for the overall regulation
of cell homeostasis, potentially fostering the ability to promote synaptic transmission and
plasticity, neuroprotection, and activity-dependent structural remodeling [14].

Conversely, a slight decrease was observed in the levels of mBDNF paralleled by
reduction in TrkB and Akt activation following repeated exposure to CBD in the mPFC. Such
a variable profile is not surprising when examining the neurotrophin expression [39,40]. To
further strengthen this concept, we have also shown that an opposite modulation of BDNF
can dissect the antidepressant from the reinforcing properties of ketamine [41]. These lines
of evidence suggest that a more prolonged treatment with CBD should be performed to
cause BDNF up-regulation.

As already revised by Lucas et al. [42] and Ujvàry et al. [43], CBD is mainly metabolized
by iso-enzymes CYP2C19 and CYP3A4 at hepatic level. Several studies involving rodent
models showed that CBD is mainly excreted in the intact or glucuronide form, while the
major metabolites are hydroxylated derivatives and their glucuronide conjugates. For this
reason, hepatic passage could be involved in the reduction in CBD plasmatic concentration
during repeated exposure. However, the pharmacology of hydroxylated metabolites is still
poorly investigated.

Overall, these data indicate that a single dose of 30 mg/kg is sufficient to trigger the
activation of BDNF and its downstream signaling in the mPFC, whereas repeated exposure
to the same dosing regimen downregulates the neurotrophin system. These data highlight
the tight dependence of BDNF modulation upon CBD levels in the mPFC. In fact, it appears
that when CBD is available in the mPFC in appreciable concentrations, the BDNF system is
activated, such as after the single treatment. This finding may also suggest that, at least at
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the 30 mg/kg dose, which is indeed not the highest used in the literature, CBD may mediate,
through BDNF, some short-term benefits for the brain by facilitating synaptic transmission,
rather than long-term benefits. One potential outcome of the increase observed following a
single exposure to BDNF relies on the possibility that it may contribute toward setting up a
proper adaptive response of neural cells in response to environmental challenges, be they
positive or adverse. For instance, we have demonstrated that exposure to stress prevents
the ability to mount a neuroadaptive response to adverse external stimuli via up-regulation
of cortical BDNF expression [44]. However, it is interesting to note that a single stress
also favored the performance in a single cognitive test through transient up-regulation of
cortical Bdnf mRNA levels [45]. Based on these lines of evidence, there is the possibility
that CBD-induced up-regulation of cortical BDNF expression may favor cell coping under
similar situations.

Another interesting finding of our experiments derives from the evidence that BDNF
expression is elevated in the rat striatum following repeated exposure. It is well established
that the striatum lacks Bdnf messenger RNA and that the neurotrophin is supplied to
the striatum through anterograde transport from the mPFC [21]. Notably, we found a
reduction in mBDNF in the mPFC and a significant increase in the striatum, potentially
supporting an increased anterograde trafficking of BDNF, mediated by CBD. Interestingly,
it appears that CBD has also activated the downstream BDNF pathway mediated by
Akt, thus mediating the intracellular signaling cascade promoted by the neurotrophin.
Notably, it has been previously shown that CBD leads to stronger connectivity between
prefrontal cortex and striatum in humans, an effect that may perhaps be due to BDNF
trafficking [46]. Evidence also exists that BDNF is critical for the survival of striatal neurons
in animal models of Huntington’s disease [47]; therefore, repeated treatment with CBD,
through BDNF up-regulation, may represent a potential strategy to rescue, at least partially,
striatal neurons from degeneration. BDNF is also important for the survival of striatal
GABA neurons [48]. This is crucial in view of the notion that dysfunction in cortical
and subcortical GABAergic pathways characterize, among others, the pathophysiology of
schizophrenia [49]. It is in fact established that, in the striatum, GABA is pivotal for the
regulation of overactivity of excitatory neurotransmissions as well as memory functions,
which are perturbed in schizophrenic patients [50,51]. Taken together, these data suggest
that CBD-induced increase in striatal BDNF may be functionally relevant and may represent
an added value for CBD as supplement.

5. Conclusions

In conclusion, we have demonstrated that CBD can be detected in the plasma and
mPFC, following single or repeated injections. In both districts, CBD is detected following
a specific dose−response profile. Further, we showed that CBD can modulate BDNF
expression in a manner that depends upon the length of the treatment and following a
specific anatomical pattern. Accordingly, our data are likely to reflect the targeting of
specific neuroplastic processes in the cortico-striatal pathway rather than an interference
with specific neurotrophic responses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines10081853/s1, Figures S1–S4: Western blot uncropped immunoblot
representative images of the data shown in Figures 4, 5 and 7–10. Supplementary Tables S1–S4 show the
normality of residuals calculation of data shown in Figures 1–10.

Author Contributions: Conceptualization, M.D., F.F. and L.C.; methodology, F.M., M.F., F.C.-D.,
S.P., G.T., E.S. and B.P.; software, F.M. and E.S.; investigation, F.M., M.F., F.C.-D., S.P., G.T. and E.S.;
writing—original draft preparation, F.M. and M.F.; writing—review and editing, B.P., M.H.S. and
M.D., F.F. and L.C.; supervision, M.D., F.F. and L.C.; funding acquisition, F.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Curaleaf International, UK and by grants from MIUR Pro-
getto Eccellenza.

107



Biomedicines 2022, 10, 1853

Institutional Review Board Statement: All animal procedures were conducted in accordance with
the ethical standards and according to national and international guidelines and were revised and
approved by the authors’ institutional review board (Organism for Animal Wellbeing—OPBA) and
conducted at the Department of Pharmacological and Biomolecular Sciences at the University of
Milan. The animal study protocol was approved and carried out in accordance with the principles set
out in the following laws, regulations, and policies governing the care and use of laboratory animals:
Italian Governing Law (D.lgs 26/2014; Authorization n.19/2008-A issued March 6, 2008, by Ministry
of Health); the NIH Guide for the Care and Use of Laboratory Animals (2011 edition) [30]; and EU
directives and guidelines (EEC Council Directive 2010/63/UE).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Francesca Mottarlini is the recipient of a postdoc fellowship from Zardi Gori Foundation.

Conflicts of Interest: Mikael Sodergren is a Clinical Senior Lecturer at Imperial College and Chief
Medical Officer at Curaleaf International, from whom he receives payments as a consultant. The
other authors declare no conflict of interests.

References

1. Russo, E.B.; Marcu, J. Cannabis Pharmacology: The Usual Suspects and a Few Promising Leads. Adv. Pharmacol. 2017, 80, 67–134.
[CrossRef] [PubMed]

2. Zuardi, A.W.; Shirakawa, I.; Finkelfarb, E.; Karniol, I.G. Action of cannabidiol on the anxiety and other effects produced by delta
9-THC in normal subjects. Psychopharmacology 1982, 76, 245–250. [CrossRef] [PubMed]

3. Zuardi, A.W.; Morais, S.L.; Guimaraes, F.S.; Mechoulam, R. Antipsychotic effect of cannabidiol. J. Clin. Psychiatry 1995, 56,
485–486. [PubMed]

4. Izzo, A.A.; Borrelli, F.; Capasso, R.; Di Marzo, V.; Mechoulam, R. Non-psychotropic plant cannabinoids: New therapeutic
opportunities from an ancient herb. Trends Pharmacol. Sci. 2009, 30, 515–527. [CrossRef]

5. Campos, A.C.; Moreira, F.A.; Gomes, F.V.; Del Bel, E.A.; Guimaraes, F.S. Multiple mechanisms involved in the large-spectrum
therapeutic potential of cannabidiol in psychiatric disorders. Philos. Trans. R. Soc. B Biol. Sci. 2012, 367, 3364–3378. [CrossRef]

6. Thomas, B.F.; Gilliam, A.F.; Burch, D.F.; Roche, M.J.; Seltzman, H.H. Comparative receptor binding analyses of cannabinoid
agonists and antagonists. J. Pharmacol. Exp. Ther. 1998, 285, 285–292.

7. Laprairie, R.B.; Bagher, A.M.; Kelly, M.E.; Denovan-Wright, E.M. Cannabidiol is a negative allosteric modulator of the cannabinoid
CB1 receptor. Br. J. Pharmacol. 2015, 172, 4790–4805. [CrossRef]

8. Martinez-Pinilla, E.; Varani, K.; Reyes-Resina, I.; Angelats, E.; Vincenzi, F.; Ferreiro-Vera, C.; Oyarzabal, J.; Canela, E.I.; Lanciego, J.L.;
Nadal, X.; et al. Binding and Signaling Studies Disclose a Potential Allosteric Site for Cannabidiol in Cannabinoid CB2 Receptors.
Front. Pharmacol. 2017, 8, 744. [CrossRef]

9. Bisogno, T.; Hanus, L.; De Petrocellis, L.; Tchilibon, S.; Ponde, D.E.; Brandi, I.; Moriello, A.S.; Davis, J.B.; Mechoulam, R.; Di
Marzo, V. Molecular targets for cannabidiol and its synthetic analogues: Effect on vanilloid VR1 receptors and on the cellular
uptake and enzymatic hydrolysis of anandamide. Br. J. Pharmacol. 2001, 134, 845–852. [CrossRef]

10. Russo, E.B.; Burnett, A.; Hall, B.; Parker, K.K. Agonistic properties of cannabidiol at 5-HT1a receptors. Neurochem. Res. 2005, 30,
1037–1043. [CrossRef]

11. O’Sullivan, S.E. An update on PPAR activation by cannabinoids. Br. J. Pharmacol. 2016, 173, 1899–1910. [CrossRef]
12. Friedman, D.; French, J.A.; Maccarrone, M. Safety, efficacy, and mechanisms of action of cannabinoids in neurological disorders.

Lancet Neurol. 2019, 18, 504–512. [CrossRef]
13. Gaston, T.E.; Friedman, D. Pharmacology of cannabinoids in the treatment of epilepsy. Epilepsy Behav. 2017, 70, 313–318.

[CrossRef]
14. Bramham, C.R.; Messaoudi, E. BDNF function in adult synaptic plasticity: The synaptic consolidation hypothesis. Prog. Neurobiol.

2005, 76, 99–125. [CrossRef]
15. Nagappan, G.; Lu, B. Activity-dependent modulation of the BDNF receptor TrkB: Mechanisms and implications. Trends Neurosci.

2005, 28, 464–471. [CrossRef]
16. Wang, C.S.; Kavalali, E.T.; Monteggia, L.M. BDNF signaling in context: From synaptic regulation to psychiatric disorders. Cell

2022, 185, 62–76. [CrossRef]
17. Caffino, L.; Mottarlini, F.; Fumagalli, F. Born to Protect: Leveraging BDNF Against Cognitive Deficit in Alzheimer’s Disease. CNS

Drugs 2020, 34, 281–297. [CrossRef]
18. Aid, T.; Kazantseva, A.; Piirsoo, M.; Palm, K.; Timmusk, T. Mouse and rat BDNF gene structure and expression revisited.

J. Neurosci. Res. 2007, 85, 525–535. [CrossRef]
19. Santi, S.; Cappello, S.; Riccio, M.; Bergami, M.; Aicardi, G.; Schenk, U.; Matteoli, M.; Canossa, M. Hippocampal neurons recycle

BDNF for activity-dependent secretion and LTP maintenance. EMBO J. 2006, 25, 4372–4380. [CrossRef]

108



Biomedicines 2022, 10, 1853

20. Simonato, M.; Tongiorgi, E.; Kokaia, M. Angels and demons: Neurotrophic factors and epilepsy. Trends Pharmacol. Sci. 2006, 27,
631–638. [CrossRef]

21. Altar, C.A.; Cai, N.; Bliven, T.; Juhasz, M.; Conner, J.M.; Acheson, A.L.; Lindsay, R.M.; Wiegand, S.J. Anterograde transport of
brain-derived neurotrophic factor and its role in the brain. Nature 1997, 389, 856–860. [CrossRef]

22. Conner, J.M.; Lauterborn, J.C.; Yan, Q.; Gall, C.M.; Varon, S. Distribution of brain-derived neurotrophic factor (BDNF) protein and
mRNA in the normal adult rat CNS: Evidence for anterograde axonal transport. J. Neurosci. 1997, 17, 2295–2313. [CrossRef]

23. Sangiovanni, E.; Brivio, P.; Dell’Agli, M.; Calabrese, F. Botanicals as Modulators of Neuroplasticity: Focus on BDNF. Neural Plast.
2017, 2017, 5965371. [CrossRef]

24. Sales, A.J.; Fogaca, M.V.; Sartim, A.G.; Pereira, V.S.; Wegener, G.; Guimaraes, F.S.; Joca, S.R.L. Cannabidiol Induces Rapid and
Sustained Antidepressant-Like Effects Through Increased BDNF Signaling and Synaptogenesis in the Prefrontal Cortex. Mol.
Neurobiol. 2019, 56, 1070–1081. [CrossRef]

25. Peres, F.F.; Diana, M.C.; Levin, R.; Suiama, M.A.; Almeida, V.; Vendramini, A.M.; Santos, C.M.; Zuardi, A.W.; Hallak, J.E.C.;
Crippa, J.A.; et al. Cannabidiol Administered During Peri-Adolescence Prevents Behavioral Abnormalities in an Animal Model
of Schizophrenia. Front. Pharmacol. 2018, 9, 901. [CrossRef]

26. Galaj, E.; Xi, Z.X. Possible Receptor Mechanisms Underlying Cannabidiol Effects on Addictive-like Behaviors in Experimental
Animals. Int. J. Mol. Sci. 2020, 22, 134. [CrossRef]

27. Mori, M.A.; Meyer, E.; Soares, L.M.; Milani, H.; Guimaraes, F.S.; de Oliveira, R.M.W. Cannabidiol reduces neuroinflammation
and promotes neuroplasticity and functional recovery after brain ischemia. Prog. Neuropsychopharmacol. Biol. Psychiatry 2017,
75, 94–105. [CrossRef] [PubMed]

28. Watt, G.; Shang, K.; Zieba, J.; Olaya, J.; Li, H.; Garner, B.; Karl, T. Chronic Treatment with 50 mg/kg Cannabidiol Improves
Cognition and Moderately Reduces Abeta40 Levels in 12-Month-Old Male AbetaPPswe/PS1DeltaE9 Transgenic Mice. J. Alzheimers
Dis. 2020, 74, 937–950. [CrossRef] [PubMed]

29. Chapman, R.H.; Stern, J.M. Maternal stress and pituitary-adrenal manipulations during pregnancy in rats: Effects on morphology
and sexual behavior of male offspring. J. Comp. Physiol. Psychol. 1978, 92, 1074–1083. [CrossRef] [PubMed]

30. National Research Council (US) Committee for the Update of the Guide for the Care and Use of Laboratory Animals. Guide for the
Care and Use of Laboratory Animals, 8th ed.; National Academy of Sciences: Washington, DC, USA, 2011. [CrossRef]

31. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 7th ed.; Eselvier: Amsterdam, The Netherlands, 2013; p. 472.
32. Ravula, A.; Chandasana, H.; Setlow, B.; Febo, M.; Bruijnzeel, A.W.; Derendorf, H. Simultaneous quantification of cannabinoids

tetrahydrocannabinol, cannabidiol and CB1 receptor antagonist in rat plasma: An application to characterize pharmacokinetics
after passive cannabis smoke inhalation and co-administration of rimonabant. J. Pharm. Biomed. Anal. 2018, 160, 119–125.
[CrossRef]

33. Caffino, L.; Giannotti, G.; Malpighi, C.; Racagni, G.; Fumagalli, F. Short-term withdrawal from developmental exposure to cocaine
activates the glucocorticoid receptor and alters spine dynamics. Eur. Neuropsychopharmacol. 2015, 25, 1832–1841. [CrossRef]

34. Caffino, L.; Piva, A.; Giannotti, G.; Di Chio, M.; Mottarlini, F.; Venniro, M.; Yew, D.T.; Chiamulera, C.; Fumagalli, F. Ketamine
Self-Administration Reduces the Homeostasis of the Glutamate Synapse in the Rat Brain. Mol. Neurobiol. 2017, 54, 7186–7193.
[CrossRef]

35. Caffino, L.; Verheij, M.M.M.; Roversi, K.; Targa, G.; Mottarlini, F.; Popik, P.; Nikiforuk, A.; Golebiowska, J.; Fumagalli, F.;
Homberg, J.R. Hypersensitivity to amphetamine’s psychomotor and reinforcing effects in serotonin transporter knockout rats:
Glutamate in the nucleus accumbens. Br. J. Pharmacol. 2020, 177, 4532–4547. [CrossRef]

36. Hlozek, T.; Uttl, L.; Kaderabek, L.; Balikova, M.; Lhotkova, E.; Horsley, R.R.; Novakova, P.; Sichova, K.; Stefkova, K.; Tyls, F.; et al.
Pharmacokinetic and behavioural profile of THC, CBD, and THC+CBD combination after pulmonary, oral, and subcutaneous
administration in rats and confirmation of conversion in vivo of CBD to THC. Eur. Neuropsychopharmacol. 2017, 27, 1223–1237.
[CrossRef]

37. Brzozowska, N.; Li, K.M.; Wang, X.S.; Booth, J.; Stuart, J.; McGregor, I.S.; Arnold, J.C. ABC transporters P-gp and Bcrp do not
limit the brain uptake of the novel antipsychotic and anticonvulsant drug cannabidiol in mice. PeerJ 2016, 4, e2081. [CrossRef]

38. Deiana, S.; Watanabe, A.; Yamasaki, Y.; Amada, N.; Arthur, M.; Fleming, S.; Woodcock, H.; Dorward, P.; Pigliacampo, B.;
Close, S.; et al. Plasma and brain pharmacokinetic profile of cannabidiol (CBD), cannabidivarine (CBDV), Delta(9)-
tetrahydrocannabivarin (THCV) and cannabigerol (CBG) in rats and mice following oral and intraperitoneal administration and
CBD action on obsessive-compulsive behaviour. Psychopharmacology 2012, 219, 859–873. [CrossRef]

39. De Foubert, G.; Carney, S.L.; Robinson, C.S.; Destexhe, E.J.; Tomlinson, R.; Hicks, C.A.; Murray, T.K.; Gaillard, J.P.; Deville, C.;
Xhenseval, V.; et al. Fluoxetine-induced change in rat brain expression of brain-derived neurotrophic factor varies depending on
length of treatment. Neuroscience 2004, 128, 597–604. [CrossRef]

40. Coppell, A.L.; Pei, Q.; Zetterstrom, T.S. Bi-phasic change in BDNF gene expression following antidepressant drug treatment.
Neuropharmacology 2003, 44, 903–910. [CrossRef]

41. Caffino, L.; Di Chio, M.; Giannotti, G.; Venniro, M.; Mutti, A.; Padovani, L.; Cheung, D.; Fumagalli, G.F.; Yew, D.T.;
Fumagalli, F.; et al. The modulation of BDNF expression and signalling dissects the antidepressant from the reinforcing properties
of ketamine: Effects of single infusion vs. chronic self-administration in rats. Pharmacol. Res. 2016, 104, 22–30. [CrossRef]

42. Lucas, C.J.; Galettis, P.; Schneider, J. The pharmacokinetics and the pharmacodynamics of cannabinoids. Br. J. Clin. Pharmacol.
2018, 84, 2477–2482. [CrossRef]

109



Biomedicines 2022, 10, 1853

43. Ujvary, I.; Hanus, L. Human Metabolites of Cannabidiol: A Review on Their Formation, Biological Activity, and Relevance in
Therapy. Cannabis Cannabinoid. Res. 2016, 1, 90–101. [CrossRef]

44. Fumagalli, F.; Caffino, L.; Racagni, G.; Riva, M.A. Repeated stress prevents cocaine-induced activation of BDNF signaling in rat
prefrontal cortex. Eur. Neuropsychopharmacol. 2009, 19, 402–408. [CrossRef]

45. Brivio, P.; Sbrini, G.; Riva, M.A.; Calabrese, F. Acute Stress Induces Cognitive Improvement in the Novel Object Recognition Task
by Transiently Modulating Bdnf in the Prefrontal Cortex of Male Rats. Cell Mol. Neurobiol. 2020, 40, 1037–1047. [CrossRef]

46. Grimm, O.; Loffler, M.; Kamping, S.; Hartmann, A.; Rohleder, C.; Leweke, M.; Flor, H. Probing the endocannabinoid system in
healthy volunteers: Cannabidiol alters fronto-striatal resting-state connectivity. Eur. Neuropsychopharmacol. 2018, 28, 841–849.
[CrossRef] [PubMed]

47. Zuccato, C.; Ciammola, A.; Rigamonti, D.; Leavitt, B.R.; Goffredo, D.; Conti, L.; MacDonald, M.E.; Friedlander, R.M.; Silani, V.;
Hayden, M.R.; et al. Loss of huntingtin-mediated BDNF gene transcription in Huntington’s disease. Science 2001, 293, 493–498.
[CrossRef] [PubMed]

48. Mizuno, K.; Carnahan, J.; Nawa, H. Brain-derived neurotrophic factor promotes differentiation of striatal GABAergic neurons.
Dev. Biol. 1994, 165, 243–256. [CrossRef] [PubMed]

49. Fujihara, K.; Miwa, H.; Kakizaki, T.; Kaneko, R.; Mikuni, M.; Tanahira, C.; Tamamaki, N.; Yanagawa, Y. Glutamate Decarboxylase
67 Deficiency in a Subset of GABAergic Neurons Induces Schizophrenia-Related Phenotypes. Neuropsychopharmacology 2015, 40,
2475–2486. [CrossRef]

50. Behrens, M.M.; Ali, S.S.; Dao, D.N.; Lucero, J.; Shekhtman, G.; Quick, K.L.; Dugan, L.L. Ketamine-induced loss of phenotype of
fast-spiking interneurons is mediated by NADPH-oxidase. Science 2007, 318, 1645–1647. [CrossRef] [PubMed]

51. Lewis, D.A.; Hashimoto, T.; Volk, D.W. Cortical inhibitory neurons and schizophrenia. Nat. Rev. Neurosci. 2005, 6, 312–324.
[CrossRef] [PubMed]

110



Citation: Gáll, Z.; Kelemen, K.;

Tolokán, A.; Zolcseak, I.; Sável, I.;

Bod, R.; Ferencz, E.; Vancea, S.;

Urkon, M.; Kolcsár, M.

Anticonvulsant Action and

Long-Term Effects of Chronic

Cannabidiol Treatment in the Rat

Pentylenetetrazole-Kindling Model

of Epilepsy. Biomedicines 2022, 10,

1811. https://doi.org/10.3390/

biomedicines10081811

Academic Editor: Wesley

M. Raup-Konsavage

Received: 20 June 2022

Accepted: 26 July 2022

Published: 28 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

Anticonvulsant Action and Long-Term Effects of Chronic
Cannabidiol Treatment in the Rat Pentylenetetrazole-Kindling
Model of Epilepsy

Zsolt Gáll 1,*,†, Krisztina Kelemen 2,†, Andrea Tolokán 1, István Zolcseak 1, István Sável 1, Réka Bod 2,

Elek Ferencz 3, Szende Vancea 3, Melinda Urkon 1 and Melinda Kolcsár 1

1 Department of Pharmacology and Clinical Pharmacy, George Emil Palade University of Medicine, Pharmacy,
Science, and Technology of Targu Mures, 540142 Târgu Mures, , Romania; tolokan.andrea@gmail.com (A.T.);
istvanzolcseak@gmail.com (I.Z.); savelistvan@gmail.com (I.S.); melinda.urkon@umfst.ro (M.U.);
melinda.kolcsar@umfst.ro (M.K.)

2 Department of Physiology, George Emil Palade University of Medicine, Pharmacy, Science, and Technology of
Targu Mures, 540142 Târgu Mures, , Romania; krisztina.kelemen@umfst.ro (K.K.);
bod.reka-barbara@stud16.umftgm.ro (R.B.)

3 Department of Physical Chemistry, George Emil Palade University of Medicine, Pharmacy, Science, and
Technology of Targu Mures, 540142 Târgu Mures, , Romania; elek.ferencz@umfst.ro (E.F.);
vancsa.szende@gmail.com (S.V.)

* Correspondence: zsolt.gall@umfst.ro; Tel.: +40-265-215-551 (ext. 364)
† The authors contributed equally to this work.

Abstract: Cannabidiol (CBD) showed anticonvulsant action in several preclinical models and is
currently approved by regulatory agencies to treat childhood epilepsy syndromes. However, CBD
treatment has limited benefits, and its long-term effects on cognition are not fully understood yet.
This study aimed to examine the impact of long-term CBD treatment in the pentylenetetrazole (PTZ)-
kindling model of epilepsy. Adult male Wistar rats (N = 24) received PTZ (35 mg/kg intraperitoneally)
every other day until two consecutive generalized seizures occurred. CBD (60 mg/kg body weight)
was administered daily by the oral route until the kindled state was achieved (n = 12). To confirm
that the formulation and administration techniques were not of concern, liquid chromatography–
mass spectrometry was performed to test the brain penetration of the CBD formula. As a result
of CBD treatment, a lower mortality rate and significantly prolonged generalized seizure latency
(925.3 ± 120.0 vs. 550.1 ± 69.62 s) were observed, while the frequency and duration of generalized
seizures were not influenced. The CBD-treated group showed a significant decrease in vertical explo-
ration in the open field test and a significant decrease in the discrimination index in the novel object
recognition (NOR) test (−0.01 ± 0.17 vs. 0.57 ± 0.15, p = 0.04). The observed behavioral characteristics
may be connected to the decreased thickness of the stratum pyramidale or the decreased astrogliosis
observed in the hippocampus. In conclusion, CBD treatment did not prevent kindling, nor did it
affect seizure frequency or duration. However, it did increase the latency to the first seizure and
decreased the prolonged status epilepticus-related mortality in PTZ-kindled rats. The cognitive
impairment observed in the NOR test may be related to the high dose used in this study, which may
warrant further investigation.

Keywords: cannabidiol; epilepsy; animal model; cognitive dysfunction

1. Introduction

Cannabidiol (CBD), the second most important component of Cannabis sativa, has
no psychotropic effects and holds low toxicity in both humans and experimental animals.
Thus, it has been studied in a wide dose range for potential use in various neurological and
psychiatric diseases [1–5]. CBD has a weak affinity for cannabinoid receptors CB1 and CB2,
acting as a negative allosteric modulator and inverse agonist, respectively [6]. Besides, it
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also has an antagonistic effect on GPR55 receptors, partial agonist action on 5-HT1A, and a
negative allosteric modulatory effect on opioid receptors (μ and δ) [7]. Ion channels are also
important targets for CBD, the most-studied being the transient receptor potential vanilloid
type 1 (TRPV1) and ankyrin type 1 (TRPA1), and T-type voltage-gated calcium channels,
which are involved in the regulation of Ca2+ signaling in the brain [3,8,9]. Therefore,
CBD treatment could have numerous beneficial outcomes in neuropsychiatric illnesses;
however, at present, the only approved indication for CBD is to treat seizures associated
with childhood epilepsy syndromes like Lennox–Gastaut and Dravet syndromes [10,11].

CBD has a well-described anticonvulsant effect based on in vitro and in vivo models
of epilepsy. In vitro, CBD reduced the amplitude and duration of epileptiform activities
induced by low concentrations of magnesium and 4-aminopyridine but did not influence
signal propagation [12]. CBD administered in a dose range of 40–360 mg/kg body weight
ameliorated the seizures induced by electric currents or convulsive agents such as pilo-
carpine, penicillin, and pentylenetetrazole (PTZ) in rodents [12–17]. It should be noted that,
when CBD is administered before seizure induction, in the acute phase, it reduces seizure
severity, but there is little information about how CBD affects the processes that take place
during the chronic phase or how it might modify the course of the disease [18,19]. It is
important to consider that CBD has anti-inflammatory, antiapoptotic, and neuroprotective
effects, possibly due to the existence of cannabinoid receptors both in glial cells and on the
surface of B, NK, and T lymphocytes, as all of these cells are involved in neuroinflammation.
Several studies confirmed that neuroinflammatory processes may play an important role in
epileptogenesis, seizure worsening, or developing epilepsy-associated neuropsychiatric
comorbidities (e.g., anxiety, depression, cognitive impairment) [20–26].

Epileptogenesis can be triggered by lesions of varying duration and intensity that,
after a certain period of time, will cause spontaneous and recurrent seizures [27]. Between
the initial insult and the emergence of spontaneous seizures, some adaptive changes occur
at both the cellular and molecular levels, but these have not yet been fully elucidated [28,29].
It is known that pentylenetetrazole (PTZ) can cause acute seizures in rats at higher doses,
but when used at lower, subconvulsive doses, it can produce a chronic epileptic state
characterized by a progressive decrease in the seizure threshold and a continuous increase
in seizure severity [30]. Behavioral, biochemical, and structural changes in neural develop-
ment can all be induced by PTZ kindling. Despite lacking spontaneous seizures, a seizure
threshold decrease in kindled animals mimics epilepsy phenotypes through an imbalance
between the excitatory and inhibitory neurotransmission systems. [31–33]. In addition,
the PTZ-kindling model has been shown to reflect the cognitive impairments [34,35] and
the characteristic cellular changes related to epilepsy in rats, such as astrogliosis [18] and
microglia activation [36].

This study aimed to evaluate the effects of chronic CBD administration in the PTZ-
kindling model of epilepsy in rats using behavioral tests, bioanalytical assay for brain
exposure quantification, and immunohistochemistry to assess cellular alterations, and
finally, to evaluate the role CBD plays in cognitive performance change.

2. Materials and Methods

2.1. Animals

Experimentally naive, adult male Wistar rats were provided by the Biobase of the
George Emil Palade University of Medicine, Pharmacy, Science, and Technology of Targu
Mures. Before the experiments, all animals were subjected to a 7-day habituation period,
when acclimatization to single housing, daily handling, and standard environmental
conditions (12 h light–dark cycle, 20 ± 2 ◦C temperature, 60% ± 10% humidity) were
carried out. Standard rodent pellet chow (“Cantacuzino” National Institute of Research
and Development) and tap water were provided ad libitum. Body weight was recorded
once weekly, and their health status and well-being were monitored daily. The applied
procedures were in accordance with European Directive 2010/63/EU and approved by the
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Ethics Committee for Scientific Research of the George Emil Palade University of Medicine,
Pharmacy, Science, and Technology of Targu Mures (approval no. 63/2018).

This study was designed to evaluate the long-term effects of CBD in the PTZ-kindling
model of epilepsy. Therefore, to study the protective effects of CBD (60 mg/kg, oral), the
drug was administered either 24 h before or 1 h after PTZ injections. The PTZ-kindled
animals were randomly divided into two groups, a control group (orally received the
vehicle, 1 mL/kg, n = 12) and a CBD-treated group (orally administered CBD, 60 mg/kg,
n = 12). All 24 animals underwent the PTZ-kindling procedure, i.e., intraperitoneal injection
of a subconvulsive dose of 35 mg/kg PTZ every other day for 50 days. Both the control
and the CBD-treated group underwent the same care and injection protocol, and they were
evaluated equally. The third group of animals (sham, n = 8) was used to compare the
eventual cellular alterations observed by immunohistochemistry; these animals were, every
other day, administered i.p. injections of the vehicle instead of PTZ, and they were not
treated with CBD.

2.2. Drugs and Reagents

Crystalline cannabidiol (99.5% purity from Trigal Pharma GmbH, Wien, Austria),
dissolved in extra virgin olive oil (Salov S.p.A., Massarosa, Italy) was administered to the
animals. The individually calculated CBD dose based on the previously measured body
weight (60 mg/kg body weight) was administered daily by adsorbing CBD oil onto food
pellets. Pellets that were not loaded with CBD, but which were coated with olive oil, were
administered to the control group. CBD treatment was initiated at day 0, before the first
PTZ injection. The dose of CBD was chosen based on previously published results showing
that doses below 50 mg/kg body weight did not exhibit anticonvulsant effects [18,37]. An
overview of the experimental design is illustrated in Figure 1.

Figure 1. Timeline illustration of the experimental model. Cannabidiol was administered orally in a
dose of 60 mg/kg each day, starting from day 0 until achieving a kindled state. Abbreviations: OF,
open field test; NOR, novel object recognition test.

The plasma concentration and brain penetration ratio of the formulation (i.e., CBD
dissolved in virgin olive oil and adsorbed on food pellets) used in this study was determined
using plasma and brain samples obtained from anesthetized animals (ketamine–xylazine
100 mg/kgbw and 10 mg/kgbw, respectively) at two preliminarily determined time points
(1 h and 24 h) after administration, corresponding to Cmax and Cmin, respectively. Each
interval group consisted of 5 animals. Serum and brains were collected, frozen, and kept
at −20 ◦C until analysis. Ketamin hydrochloride (Bela-Pharm GmbH & Co. KG, Vechta,
Germany) and xylazine hydrochloride (Bioveta, Ivanovice na Hané, Czech Republic) were
used for anesthesia.

2.3. Determination of Plasma and Brain Levels of CBD

To ensure the proper selectivity accompanied with high sensitivity for the quantifica-
tion of CBD in rat plasma and homogenized brain tissue samples, liquid chromatography,
coupled with mass spectrometric detection (LC–MS), was used. The system was an Agilent
1100 chromatograph equipped with an Agilent Triple Quadrupole MS detector (Agilent
G6410A1, Technologies, Santa Clara, CA, USA), realizing the separation by using a Kinetex
Polar C18 (100 × 4.6 mm, 2.6 μm, Phenomenex, Torrance, CA, USA) stationary phase with
a flowrate of 0.5 mL/min, at 30 ◦C, with a total runtime of 4.5 min. To support speci-
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ficity, negative electrospray ionization with multiple-reaction monitoring (MRM) mode
was applied, quantifying the ion with 245 m/z, derived from 313 m/z. The potential
fragmentation pathway of cannabidiol and the characteristic MRM mass spectrum are
presented on Supplementary Figure S1, while the detailed chromatographic conditions are
summarized in Supplementary Table S1. The method was partially validated in accordance
with the ICH Q2(R2) guideline, demonstrating the specificity, linearity, accuracy, and limit
of quantification. The results of the validation procedure are presented in Supplementary
Table S2. The obtained chromatograms for the limit of quantification, and representative
chromatograms of the plasma and homogenized brain tissue samples are presented on
Supplementary Figure S2.

Methanol (Sigma-Aldrich, Steinheim, Germany), acetonitrile (Merck, Darmstadt, Ger-
many), formic acid (Scharlau Chemie, Sentmenat, Spain), and water (Millipore Direct
Q10, Merck Millipore, Burlington, MA, USA) used for analytical procedures were of
HPLC grade.

Brain and plasma samples were collected on the last day of the experiment (day 70 and
day 71, respectively) and underwent the same processing steps as described previously [38].
Briefly, blood obtained via cardiac puncture in K3 EDTA tubes was centrifuged at 3000 g
for 10 min at 4 ◦C within 2 h of collection. The plasma samples were frozen at −20 ◦C until
further pre-analytical processing. Following blood collection, the animals were perfused
with approximately 30 mL of normal saline until the entire volume of blood was removed.
This technique ensures that the measured concentrations reflect the concentrations in brain
tissue by eliminating contributions from brain vasculature. The brains were removed
within 7 min of when the thorax was opened. Tissue samples were weighed, homogenized
in 5 mL phosphate buffer (PBS) in a grinding ball mill (UltraTurrax Tube Drive, IKA,
Königswinter, Germany) for 10 min, and stored at −70 ◦C until analysis.

Plasma samples were diluted with blank plasma if necessary and mixed with 3 vol-
umes of methanol to induce plasma protein precipitation. The mixture was vortexed for
10 s and then centrifuged (Sigma 2–15 centrifuge, Sigma, Osterode am Harz, Germany) for
10 min at 9167 g. The supernatant was diluted with a mobile phase and injected into the
LC-MS/MS system. Homogenized brain tissue samples underwent the same procedures
as plasma samples.

2.4. Pentylenetetrazole Induced Kindling Model (PTZ-Kindling)

Pentylenetetrazole (PTZ, Sigma Aldrich, St. Louis, MO, USA) was dissolved in 0.9%
saline at a concentration of 35 mg/mL and injected intraperitoneally (i.p.) in a volume of
1.0 mL/kg at a sub-convulsive dose of 35 mg/kg according to the previously published
schedule [39,40]. Seizure scoring was performed in real-time, followed by two blinded
observers’ confirmation of the registered data. Briefly, after each PTZ injection, rats were
housed singly in transparent plexiglass cages and monitored for 1 h. Seizure intensities were
rated by one experienced observer according to a modified Racine scale as follows: 0 = no
response; 1 = ear and facial twitching; 2 = myoclonic jerks without rearing; 3 = myoclonic
jerks with rearing; 4 = turning over into side position with tonic-clonic seizures; 5 = turning
over into back position, generalized tonic-clonic convulsions, and loss of balance and
falling. The same scoring scale was used by the two blinded observers who analyzed the
video registrations offline. The final seizure score was established by combining the scores
given by each observer.

An animal was considered kindled when it had experienced stage 4 or 5 seizures on
two consecutive trials. At the beginning of the experiment, the sensitivity to the convulsant
action of PTZ was assessed, and animals having two consecutive stage 5 seizures after the
first two PTZ doses were not included in the study.

2.5. Behavioral Assays

For the assessment of the behavioral aspects, open field (OF) and novel object recogni-
tion (NOR) tests were performed at days 66 and 68–69, respectively (Figure 1).
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2.5.1. Open Field Test

The OF test was performed in a 60 × 60 cm black-based box with transparent walls,
with a height of 50 cm, to observe the animals’ locomotor and exploratory behavior. The
illumination in the testing room was controlled and maintained between 50 and 100 lux.
After the animals were placed in the middle of the testing area, their behavior was recorded
for five minutes from above. After each test, 70% ethanol was used to disinfect the ap-
paratus. All trials were analyzed offline with EthoVision XT (version 11.5, Noldus IT,
Wageningen, The Netherlands), monitoring the distance moved, the number of entries, and
the time spent in the center zone (central 30 × 30 cm area), vertical activity (wall climbing,
rearing), and grooming activity.

2.5.2. Novel Object Recognition Test

In an empty testing chamber (60 × 60 cm), animals were habituated for 10 min, then
returned to their home cage, and the chamber was cleaned as described above. In the
familiarization phase, two identical novel objects constructed of wood (10 × 4 × 4 cm) were
placed in the chamber (30 cm apart from each other) (Supplementary Figure S3). Object
placement was chosen so that animals could walk freely around the arena’s edge, as they
would have done in an open field. Thus, the animals were required to move into the center
of the chamber to interact with the objects rather than unintentionally encountering them
as they explored the arena perimeter.

Observations of animal activity were conducted for 5 min. A nose touch was classified
as an interaction with an object. For the subsequent memory test, the animals had to
interact with each object for at least 2.5 s during the familiarization phase. The animals
were returned to their home cages after their five-minute time frame had ended. Before
each test, the chamber and objects were cleaned with a 70% ethanol solution.

The inter-trial interval between familiarization and testing was 24 h. One of the
familiar objects encountered during the familiarization phase was then replaced with a
novel object, which was different in color and configuration but about the same size. Across
tests, the position of the novel object (i.e., left or right) was counterbalanced. Following
the same procedure as the one during familiarization, animals were reintroduced to the
chamber and allowed to explore it for five minutes. Time spent by the animal in exploring
individual objects during familiarization phase, total time spent by the animal in exploring
both objects during the test and training phase, the total distance moved, the time spent
moving, and the number of rears were quantified by a computerized analysis system
(EthoVision XT, version 11.5, Noldus IT, Wageningen, The Netherlands).

2.6. Histological Staining
2.6.1. Perfusion and Brain Sectioning

A mixture of ketamine–xylazine (100 mg/kgbw and 10 mg /kgbw) was injected
intraperitoneally to induce deep anesthesia. Rats were perfused transcardially with ice-cold
normal saline solution (0.9%, for 1.5 min), followed by ice-cold fixative solution containing
4% paraformaldehyde (Sigma Aldrich, St. Louis, MO, USA) and 0.25% picric acid (Sigma
Aldrich, St. Louis, MO, USA) in 0.1 M phosphate buffer (PB, pH = 7.4, Sigma Aldrich, St.
Louis, MO, USA) for 20 min. After perfusion, the brains were removed from the skull
and postfixed overnight in 4% PFA. Then, 60 μm-thick coronal sections were cut with a
vibratome (VT 1000S, Leica, Nussloch, Germany) and washed in 0.1 M PB.

2.6.2. Fluorescent Immunohistochemistry

Triple immunofluorescent staining was used to visualize neurons, astrocytes, and
microglia. Brain sections were transferred into a 24-well tissue culture plate (TPP, Trasadin-
gen, Switzerland) and were immunostained in a free-floating manner in a 500 μL volume
on an orbital shaker (Heidolph Instruments, Schwabach, Germany). After three 10 min
washes in 0.1 M PB, sections were washed three times for 10 min in tris-buffered saline
(TBS), then blocked in TBS containing 10% normal horse serum (NHS; Vector Laboratories,
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Burlingame, CA, USA) and 0.1% Triton-X (Sigma-Aldrich, St. Louis, MO, USA) for 45 min,
in order to block nonspecific binding sites and to enhance antibody penetration.

Sections were then incubated with the primary antibodies against NeuN for neurons
(NeuN; guinea pig raised-polyclonal, dilution 1:500; product no: 266004, Synaptics Systems
GmbH, Goettingen, Germany), GFAP for astrocytes (GFAP; mouse raised-monoclonal dilu-
tion 1:500; product no: 173211, Synaptics Systems GmbH, Goettingen, Germany), and IBA1
for microglia (IBA1; rabbit raised-polyclonal, dilution 1:500; HistoSure: HS234013, Synap-
tics Systems GmbH, Goettingen, Germany) in 0.1% TBS-T overnight at room temperature.

The next day, sections were washed thoroughly in TBS, then fluorescently labeled
secondary antibodies made up in TBS were applied at room temperature for 4 h to la-
bel the NeuN immunostaining with Alexa488-conjugated donkey anti-guineapig (1:500,
Jackson ImmunoResearch Laboratories, West Grove, PA, USA), to label the GFAP immunos-
taining with Alexa647-conjugated donkey anti-mouse (1:500, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) and to label the IBA1 immunostaining with Alexa594-
conjugated donkey anti-rabbit (1:500, Jackson ImmunoResearch Laboratories, West Grove,
PA, USA).

Afterwards, stained sections were washed 3 times for 20 min in TBS and 2 times
for 10 min in 0.1 M PB, mounted on slides and coverslipped with a mounting medium
(Vectashield, Vector Laboratories, Burlingame, CA, USA) and sealed with nail polish.

2.6.3. Confocal Image Acquisition and Analysis of Fluorescent Immunostaining

The digitalization of sections was conducted using confocal microscopy. To obtain
high-resolution z-stacks, all images were acquired using a Leica TCS SP8 confocal laser
scanning microscope (Leica Microsystems GmbH, Wetzlar, Germany) using HC PL APO
CS2 20X/0.75 and HC PL APO CS40X/0.85 dry objectives and unidirectional scanning
at 200 Hz. Images were processed and quantified using the Leica Application Suite X
(Leica Microsystems GmbH, Wetzlar, Germany) software. High-magnification images of
1024 × 1024 pixels were collected, and regions of interest (ROIs) in individual sections
were selected (400 μm × 600 μm). Z-stack deepness was defined as 5 μm, each image
comprising of 3 subsequent z-stack layers, resulting in 10 μm-deep recordings. The image
of the hippocampal sample was acquired in three different channels. The NeuN staining
was used to distinguish hippocampal regions and layers based on the density and relative
location of the cells. Light signals from photon scatter around the edges of tissue, tears in
the tissue, and vasculature were excluded from analysis.

Fluorescence intensity was measured over ROIs, then corrected for autofluorescence
and non-specific signals using a background subtraction. Astrocytes, microglia, and neu-
ronal debris in CA1 and CA3 were consistently counted in the same area in all slices and
were expressed as cells/mm2. Image J software was used for manual cell-counting. Three
sections from each slide, four slides per animal, and five to eight animals per group were
used for histological assessment.

Custom Cell Counter Algorithm

For the validation of cell-counting procedures, all ROIs previously investigated were
cropped and split to separate RGB (red–green–blue) channels using the Image J software.
Each immunostaining channel (green for NeuN, cyan for GFAP, and red for IBA1, respec-
tively) were further analyzed by our custom cell-counter algorithm written in the Python
programming language (version 3.9.9), implementing the OpenCV library (version 4.5.5).
ROIs were preprocessed by Gaussian blurring, in order to reduce background noise. De-
sirable foreground image objects were evidentiated using adaptive thresholding, which
was followed by morphological opening and closing functions, based on the extent of cell
clustering and overall image quality. Next, the area and longest diagonal of all cell-like
structures were calculated. If any surface detected had an overlap of at least 60% with
another in the subsequent layers and its longest diagonal exceeded the value corresponding
to 6.5 μm, the element could be considered a cell. Cellular debris was defined as NeuN-
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positive fragments with dimensions between 2.5 and 6.5 μm, encircled by GFAP-positive
astrocyte signals as described previously [41]. Finally, all cell contours were projected on
the original ROI, thus enabling a visual inspection of the detected structures (Figure 2).

Figure 2. Analysis of different cell types by a cell-counter algorithm. (a) NeuN+ cells (green) with an
explicitly delimited pyramidal layer (yellow), (b) GFAP+ (cyan), and (c) IBA1+ (red) cells evidentiated
and contoured by our custom cell-counter algorithm. All three immunostainings are superposed in
their z-stack maximum-intensity projections.

2.7. Statistical Analysis

Data were analyzed using GraphPad Prism 8 (version 8.0.1, GraphPad Software Inc.,
San Diego, CA, USA). Differences in survival curves were tested using the log-rank test
(Mantel-Cox). Kolmogorov–Smirnov tests were performed on each set of data to determine
whether it had a normal distribution. Non-normally distributed data was analyzed with a
Mann–Whitney test; otherwise, an unpaired t test was used. For matched observations, a
two-way ANOVA with Sidak’s multiple comparison test was used. The mixed-effect model
with Geisser–Greenhouse correction was used in case of missing values. An alpha value of
0.05 was used as the cutoff for significance.

3. Results

3.1. Seizure Score

Twenty-four rats were used for PTZ kindling, from which 18 ended up reaching a
kindled state and, due to this, were each consecutively tested with a challenge dose of PTZ.
The remaining six animals (n = 5 in the kindled and n = 1 in the CBD-treated group) died
before completing the study, so the behavioral assessment was performed on n = 7 kindled
and n = 11 CBD-treated animals. The mortality rate tended to decrease following chronic
CBD treatment (5/12 vs. 1/12, Chi square = 3.429, p = 0.064, Figure 3a), especially in the
early phase of the kindling.

Analyzing the parameters characterizing the development of the kindling process, it
was observed that the total number of PTZ injections required to achieve a kindled state
did not show a significant difference between CBD-treated and control groups (median 15.5
vs. 16, p = 0.833, Figure 3b). The seizure scores registered during kindling were analyzed
using the mixed-effect model with Geisser–Greenhouse correction, and it was noted that
the time factor was significant in the development of generalized seizures (Racine 4 and
5 seizures) for both groups (F (1.667, 16.39) = 53.63, p < 0.001, Figure 3c). However, treatment
and the time x treatment interaction were not significant (F (1, 15) = 2.397, p = 0.142 and
F (6, 59) = 1.174, p = 0.333, respectively). Furthermore, there was no difference in the
duration of generalized seizures between the CBD-treated and control groups (74 ± 25.7 vs.
89 ± 40 s, p = 0.425). Conversely, the mean (± SEM) latency to first generalized seizure was
significantly longer in the CBD-treated group (925.3 ± 120.0 vs. 550.1 ± 69.62 s, Figure 3d),
and the mixed-effects analysis confirmed that treatment had a significant influence on this
parameter (F (1, 15) = 6.3872, p = 0.023).
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Figure 3. Effects of chronic CBD treatment on the kindling scores induced by pentylenetetrazole
in rats. The development of kindling was characterized by the following parameters: (a) mortality
rate due to generalized seizures, (b) the total number of PTZ injections to reach the kindled state,
(c) the number of generalized seizures, and (d) the latency to the first generalized seizure. Data are
expressed as mean ± SEM in the bar graph and as mean (solid line) with the range in the floating bar
graphs; * p < 0.05 vs. control.

The challenge dose of PTZ induced the same seizure pattern in both groups, and all
animals had Racine 5 seizures that did not differ in duration between groups (127.4 ± 63.58
vs. 131.2 ± 31.53 s, p = 0.312). However, the latency to maximal seizure in the CBD-treated
group showed high variability among animals (777.8 ± 228.4 vs. 651.1 ± 220.0 s, Figure 4a)
with no significant differences between groups (t(15) = 0.397, p = 0.697).

3.2. CBD Plasma and Brain Concentrations

To verify whether the in-house-prepared CBD solution administered by the oral route
would achieve the desired concentrations at the site of action, serum and brain CBD con-
centrations were assessed at 1 h and 24 h after administration, corresponding to Cmax and
Cmin, respectively. The mean peak concentration was 1976.1 ± 1151.41 ng/mL in serum
and 5260 ± 3284 ng/g in brain, while the minimum concentrations were 24.2 ± 3.25 ng/mL
and 91.4 ± 20 ng/g, respectively (Table 1). Brain-to-plasma ratios calculated for each animal
showed higher values at 24 h compared to 1 h after administration, suggesting a slower
brain CBD-elimination rate.
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Figure 4. Lack of long-term effect of CBD (60 mg/kg) in the PTZ-kindling model. (a) Latency to max-
imal seizure observed after PTZ injection. (b) Duration of the generalized seizures (clonic convulsion
with loss of righting reflex and/or bouncing, two or more clonic convulsions, tonic convulsion or
status epilepticus) induced by a challenge dose of PTZ. Data are expressed as mean ± SEM (n = 7–11)
for each parameter.

Table 1. Cannabidiol concentrations in plasma and brain at Cmax and Cmin after the oral adminis-
tration of 60 mg/kg body weight.

CBD Concentrations Rat #
Plasma Concentration

(ng/mL)
Brain Concentration

(ng/g)
Brain-to-Plasma Ratio

1 h after administration

1 259.93 1058.50 4.072
2 6326.57 16,886.61 2.669
3 800.39 1475.58 1.844
4 198.69 642.07 3.232
5 2295.02 2455.34 1.070

Mean 1976.12 5260.6 2.577
SEM 1151.41 3284.0 0.524

24 h after administration

6 23.20 111.08 4.788
7 26.20 79.98 3.053
8 28.67 105.28 3.672
9 22.50 - * -
10 20.40 69.35 3.400

Mean 24.19 91.4 3.728
SEM 3.25 20.0 0.336

* As a result of inadequate tissue perfusion, the brain tissue sample was excluded from analysis. # Data points are
labeled by rat number.

3.3. Open Field Test

Chronic CBD treatment had no effect on exploratory and locomotor parameters in the
open field test. The control animals apparently entered more times in the center zone of the
arena (7.4 ± 15.1 vs. 3.43 ± 5.62, p = 0.77, Figure 5a), but they spent the same amount of
time exploring it (17.69 ± 4.48 vs. 18.15 ± 2.49, p = 0.92, Figure 5b). The distance travelled
and the vertical exploration expressed as supported rearings did not vary between groups
(p > 0.05) (Figure 5c,d).
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Figure 5. Assessment of locomotor activity in the open field. Rats were submitted to a PTZ-kindling
protocol with or without chronic cannabidiol (60 mg/kg body weight) administration (mean ± SEM,
n = 18). (a) The number of entries in the center zone; (b) time spent in the central zone of the
arena, defined as a 30 × 30 cm square out of an 60 × 60 cm total surface of the arena; (c) the
vertical exploration of the animals was expressed as the time spent leaning on the walls of the arena;
(d) total distance moved during the 5 min testing session. CBD, cannabidiol. Data are expressed as
mean ± SEM (n = 7–11) for each parameter.

3.4. Novel Object Recognition Test

There was no effect of CBD treatment on the total distance traveled and on the ex-
ploration time of the arena or objects. Conversely, the mean discrimination index was
decreased by CBD treatment (0.57 ± 0.15 vs. −0.01 ± 0.17, p = 0.0367, Figure 6). The results
indicate that CBD-treated animals were impaired in distinguishing between the novel and
familiar objects.

Figure 6. The effects of chronic CBD (60 mg/kg body weight) treatment on cognitive performance of
rats subjected to a PTZ-kindling protocol. (a) Discrimination index (DI), which shows the discrimina-
tion between the novel and familiar objects, i.e., the difference in exploration time for a familiar object,
but then dividing this value by the total amount of exploration of the novel and familiar objects
[DI = (TN − TF)/(TN + TF)] showed a significant decrease in the CBD-treated group. + sign shows
the arithmetic mean, whereas the line represents the median; (b) the total exploration time of the
arena (mean ± SEM) did not show statistically significant difference between groups; (c) the total
exploration time of the objects (mean ± SEM) was also similar for both groups; (d) the total distance
moved by both groups (mean ± SEM) during the 5 min testing session was almost equal, and the
results were similar to those found in the OF test. CBD, cannabidiol; * p < 0.05 vs. control. Data are
expressed as mean ± SEM (n = 7–11) for each parameter.
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3.5. Fluorescent Immunohistochemistry
3.5.1. Validation of Manual and Algorithmic Cell Counter Strategies

Neurons, astrocytes, and microglia were triple-immunostained in the hippocampus,
where the CA1 and CA3 regions were analyzed (Figure 7). Sham, i.e., healthy control (n = 6),
PTZ-kindled control (n = 5), and CBD-treated (n = 8) groups showed different pattern of
immunostaining for astrocytes labeled with anti-GFAP antibody (cyan), for neurons labeled
with anti-NeuN antibody (green), and for microglia labeled with anti-IBA1 antibody (red).

Figure 7. Neuron, astocyte, and microglia triade. Representative confocal microscopy image of the
tripple immunostaining of the (a) neuron-NeuN, (b) astrocyte-GFAP, and (c) microglia-IBA1 in the
CA3 subfield of the hippocampus.

We used a custom cell-counter algorithm to quantify the cells of interest. The manual
counting method was used as the reference method. The mean of the two observers was
compared with the values provided by the algorithm. For the statistical analysis the bias,
precision and limits of agreement were used as proposed by Bland and Altman to compare
two methods of measurement. The methods were considered to be interchangeable if the
bias was smaller than ±10% for each cell type and if there was no tendency of the difference
to increase with the mean (Supplementary Figure S4).

3.5.2. Effects of CBD on the Neuron–Astrocyte–Microglia Triad in the Hippocampus

The thickness of the stratum pyramidale showed differences between groups, a two-
way ANOVA analysis showing a significant impact of CBD treatment (F (2, 119) = 3.963,
p = 0.02). The PTZ-kindling procedure decreased the stratum pyramidale thickness com-
pared to sham animals, and CBD treatment induced a further significant thinning in the
CA3. A similar tendency could be observed in the pyramidal layer of the CA1 region as
well, but it did not reach significance (Figure 8a, Supplementary Figure S5).

The cell density of GFAP-positive astrocytes was decreased by CBD treatment (F
(2, 119) = 6.546, p = 0.002,) both in the CA1 and CA3 regions of the hippocampus (Figure 8b).
The post hoc analysis confirmed that the CBD-treated group had significantly decreased
astrocyte density in the CA1 region (p = 0.045). Conversely, neither the PTZ-kindling nor the
CBD treatment had any effect on the total number of IBA1-positive cells (F (2, 119) = 0.2522,
p = 0.78, Figure 8c).

Neuronal debris, i.e., fragments of NeuN positive cells closely attached to the branches
of astrocytes in the stratum radiatum, was observed in both the CA1 and the CA3 regions.
Despite the fact that PTZ-kindling did not influence the density of neuronal debris when
compared to sham animals, the CBD-treated group had significantly decreased neuronal
debris in the CA3 region of the hippocampus when compared to PTZ-kindled controls
(Figure 8d, p = 0.0359).
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Figure 8. Effects of chronic CBD (60 mg/kg body weight) treatment on the hippocampal reorga-
nization induced by PTZ-kindling in rats. (a) Mean thickness of the pyramidal cell layer; (b) the
density of GFAP-positive astrocytes; (c) the density of IBA1-positive microglia; (d) the density of
neuronal debris, defined as NeuN-positive fragments surrounded by astrocytes. Data are expressed
as mean ± SEM (n = 5–8).; CBD, cannabidiol; * p < 0.05; ** p < 0.01.

4. Discussion

This study revealed that chronic treatment with CBD reduced seizure-related mortality
and prolonged the latency for the appearance of generalized seizures in PTZ-kindled
rats. However, the development of kindling and the maximum seizure severity were not
influenced. Interestingly, CBD treatment decreased the cognitive performance of rats in the
NOR test. Furthermore, at the cellular level, the CA3 and CA1 regions of the hippocampal
formation of CBD-treated rats showed significant differences compared to PTZ-kindled
controls, which may explain the decreased mortality and cognitive performance.

CBD has been demonstrated to affect the central nervous system dose-dependently
without any psychoactive action. In low doses, it showed anxiolytic and antidepressive-like
effects [4,42–47] like serotonergic drugs [48,49], whereas in higher doses (30–100 mg/kg),
its anticonvulsant and antipsychotic actions were proven [1,16,18,19,37]. There are, how-
ever, many discrepancies between the previously reported results, which may partly be
attributed to the unfavorable pharmacokinetic properties of CBD. It is possible that highly
lipophilic drugs such as CBD can precipitate in the stomach when administered orally in
the form of suspensions, resulting in prolonged absorbtion, a long time to peak plasma

122



Biomedicines 2022, 10, 1811

concentration, and low bioavailability [50]. Moreover, the vehicle of administration was
shown to significantly influence the Cmax and AUC of CBD [51]. Although this issue is
clearly present in laboratory experiments as well, very few studies have provided data
about the pharmacokinetics of CBD formulations administered to animals [37,52].

To achieve better bioavailability, CBD was dispersed in olive oil and incorporated
into the food pellets. The obtained results showed that brain concentrations correlated
well with the plasma concentrations, and the brain-to-plasma ratio was consistently higher
24 h after administration, which indicates the high affinity of CBD to brain tissue. These
brain concentrations are very similar to those reported recently by Uttl et al. [37]. However,
plasma concentrations obtained at 1 h after administration showed that, in some cases,
absorbtion was not complete. So, this study confirmed that CBD, even when dissolved in
oil, which is the most common formulation of CBD used in humans, showed significant
variations in the absorption phase, making the study of peak-time effects challenging,
which could underlie the controversial results published previously. Hence, future studies
should relate CBD’s effects to its plasma concentration, rather than the dose administered.

The most important finding of this study is that CBD decreased seizure-related mortal-
ity and increased the latency to tonic-clonic seizures in the PTZ-kindling model, although
it was not tested at peak plasma/brain concentrations. From a translational point-of-view,
this result may provide evidence for the long-term protective action of CBD against the
progression of epileptic syndromes and the potential prevention of breakthrough seizures.
As previously reported, a single administration of CBD at different doses exhibits anti-
convulsant effects in several animal models of epilepsy, but it does not necessarily reduce
the frequency or the severity of seizures. In contrast, CBD modified the duration of gen-
eralized seizures, the latency to seizure onset, and the mortality [1,12,14,16,18,19,53]. In
pilocarpine-induced seizures, CBD administered at 100 mg/kg doses did not affect the
severity of seizures [14]. However, the same study reported a reduction in mortality and
the occurrence of tonic-clonic seizures in the penicillin model of partial seizure [14]. The
reduction of seizure duration and the increase of the latency to first seizure by CBD at
a dose of 60 mg/kg were also reported after the acute intraperitoneal administration of
PTZ [19].

When administered for a longer period, CBD delayed the progression of kindling
in PTZ-kindled mice, but it did not prevent generalized seizures [19]. In rats, Mao et al.
reported a decrease of the mean seizure score and the kindling rate in the CBD-treated group
(50 mg/kg administered intraperitoneally) [18]. However, CBD was administered before
PTZ injections in both studies; thus, the observed anticonvulsant action corresponds to the
peak-time effect of CBD described after acute administration. In an interesting approach,
Hosseinzadeh et al. demonstrated that the intracerebroventricular injection of CBD might
have long-term protective effects in the pilocarpine model of epilepsy in rats [16], and
the neuroprotective effects of CBD described by in vitro and in vivo studies [1,54] point
to the potential benefits of chronic adjunctive treatment with CBD. On the other hand, it
is important to differentiate between epileptic seizures and epilepsy syndromes. CBD is
currently approved for the treatment of seizures associated with Lennox–Gastaut syndrome
or Dravet syndrome based on a favorable benefit–risk profile [10], but there is little evidence
about its effectiveness in other types of epileptic seizures. Therefore, the present study
proposed to study the effects of CBD on seizures by delivering the seizure-precipitating
factor (i.e., PTZ injection) outside of CBD’s maximal anticonvulsant protection. The only
significant difference between the treatment groups was the prolonged latency to the first
generalized seizure; the other parameters related to kindling were not modified by CBD
treatment. Interestingly, this led to a reduced mortality rate in the CBD-treated group,
which is in agreement with previous studies [12].

The next important finding of this study is the effects of chronic CBD treatment on
the cognitive performance of PTZ-kindled rats. CBD has been proposed to exert neuro-
protective effects in epilepsy [55] and possesses several mechanisms to protect against
memory impairments in various diseases [23]. However, a dose-dependent nature of
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these neuroprotective effects was also demonstrated, the lower and middle range doses
(5–20 mg/kg) showing improvements in memory assessment tasks [56]. In this experiment,
the decrease of the discrimination index in the NOR test clearly showed that CBD-treated
animals could not recall the familiar object and interacted with both familiar and novel
objects more equally. Studies have shown that the hippocampus plays a significant role
in object-recognition memory. If this structure is damaged, there will be moderate and
reliable changes in anterograde memory [57]. The histological analysis of the hippocam-
pal formation revealed that CBD-treated animals had a reduced thickness of the stratum
pyramidale in the CA3 and CA1 regions. As confirmed by others, this measurement of
stratum pyramidale thickness is robust and constant, because it does not differ across a
series of coronal sections collected around the anteroposterior axis of the same animal [58].
Additionally, stratum pyramidale thickness was shown to reflect the neurodegeneration
caused by toxic substances such as cadmium [59] and amyloidbetapeptide 1–40 [60] in rat
models with cognitive impairments similar to those observed in this study.

On the other hand, CBD treatment decreased the number of GFAP-positive astrocytes
to sham levels. The results of this study confirmed again that PTZ-kindling induces
astrogliosis in the CA3 and CA1 regions of the hippocampus [61] and that CBD treatment
prevents the proliferation of astrocytes [18]. Astrocytes were demonstrated to play an
important role in epileptogenesis by releasing inflammatory cytokines and altering the
excitability of the neurons [62]. The reduction in mortality in the CBD-treated group may
be due to the long-term antiproliferative effects of CBD on astrocytes, which may be part of
a promising novel therapeutic strategy targeting neuroinflammation [63].

Furthermore, it is important to note that the number of microglial cells in the hip-
pocampus was not significantly influenced by CBD; however, a decreasing trend was
observed. Microgliosis was also linked with epileptogenesis, especially in the status epilep-
ticus models of epilepsy [64]. Although it seems to play a role in the increased excitability
of the neurons, its involvement in cognitive impairment was not demonstrated yet. As
a limitation of the study, it should be noted that only one microglia-specific histological
marker was used (i.e., IBA1), which did not allow the investigation of microglial activa-
tion. Another important cellular marker of neuronal apoptosis may be neuronal debris,
as described by Lana et al. [41,65–67]. This study showed that CBD-treated rats had a
decreased number of neuronal debris in the stratum radiatum, despite a lower number
of astrocytes, which suggests that microglial activity had an important contribution to
the clearance of neuronal debris in this group. Further studies using specific microglial
activation and apoptosis markers are needed to fully understand the effects of CBD on the
interplay between neurons, astrocytes, and microglia.

5. Conclusions

Chronic CBD treatment did not prevent PTZ-induced kindling in rats, but a reduction
in mortality associated with prolonged status epilepticus was observed. Analyzing the
seizure activities, it was found that the frequency and duration were not influenced by CBD,
but the latency to the first generalized seizure was increased. The NOR test showed that
CBD treatment impaired recognition memory, which may warrant further investigation.
The main findings of the study (i.e., reduced mortality and cognitive dysfunction) may be
connected to the observed hippocampal histological changes, such as reduced thickness of
the stratum pyramidale or decreased astrogliosis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10081811/s1, Figure S1: The potential fragmentation
of CBD in negative electrospray ionization and the characteristic MRM mass spectrum of CBD
(313 m/z → 245 m/z, collision energy: 20 eV); Figure S2: The chromatograms obtained for the
quantification limits (A: plasma with 1 ng/mL CBD and B: homogenized brain sample with 1 ng/ml
CBD) and the representative chromatograms of the real samples (C: plasma with 47.3 ng/ml CBD
and D: homogenized brain sample with 6.0 ng/ml CBD); Figure S3: Schematic illustration of the
novel object recognition task; Figure S4: Bland–Altman plots representing the agreement between the

124



Biomedicines 2022, 10, 1811

cell counter algorithm and human manual counting of NeuN, GFAP, and IBA1 positive cells in the rat
hippocampus; Figure S5: Representative image of morphological changes in the CA3 hippocampal
pyramidal layer of (a) PTZ kindled controls and (b) CBD treated rats; Table S1: The chromatographic
conditions and the MS detector parameters used for the analysis of plasma and homogenized brain
tissue samples; Table S2: The summary of the analytical method validation process.
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Abstract: Phytocannabinoids possess a wide range of immune regulatory properties, mediated by
the endocannabinoid system. Monocyte/macrophage innate immune cells express endocannabi-
noid receptors. Dysregulation of macrophage function is involved in the pathogenesis of different
inflammatory diseases, including inflammatory bowel disease. In our research, we aimed to evaluate
the effects of the phytocannabinoids D9 tetrahydrocannabinol (THC) and cannabidiol (CBD) on
macrophage activation. Macrophages from young and aged C57BL/6 mice were activated in vitro in
the presence of pure cannabinoids or cannabis extracts. The phenotype of the cells, nitric oxide (NO•)
secretion, and cytokine secretion were examined. In addition, these treatments were administered
to murine colitis model. The clinical statuses of mice, levels of colon infiltrating macrophages, and
inflammatory cytokines in the blood, were evaluated. We demonstrated inhibition of macrophage
NO• and cytokine secretion and significant effects on expression of cell surface molecules. In the
murine model, clinical scores were improved and macrophage colon infiltration reduced following
treatment. We identified higher activity of cannabis extracts as compared with pure cannabinoids.
Each treatment had a unique effect on cytokine composition. Overall, our results establish that the
effects of cannabinoid treatments differ. A better understanding of the reciprocal relationship between
cannabinoids and immunity is essential to design targeted treatment strategies.

Keywords: cannabinoid; cannabis; immune; macrophage; elderly; inflammatory bowel disease;
cannabidiol; D9 tetrahydrocannabinol; nitric oxide

1. Introduction

Macrophages are specialized innate immune cells that orchestrate homeostatic, inflam-
matory, and reparative activities. Murine macrophages are located in the brain, skin, liver,
kidney, lungs, and heart and originate from the yolk sac or fetal liver; their maintenance in
adulthood in the absence of stressors is independent of circulating monocytic precursors.
In other tissues, such as the gastrointestinal tract, monocytic precursors contribute to tissue
macrophages [1]. In the steady state, tissue macrophages have intrinsic anti-inflammatory
functions. Tissue stress, including infection, drives the production of monocytes and neu-
trophils. Bone marrow-derived monocytes are recruited to the damaged site, differentiate
into macrophages and dendritic cells, and begin the inflammatory processes [2]. These
events must be tightly regulated. Dysregulation of macrophage differentiation and func-
tion is involved in the pathogenesis of different diseases, including inflammatory bowel
disease (IBD).
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Immunological dysregulation in IBD is characterized by epithelial damage, expansion
of inflammation driven by intestinal flora, a large number of cells infiltrating into the lamina
propria, and a failure of immune regulation to control the inflammatory response [3]. In
IBD patients, the number of macrophages increase in the inflamed mucosa [3].

The endocannabinoid system (ECS) regulates various aspects of physiological, behav-
ioral, immunological, and metabolic functions. It is now clear that many of the components
of the endocannabinoid system function as key regulators of the immune system and the im-
mune response [4]. Endocannabinoid ligands and receptors are involved in the regulation
of both innate and adaptive immune cells. Murine and human monocytes/macrophages
and microglial cells express the endocannabinoid receptors CB1 and CB2. CB2 receptors in
macrophages have anti-inflammatory properties [5–8], while CB1 receptors have proinflam-
matory properties and are involved in phagocytosis [9–12]. Importantly, the expression
levels of cannabinoid receptors in leukocytes are influenced by different inflammatory
factors [13].

Phytocannabinoids, the biologically active constituents of cannabis, possess a wide
range of immune regulatory properties, mediated by the endocannabinoid system. Two
cannabinoids have been the focus of most of the studies that have examined medical
uses, i.e., D9 tetrahydrocannabinol (THC) and cannabidiol (CBD). THC and some of the
other phytocannabinoids mediate their biological effects primarily through the classical
cannabinoid receptors CB1 and CB2. In addition, THC can act as an agonist of the recep-
tors/channels GPR55, GPR18, PPARγ, transient TRPA1, TRPV2, TRPV3, and TRPV4, and
as an antagonist of the receptors/channels TRPM8 and 5-HT3A. Interestingly, although
CBD affects the immune function, it has a very weak affinity to CB2 or CB1, where it can
act as a negative allosteric modulator. Several reports have demonstrated that CBD acts as
an agonist of other receptors/channels, such as TRPA1, TRPV1, TRPV2, TRPV3, PPARγ,
and 5-HT1A, and as an antagonist of the receptors GPR55, GPR18, and 5-HT3A. CBD is
also an inverse agonist of the receptors GPR3, GPR6, and GPR12 [4].

Previously, we compared the influence of cannabinoid-based treatments on lympho-
cyte function [14]. The aim of the current research was to examine the consequences of
treatment with THC and CBD on macrophage activation and in macrophage-related in-
flammation. Since THC and CBD mediate their actions on mammal cells though different
receptors, we hypothesized that each cannabinoid has selective effects on macrophage
phenotype and function, and hence, a different impact on activation and inflammation.
Therefore, the aim of our research was to elucidate the differential effects of THC- and
CBD-based treatments on macrophage immune function. Our previous results suggested
that the combination of cannabinoids with other active molecules in the plant may achieve
better clinical results than pure cannabinoids, therefore, we also examined the differences
between the effects of high THC and high CBD cannabis extracts (Table 1).

Table 1. Chemical analysis of the main phytocannabinoids and terpenoids in the cannabis extracts.

THCE CBDE

Phytocannabinoids (%) Total THC 24.58 1.3488
HPLC-UV Total CBD 9.62 36.0906

Total CBG 0.3 0.4412
Terpenoids (ppm) Linalool 346.1 1087.0
SHS-GC/MS/MS Fenchyl alcohol 850.9 924.1

α-Terpineol 825.8 992.0
β-Caryophyllene 1548.7 695.3
α-Humulene 406.9 265.2

While Cannabis is not yet registered as a drug, the potential of cannabinoid-based
medicines for the treatment of various conditions has led many countries to authorize their
clinical use. As a result, in recent years, there has been a rapid increase in the medical use
of cannabis and a wide range of cannabinoid-based treatments are offered to patients. THC
and CBD are considered to be the two essential elements in these treatments. Therefore, it is
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crucial to explore the various biological effects of these molecules. A better understanding
of the effects of THC, CBD, and other active molecules on the immune response will assist
physicians in providing the best possible individually targeted treatment for their patients
and will allow the design of new treatments.

2. Materials and Methods

2.1. Cannabis Extracts and Cannabinoids

This research was performed under the approval of The Medical Cannabis Unit in the
Israeli Ministry of Health (REQ46). Pure THC was generously provided by the laboratory
of Prof. Raphael Mechoulam. Synthetic CBD was purchased from STI Pharmaceuticals
Ltd., Newtown, UK. Cannabis Sativa and Indica extract with high content in THC or
CBD (i.e., THCE/CBDE, respectively) were supplied by Cannabliss (Cannabliss Ltd., Tel
Aviv, Israel). Extraction was obtained using ethanol, and evaporated. Identification and
quantification of phytocannabinoids in the cannabis extracts were done by ultrahigh perfor-
mance liquid chromatography with an ultraviolet detector (UHPLC/UV) system (Thermo
Scientific, Bremen, Germany). The terpenoid analysis was performed by static headspace
gas chromatography tandem mass spectrometry (SHS-GC/MS/MS) using full evaporation
technique with external calibrations, as previously described [15,16]. The main molecules
are listed in Table 1.

2.2. Mice

Female and male 8- to 11-week-old and 8-month-old C57BL/6 female mice were
purchased from Envigo, Jerusalem, Israel and were acclimated for at least 7 days before
the experiment in the specific pathogen-free (SPF) facility of the Authority of Biological
and Biomedical Models at the Hebrew University of Jerusalem. The aged mice were up
to 18 months old in the SPF animal facility. The study was approved by the Institutional
Animal Care and Use Committee of the Hebrew University of Jerusalem in accordance with
national laws and regulations for the protection of animals (MD-22-16868-4, MD-20-16432-4,
and MD-18-15565-5). The mice were housed under specific SPF conditions in the animal
facility under the AAALAC accreditation, throughout the experiments.

2.3. Peritoneal Macrophages

Peritoneal exudate cells were induced in mice by an intraperitoneal injection of 0.5 mL
of 3% thioglycollate (BD DIFCO, Franklin Lakes, NJ, USA). After 4 days, mice were anes-
thetized with ketamine and xylazine, and then killed by cervical dislocation. Peritoneal
exudate cells were washed from the peritoneal cavity of mice by lavage with 5 mL of ice-
cold, sterile phosphate buffered saline (PBS). Cells were washed with PBS and re-suspended
in Dulbecco’s modified Eagle medium (DMEM) (Sartorius, Israel) supplemented with 10%
fetal calf serum (FCS), 1% penicillin/streptomycin, and 1% L-glutamine (Biological indus-
tries/Sartorius, Beit Haemek, Israel). Cell viability was determined by MTT colorimetric
assay in which a yellow tetrazole, is reduced to purple formazan in living cells (MP Biomed-
icals, LLC, Solon, OH, USA). The resultant color was measured at 450 nm using a Biotek
PowerWave XS Microplate Reader.

2.4. Nitric Oxide (NO•) Determination

Peritoneal macrophages were seeded at a density of 2.5 × 105 cells/well in 96-well
plates and incubated overnight at 37 ◦C and 5% CO2. On the following day, the medium
was changed to fresh DMEM containing 5 μg/mL CBD, THC, or cannabis extracts. The cells
were then stimulated for 24 h by the addition of lipopolysaccharide (LPS) to a concentration
of 1 μg/mL. After 24 h, cell supernatants (SNs) were harvested for nitric oxide radical (NO•)
assay by addition of 100 μL SN to an equal volume of Griess reagent (1% sulfanilamide,
0.1% naphthalene diamine, and 2% H3PO4). After 10 min of incubation, the resultant color
was measured at 550 nm. The amount of NO• produced, and any inhibition by the tested
materials, was calculated from a standard curve prepared with NaNO2. Controls: non-
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activated cells, activated cells + vehicle, activated cells + 1400W dihydrochloride (NOS2
inhibitor, Enzo Life Sciences Inc., Lausen, Switzerland).

2.5. Flow Cytometry

5 × 105 cells/sample were washed once in ice-cold staining buffer (PBS containing
1% FBS, pH 7.2). Then, cells were stained in the dark at 4 ◦C for 30 min with fluorochrome-
labeled anti-mouse mAb (Biolegend, San Diego, CA, USA), specific for cell surface antigens:
F4/80, I-Ad (MHC class II), and CD16/32. Cells were subsequently washed, re-suspended
in staining buffer, and analyzed by flow cytometry.

2.6. RNA Extraction and Real-Time PCR Analysis

Total cellular RNA was extracted using RNeasy Mini Kit columns (Geneaid, New
Taipei City, Taiwan), according to the manufacturer’s protocol. One microgram of total
RNA was used to synthesize cDNA using a high-capacity cDNA kit (Applied Biosystems,
Waltham, MA, USA), following the supplier’s instructions. Detection of transcript levels
of CB1 and CB2 was performed using a TaqMan Gene Expression Assay Kit (Applied
Biosystems, Waltham, MA, USA), with HPRT-1 as a reference. All primers were purchased
from Applied Biosystems (Waltham, MA, USA). Real-Time PCR reactions were conducted
using a QuantStudio 5 instrument (Applied Biosystems, Waltham, MA, USA). Data were an-
alyzed using the QuantStudio design and analysis Software (Applied Biosystems, Waltham,
MA, USA).

2.7. Induction of Colitis in Mice

Colitis was induced in C57BL/6 mice with 2% DSS dissolved in drinking water given
ad libitum (Days 1–7), and then replaced with plain drinking water for 3 days. Then,
5 mg/kg cannabis/cannabinoids were prepared in 5% Cremophor EL (Sigma, St. Louis,
MO, USA), 5% ethanol (Gadot, Haifa, Israel) in PBS, and 0.1 mL were administered IP every
other day, starting from Day 1. Body weight and stool were monitored once a day. Changes
of body weight are indicated as loss of baseline body weight (% of initial weight). Clinical
score (0–9) included: stool score (0–3), rectal score (0–3), and general clinical parameters
(fur texture, behavior, and posture, 0–3). On the tenth day of colitis induction, blood was
collected from the mouse tails into ethylenediaminetetraacetic acid (EDTA)-coated capillary
tubes, and then the mice were anesthetized using ketamine and xylazine, and then killed
by cervical dislocation. The intestines were excised, measured, and carefully rinsed with
saline. Blood tubes were centrifuged at 1500 rpm, room temperature, for 5 min; plasma
was collected and kept at −80 ◦C for cytokine and chemokine analysis.

2.8. Histopathology and Immunohistochemistry

Colon tissue was fixed in 4% buffered formaldehyde (Bio-Lab, Jerusalem, Israel) and
embedded in paraffin. For histology, the sections were stained with H&E according to
standard protocols. Histological scoring (0–9) was based on 3 parameters: Crypt damage
(0–3), percent involvement (0–3), and damage to bowel wall structure (0–3).

For immunostaining, paraffin embedded sections were heated to 60 ◦C, deparaffinized
using xylene, dehydrated using ethanol, and washed with H2O. Sections were treated
with 3% H2O2 and antigens retrieved by incubation with 1 mg/mL pronase. Then, the
samples were washed in PBS and blocked in CAS blocking reagent (Rhenium, Modi’in,
Israel). The slides were stained with anti-F480 (Bio-Rad, Hercules, CA, USA). Anti-rat
IgG universal immune peroxidase polymer (Nichirei Biosciences Inc., Tokyo, Japan) was
used as secondary antibody. Sections were incubated with Stable Peroxidase Substrate
Buffer (Thermo Scientific, Waltham, MA, USA), washed with H2O, and analyzed on a BX41
microscope (Olympus Corporation, Tokyo, Japan).
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2.9. Proinflammatory Chemokine and Cytokine Analysis

Peritoneal macrophages were activated for 24 h with LPS, in the presence of 5 μg/mL
CBD, THC, or cannabis extracts. The supernatant was collected and analyzed using a
LEGENDplex™ MU Macrophage/Microglia Panel cytokine array assay (Biolegend, San
Diego, CA, USA), according to the manufacturer’s instructions.

Plasma samples from DSS model mice were analyzed using a LEGENDplex™ Mouse
Inflammation Panel cytokine array (Biolegend, San Diego, CA, USA), according to the
manufacturer’s instructions.

2.10. Statistical Analysis

Data from in vitro studies are represented as mean ± SE. The mean was calculated
from the indicated number of experiments. The mean of triplicates from each experiment
was used for this calculation. For statistical analysis of the macrophage NO• secretion
experiments in female and male mice, we used Friedman test. For statistical analysis
of the macrophage NO• secretion and cannabinoid receptors expression, macrophage
cytokine secretion, and flow cytometry experiments in young and aged mice, we used
the Mann–Whitney test. For statistical analysis of colon length, colon histopathology,
macrophage infiltration to the colon, and blood cytokines in the DSS model experiments,
we used the Kruskal–Wallis test. For statistical analysis of weight loss and clinical score
in the DSS model experiments, we used the Kruskal–Wallis test of area under the curve
(AUC). In all experiments, p value < 0.05 were considered statistically significant.

3. Results

3.1. Cannabinoid Treatments Reduce Nitric Oxide and Cytokine Production of LPS-Activated
Peritoneal Macrophages

Upon activation, macrophages produce large amounts of nitric oxide (NO•). To test the
effect of cannabinoid treatments on macrophage activation, NO• secretion was determined.
Macrophages from previously thioglycollate (tg)-injected C57BL/6 mice were collected by
peritoneal lavage, and then activated for 24 h with lipopolysaccharide (LPS), in the presence
of cannabinoid treatments; 1400W dihydrochloride, a specific iNOS inhibitor, served as
control. All treatments show dose dependent effect on NO• secretion (Figure S1). For our
further experiments, we used 5 μg/mL of each treatment (THC, CBD, or cannabis extracts).
Our results demonstrate 42–72% inhibition of activation-induced NO• secretion from
peritoneal macrophages from female (Figure 1a) and male (Figure 1b) mice in the presence
of cannabinoid treatments. The reduced NO• secretion was not caused by decreasing cell
number, since the treatments showed no toxic effect on the cells in MTT viability assay
(Figure S2). The differences between THC and CBD treatments were significant only in the
female mice. Importantly, both extracts were significantly more efficient (p < 0.0001) than
the pure cannabinoids in female and male mice. A treatment with the combination of THC
and CBD (2.5 μg/mL of each) was less effective than the pure cannabinoids (Figure S3).

Next, we examined the influence of aging on the responsiveness of macrophages to
cannabinoid treatments. For this aim, we obtained peritoneal macrophages from aged
(18 months old) mice and compared their NO• secretion with macrophages from young
(2 months old) mice. Figure 1c (left) shows elevated secretion of NO• from non-activated
cells and reduced secretion upon activation of old peritoneal macrophages. The effect of
cannabinoid treatments on NO• secretion was significantly reduced as compared with cells
from young mice (Figure 1c, right). In addition, peritoneal macrophages from aged mice
demonstrate alleviated expression of the cannabinoid receptors (Figure 1d).
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Figure 1. The influence of pure CBD/THC and cannabis extracts on nitric oxide production of
LPS-activated peritoneal macrophages. Peritoneal macrophages from C57BL/6 female (a) and male
(b) mice were activated for 24 h with LPS, in the presence of cannabinoid treatments (5 μg/mL).
1400W (1400), a specific iNOS inhibitor, served as control. NO• levels in the supernatant were
analyzed. (a)—n = 10 mice, from 3 independent experiments; (b)—n = 7 mice, from 3 independent
experiments. The differences of all treatments as compare with LPS-activated control (indicated on
the graphs) are highly significant. The differences of THCE and THC between CBDE and CBD are
significant in (a,b); (c) NO• levels in the supernatant of activated peritoneal macrophages from young
(2 months old) and aged (18 months old) C57BL/6 female and male mice. n = 7 mice per group, from
3 independent experiments. The differences between aged and young mice in each treatment, are
indicated on the graph; (d) the expression levels of CB1 and CB2 in peritoneal macrophages from
young and aged C57BL/6 female mice (n = 3/group) were assessed by real-time PCR analysis. The
results are expressed as mean + SEM. p-value *, <0.05; **, <0.01; ***, <0.001. NA—non-activated; LPS—
lipopolysaccharide-activated macrophages; THC—D9 tetrahydrocannabino; CBD—cannabidiol;
THCE—high THC cannabis extract; CBDE—high CBD cannabis extract; n.s.—not significant.
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To examine the effect of the treatments on inflammatory cytokine/chemokine secretion
from peritoneal macrophages, we collected the supernatant of 24 h LPS-activated cells and
analyzed the levels of different cytokines using a LEGENDplex™ MU Macrophage/Microglia
Panel cytokine array assay. IL6, TNF-alpha, CXCL2, and G-CSF levels in the culture media
increased upon activation (Figure 2a–d). Our results demonstrate 40–74% inhibition of
activation-induced IL6 secretion from peritoneal macrophages (Figure 2a), 22–66% inhibi-
tion of TNF-alpha secretion (Figure 2b), 4–44% inhibition of CXCL2 secretion (Figure 2c),
and 0–58% inhibition of GM-CSF secretion (Figure 2d). CBD and CBDE had more sig-
nificant inhibitory effect on cytokine/chemokine secretion as compared with THC and
THCE. The differences between CBD and THC are significant in TNF-alpha, CXCL2, and
G-CSF. IL12p40, CCL22, and IL18 were also elevated following activation, however, the
cannabinoid-based treatments did not have clear effects on their levels (Figure S4).

Figure 2. The influence of pure CBD/THC and cannabis extracts on cytokine/chemokine production
of LPS-activated peritoneal macrophages. Peritoneal macrophages were activated for 24 h with LPS,
in the presence of cannabinoid treatments (5 μg/mL), as in Figure 1. n = 3 mice. IL6 (a), TNF-alpha (b),
CXCL2 (c), and G-CSF (d) levels in the culture supernatant were detected. The results are expressed as
mean + SEM. p-value as compare with LPS-activated control cells *, <0.05; **, <0.01; ***, <0.001. NA—
non-activated; LPS—lipopolysaccharide-activated macrophages; THC—D9 tetrahydrocannabinol;
CBD—cannabidiol; THCE—high THC cannabis extract; CBDE—high CBD cannabis extract.

3.2. Cannabinoid Treatments Affect the Phenotype of Activated Peritoneal Macrophages

To learn more about CBD and THC molecular effects in macrophages, we tested cell
surface expression of several molecules in the activated macrophages. Class II molecules of
the major histocompatibility complex (MHCII) is upregulated on some polarized macrophage
populations upon activation. We found that both THC and CBD treatments induce small,
but significant, further elevation in MHCII expression (Figure 3a). R. A. Ezekowitz and
S. Gordon have demonstrated that expression levels of the F4/80 glycoprotein and the Fc
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receptor CD16/32 on peritoneal macrophages are dependent on the activator [17]. In our
study, in tg-induced macrophages activated with LPS, F4/80 was elevated by THC (15%),
but reduced by CBD treatment (32%) (Figure 3b). CD16/32 cell surface expression was
elevated on LPS-activated cells, but the cannabinoid treatments had no significant effect on
its expression (Figure 3c).

Figure 3. The effect of CBD and THC on the phenotype of LPS-activated peritoneal macrophages.
Peritoneal macrophages from C57BL/6 female mice were activated for 24 h with LPS, in the presence
of cannabinoid treatments (5 μg/mL). Cell surface expression levels of MHCII ((a), n = 5), F4/80
((b), n = 6), and CD16/32 ((c), n = 7) were determined by flow cytometry. The results are expressed as
mean + SEM. p-value as compare with LPS-activated control cells *, <0.05; **, <0.01; ***, <0.001. NA—
non-activated; LPS—lipopolysaccharide-activated macrophages; THC—D9 tetrahydrocannabinol;
CBD—cannabidiol; n.s.—not significant.

3.3. Cannabis Extracts Have Improved Effect in Murine Colitis DSS Model Mice as Compared
with Pure Cannabinoids

We chose the murine colitis dextran sodium sulfate (DSS) model to compare the efficacy
of the different cannabinoid treatments in macrophage-related inflammation in vivo. DSS
is a chemical colitogen with anticoagulant properties. In the acute intestinal inflammation
model, DSS causes disruption of the intestinal epithelial monolayer lining, leading to the
entry of luminal bacteria and associated antigens into the mucosa and activation of the
innate immunity [18].
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Acute colitis was induced by adding DSS to the mice drinking water at 2% (w/v) ad
libitum for 7 days, and then replaced with plain water. Cannabinoid treatments, 5 mg/kg,
were administered intraperitoneal, every other day, from Day 1 to Day 10 (Figure 4a). All
treatments, but particularly the CBD extract (CBDE), significantly inhibited weight loss
in the DSS mice (Figure 4b). THC and CBD extracts both had better effect on the disease
clinical score as compared with the pure cannabinoids (Figure 4c). This improved effect
was also evident in the measurement of colon length (Figure 4d); the average length of the
colon in the CBDE-treated mice was 4.8 cm, significantly higher than the average length of
the colon in the CBD-treated mice 3.9 cm (p < 0.0001). In THCE-treated mice, the average
length of the colon was 4.8 cm vs. 4.1 cm in the THC-treated mice (p < 0.0001). All treatment
significantly improved the clinical condition of the mice as compared with the vehicle DSS
group. The difference between the CBD and THC groups was not significant.

Figure 4. Cannabis/cannabinoids administration for treatment of murine colitis in DSS model mice:
(a) Acute colitis was induced by adding DSS to the mice drinking water at 2% (w/v) ad libitum for 7 days,
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and then replaced with plain water. 5 mg/kg cannabis/cannabinoids were administered IP every
other day, starting from Day 1; (b) the effect of pure cannabinoids (left) and cannabis extracts (right)
on weight loss. Differences between DSS group and THCE- as well as CBDE-treated groups are
significant. The difference between the CBD- and CBDE-treated groups is significant p < 0.05; (c) the
effect of pure cannabinoids (left) and cannabis extracts (right) on clinical score. Differences between
the DSS group and all cannabinoid-treated groups are significant p < 0.005. Differences between
cannabis extracts and pure cannabinoids are significant p < 0.008. The difference between the CBD-
and THC-treated groups is significant p < 0.05; (d) the effect of pure cannabinoids and cannabis
extracts on colon length, at the end of the experiment (Day 10). p-value as compare with the DSS
control group ***, <0.001. The differences between THCE and THC and between CBDE and CBD
are significant. Data are summarized from 5 independent experiments, 5–7 mice/group in each
experiment. DSS—dextran sodium sulfate; THC—D9 tetrahydrocannabinol; CBD—cannabidiol;
THCE—high THC cannabis extract; CBDE—high CBD cannabis extract.

The improved clinical outcome of all cannabinoid-based treatments is also demon-
strated in the histopathology of the colon (Figure 5a,b). Colon sections were stained with
haematoxylin/eosin and scored for the infiltration with inflammatory cells, damage in
crypt architecture, and thickening of the bowel wall. In this assay, no significant differences
between the four cannabinoid-based treatments were found.

Figure 5. Histopathology of the colons of DSS model mice. Paraffin sections were stained with H&E
and scored for inflammation and tissue damage; (a) Summary of average scores. p-value as compare
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with the DSS control group **, <0.01; ***, <0.001; (b) representative pictures of H&E stained sections.
DSS—dextran sodium sulfate; THC—D9 tetrahydrocannabinol; CBD—cannabidiol; THCE—high
THC cannabis extract; CBDE—high CBD cannabis extract.

3.4. Cannabinoid Treatments Reduce Intestinal Macrophage Infiltration and the Levels of
Inflammatory Cytokines in the Plasma of DSS Mice

Next, we examined the effects of the treatments on macrophages and inflammation
in the DSS model. In IBD patients, an increased number of macrophages in the inflamed
mucosa initiate a rapid response to luminal microbial antigens [3]. Immunohistochemistry
with F4/80 antibody was performed to detect macrophages in the colon. As demonstrated
in Figure 6a,b, the number of macrophages in the colon tissue is highly elevated in the
DSS mice. All the cannabinoid-based treatments significantly inhibited colon infiltra-
tion of macrophages in the DSS mice (40–60% inhibition). CBDE treatment inhibition of
macrophage infiltration was significantly more effective than pure CBD treatment (p = 0.03).
The THCE and THC treatments were not significantly different.

Figure 6. Immunostaining for macrophages in the colons of DSS model mice. Paraffin sections were
stained with anti-F4/80 antibodies: (a) Average number of positive cells. p-value as compare with the
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DSS control group *, <0.05; **, <0.01; ***, <0.001. The difference between the CBDE and CBD groups
is significant; (b) representative pictures of F4/80 immunostained sections. DSS—dextran sodium
sulfate; THC—D9 tetrahydrocannabinol; CBD—cannabidiol; THCE—high THC cannabis extract;
CBDE—high CBD cannabis extract.

Cytokine levels in the blood reflect the inflammatory status in the body. It was also
demonstrated that inflammatory cytokines have a crucial role in the pathogenesis of IBD,
where they control multiple aspects of the inflammatory response [19]. We, therefore, tested
the plasma levels of inflammatory cytokines of treated DSS mice using a mouse inflam-
mation cytokine array assay. Interestingly, we found that the different treatments have
unique effects on plasma cytokines (Figure 7). IL6 levels were reduced by all treatments,
but particularly by CBDE. The levels of TNF-alpha were significantly reduced only by
the cannabis extracts; but pure cannabinoids had stronger effect on IFN-beta levels. The
levels of other tested cytokines were not significantly changed in the plasma of DSS mice
as compared with healthy controls.

Figure 7. The influence of pure CBD/THC and cannabis extracts on inflammatory cytokines in
the blood of DSS model mice. Blood samples for cytokine analysis were obtained at Day 10. The
levels of TNFa (a), IL6 (b), and IFNb (c) in the plasma were determined using a LEGENDplex™
Mouse Inflammation Panel cytokine array; n = 5–10 mice/group. The results are expressed as
mean + SEM. p-value as compare with the DSS group *, <0.05; **, <0.01; ***, <0.001. DSS—dextran
sodium sulfate; THC—D9 tetrahydrocannabinol; CBD—cannabidiol; THCE—high THC cannabis
extract; CBDE—high CBD cannabis extract; n.s.—not significant.

4. Discussion

Macrophages play key roles in innate immunity. They are specialized cells involved
in the detection and destruction of bacteria and other harmful pathogens. In addition,
they can present antigens to T cells and initiate inflammation. Macrophages and mi-
croglial cells express the Gi protein-coupled seven transmembrane cannabinoid recep-
tors, CB1 and CB2 [12,20–24]. On the one hand, CB2 receptors in macrophages have
anti-inflammatory properties, can affect macrophage polarization, and are involved in
promoting autophagy [3,5,6,8]. CB1 receptors in macrophages, on the other hand, have
proinflammatory properties and are involved in phagocytosis [9–12].
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Phytocannabinoids possess a wide range of immune regulatory properties, mediated
by the endocannabinoid system [4]. Two cannabinoids have been the focus of most of the
studies examining medical uses: THC and CBD. These two phyto-cannabinoids utilize
different endocannabinoid receptors to mediate their effects. A few studies have demon-
strated anti-inflammatory effect for phytocannabinoid treatments on macrophage function,
however, these studies have generally focused on a single cannabinoid [25–29].

Previously, we compared the influence of THC, CBD, and cannabis extracts on lym-
phocyte activation in vitro and in a murine graft versus host disease (GvHD) model [14].
In the current research, we aimed to compare the consequences of treatment with THC or
CBD on macrophage activation and in DSS murine model for gastrointestinal inflammation.
We use this model as a model for acute inflammation with involvement of macrophages in
the pathophysiology of the disease [19].

First, we examined the effect of cannabinoid treatments on NO• secretion from peri-
toneal macrophages, ex vivo. Macrophages produce large amounts of NO• as a defense
mechanism. However, in pathological conditions, such as autoimmune diseases, there is
excessive simultaneous production of NO• and O2•− by macrophages and other cells.
NO• and O2•− generate large quantities of the toxic molecule peroxynitrite (ONOO−), an
oxidant and nitrating agent which can damage a wide array of molecules in cells, including
DNA and proteins [30]. Elevated NO• bioavailability has been implicated in the etiology
of a number of pathological events including IBD. It is now clear that the ECS plays a
key role in regulating NO• formation via CB1R, CB2R, and/or alternative molecular tar-
gets [31]. We found that both THC and CBD, as well as cannabis extracts treatments, inhibit
activation-induced NO• secretion from both female and male peritoneal macrophages.
These results were in agreement with the results of Romano et al. who demonstrated a
similar effect with the cannabinoid THCV [32]. Cannabis extracts and pure cannabinoids
were used in a concentration of 5 μg/mL; the extracts had stronger effect than the pure
cannabinoids, although cannabinoids constituted only 35–38% of their content. This could
result either from inhibitory signaling of other molecules in the plant (not THC/CBD) or
from a synergistic function of THC/CBD with other molecules. Interestingly, CBD signaling
has been associated with inhibition of cytokine/chemokine secretion, since both pure CBD
and CBDE had greater effect on the levels of peritoneal macrophage’s secreted cytokines
as compared with THC and THCE. It should be noted that the cannabis extracts had no
significant advantage over the pure cannabinoids in inhibition of cytokine/chemokine
secretion from peritoneal macrophages. The inhibitory effect of CBD, on the one hand,
IL6 and TNF-alpha, and on the other hand, CXCL2 and G-CSF may suggest its ability to
regulate both local inflammation and periphery bone marrow interactions.

Aging is concurrent with a slow and constant functional deterioration of the immune
system, known as immunosenescence, which is accompanied by an increase in chronic
inflammatory processes, a phenomenon known as “inflammaging”. The devastating
consequences of an aged immune system include impairment of the ability to cope with
infections and an increased risk of developing chronic diseases such as cancer and heart
disease—the two leading causes of death in old age [33]. Indeed, our results demonstrate
elevated NO• secretion from non-activated peritoneal macrophages from aged mice, which
indicated pre-existing inflammatory process. In addition, the reduced secretion upon LPS
activation of aged mice peritoneal macrophages, may indicate immunosenescence. The
old cells also showed decreased responsiveness to cannabinoid treatments and alleviated
expression of CB1 and CB2 receptors. These results corresponds with earlier studies which
demonstrated age-related alterations in the endocannabinoid system [34,35], and may
be accompanied with other age-related changes in the endocannabinoid receptors and
enzymes in the cells.

The effect of THC and CBD treatments on the expression of cell surface molecules on
activated peritoneal macrophages was examined. Stimulation with LPS, a major component
of the outer membrane of Gram-negative bacteria, leads to an effective classical, proinflam-
matory, macrophage activation. MHC-II molecules, expressed by antigen presenting cells,
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are central in the initiation of cellular and humoral immune responses. Upon LPS activa-
tion, MHCII is upregulated in macrophages [36], and hence increased antigen presentation.
MHCII levels can also be affected by different soluble factors, such as cytokines [37]. In a
previous study by Paul W. Wacnik et al. THC reduced MHCII expression in LPS-activated
dendritic cells [38]. Since cannabinoid treatments reduced nitric oxid secretion, we expected
similar reduced expression of MHCII. Surprisingly, we found that both treatments did not
reduce, but induced, a small elevation of MHCII expression in the activated macrophages.
The combination of these results may indicate that treatment of cannabinoids together with
LPS may lead to M2b polarization of the peritoneal macrophages. M2b macrophages are a
population of regulatory macrophages, classically induced by LPS and immune complexes,
G-protein coupled receptor ligands, or prostaglandins [39,40].

F4/80 is widely used as a mouse macrophage antigen marker. Although the ligands
for F4/80 have not been defined, evidence shows that this molecule is required for pe-
ripheral tolerance [41]. In addition, it has been demonstrated that F4/80 and Fc receptor
CD16/32 expression levels in peritoneal macrophages are dependent on the activator [17].
In our experiments, the expression of F4/80 was elevated by THC, but reduced by CBD
treatment as compared with the activated control cells. This result demonstrates the differ-
ent consequences of the treatment with different cannabinoids. However, the functional
relevance of this result is yet to be determined. CD16 and CD32 are low affinity IgG
Fc receptors. Immune complexes signaling through the Fc receptors can lead to M2B
polarization [39]. In our experiments, CD16/32 cell surface expression was elevated in
LPS-activated cells, however, the cannabinoid treatments had no significant effect on their
expression. Therefore, it is possible that the cannabinoids bypass CD16/32 signaling, for
example, by binding to PPARγ, which may provide the second signal for M2B polarization.

IBD is comprised of well-known gastrointestinal autoimmune inflammatory disorders
such as ULcerative colitis (UC) and Crohn’s (CD). Cannabinoid receptor stimulation at-
tenuates murine colitis, while cannabinoid receptor antagonism and cannabinoid receptor
deficient models reverse these anti-inflammatory effects [4]. Phytocannabinoids have been
used in preclinical models of gastrointestinal inflammation [42,43] and several clinical trial
have tested the efficacy of cannabinoid-based treatments in IBD patients [42,44]. Indeed, in
our DSS murine colitis model, cannabinoid treatments improved the clinical condition of
the mice. Similar to the in vitro nitric oxide secretion assay and to our previous results in
the murine GvHD model [14], the results of treatment with cannabis extracts were superior
to pure-cannabinoid treatments. This unique effect could be a result of either a synergistic
function of THC/CBD with other components or from independent anti-inflammatory
properties of other molecules in the plant.

Dysregulated macrophages have a key role in the pathogenesis of IBD. In IBD patients,
the number of macrophages increases in the inflamed mucosa. The phenotype and functions
of the macrophages in the inflamed sites differ from those in physical conditions. For
instance, they express high levels of costimulatory molecules and produce high levels of
IL-12 and IL-23 in vitro under the microbial stimulation [3]. Our results demonstrate that
cannabinoid-based treatments inhibit colon infiltration of macrophages in DSS mice. The
average number of colon infiltrating macrophages in each treatment group correlated with
the severity of the disease.

Inflammatory cytokines are produced by macrophages, but also by other cells such
as dendritic cells, fibroblasts, and lymphocytes. The cannabinoid treatments all affected
the levels of inflammatory cytokines in the mice blood. However, each treatment had a
unique effect on the composition of cytokines: CBD treatment reduced the levels of IL6
and the more regulatory cytokine, interferon-beta; THC treatment reduced the levels of
IL6 and interferon-beta better than CBD; CBDE treatment reduced the levels of TNF-alpha
and had the strongest effect on the level of IL6; and THCE treatment reduced the levels of
IL6, interferon-beta; and TNF-alpha. These results demonstrate, once again, the different
consequences of treatment with different cannabinoid-based treatments. Interestingly, IL6,
a key cytokine in IBD [19] was reduced by all the cannabinoid treatments, but TNF-alpha,
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another cytokine involved in the pathogenesis of IBD, was significantly affected, in the
murine model, only by the cannabis extracts. Therefore it is possible that the reduced levels
of TNF-alpha are responsible for the improved clinical effect. Importantly, anti-TNF agents
are often used for IBD treatment in the clinic, due to the central role of this cytokine in the
pathogenesis of the disease in human subjects too. CBDE was the most effective treatment in
IL6 and TNF-alpha inhibition, both in activated peritoneal macrophages and in the murine
model. This result was in agreement with the recently published results of Aswad et al.,
who demonstrated similar effects for a different high-CBD cannabis extract in human
PBMCs and neutrophils and in murine models for systemic and lung inflammation [45].

5. Conclusions

Overall, our results indicate both similarities and differences between the impact of
CBD- and THC-based drugs. Although all the tested treatments had an anti-inflammatory
effect, their specific effects (for example, on phenotype of the cells and on cytokine pro-
duction) differed. These differences may influence the clinical outcome of the treatment.
We were surprised to find very similar anti-inflammatory results for the two cannabis
extracts, which had diverse content of THC and CBD. This could suggest that THC/CBD
content may not be the best indicator for anti-inflammatory properties of a cannabis-based
drug. These results highlight the need to expand the research on the interplay between
cannabinoids and other phytochemicals in the cannabis extracts. A better understanding of
the effects of each molecule and the synergism between these molecules on the immune
response will assist physicians to provide the best possible individually targeted treatment
for their patients and will allow the design of new treatments.
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Abbreviations

D9 tetrahydrocannabinol (THC); cannabidiol (CBD); high THC extract (THCE); high
CBD extract (CBDE); nitric oxide (NO•); inflammatory bowel disease (IBD); endocannabi-
noid system (ECS); specific pathogen-free (SPF); phosphate buffered saline (PBS); Dul-
becco’s modified Eagle medium (DMEM); fetal calf serum (FCS); lipopolysaccharide (LPS);
supernatant (SN); thioglycollate (tg); area under the curve (AUC); non-activated (NA);
dextran sodium sulfate (DSS); graft versus host disease (GvHD).
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Abstract: Inhibition of fatty acid amide hydrolase (FAAH), which increases anandamide levels, has
been suggested as a potential treatment for stress-related conditions. We examined whether the
stress-preventing effects of the FAAH inhibitor URB597 on behavior are mediated via β-catenin in
the nucleus accumbens (NAc). Male rats were exposed to the shock and reminders model of PTSD
and then treated with URB597 (0.4 mg/kg; i.p.). They were tested for anxiety- (freezing, startle
response), depression-like behaviors (despair, social preference, anhedonia), and memory function
(T-maze, social recognition). We also tested the involvement of the CB1 receptor (CB1r), β-catenin,
and metabotropic glutamate receptor subtype 5 (mGluR5) proteins. URB597 prevented the shock-
and reminders-induced increase in anxiety- and depressive-like behaviors, as well as the impaired
memory via the CB1r-dependent mechanism. In the NAc, viral-mediated β-catenin overexpression
restored the behavior of rats exposed to stress and normalized the alterations in protein levels in
the NAc and the prefrontal cortex. Importantly, when NAc β-catenin levels were downregulated
by viral-mediated gene transfer, the therapeutic-like effects of URB597 were blocked. We suggest a
potentially novel mechanism for the therapeutic-like effects of FAAH inhibition that is dependent on
β-catenin activation in the NAc in a PTSD rat model.

Keywords: rat; post-traumatic stress disorder (PTSD); cannabinoids; URB597; mGluR5; CB1 receptor;
fatty acid amide hydrolase (FAAH); β-catenin

1. Introduction

Stressful life events can substantially impact the brain and induce psychiatric disorders
such as post-traumatic stress disorder (PTSD) and depression [1].

A large body of evidence, including our own findings, points to the endocannabinoid
(ECB) system as a possible therapeutic target to help treat PTSD [2–15]. The ECB system
contains the cannabinoid receptors CB1 (CB1r) and CB2 (CB2r); endogenous ligands: N-
arachidonyl ethanolamine (anandamide; AEA) and 2-arachidonoyl glycerol (2-AG); and
their degrading enzymes: 2 monoacylglycerol lipase (MAGL) for 2-AG and fatty acid amide
hydrolase (FAAH) for AEA.

Using a rat model for PTSD in an inhibitory avoidance apparatus, wherein rats are
exposed to a single severe foot shock followed by exposure to contextual reminders, we
found that acute administration of the FAAH inhibitor URB597 or the CB1/CB2 recep-
tor agonist WIN55,212-2 after shock exposure prevented anxiety- and depression-like
behaviors [3,15–17]. Unlike direct cannabinoid agonists, URB597 does not cause classical
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cannabinoid side effects such as catalepsy, hypothermia, hyperphagia, and abuse poten-
tial [18,19]. However, the mechanism for the therapeutic-like effects of URB597 requires
further investigation.

The Wnt/β-catenin pathway was found to play a significant role in anxiety and de-
pressive symptoms [20,21] and to regulate pro-resilient and anxiolytic-like effects in the
nucleus accumbens (NAc) by activating a network that includes Dicer1 and downstream
microRNAs [22]. Moreover, overexpressing GSK-3β (i.e., the kinase which phosphory-
lates β-catenin) in the NAc induced depressive-like behavior, whereas GSK-3β inhibition
promoted resilience [23]. Similarly, contextual and cued fear memory increased GSK-
3β phosphorylation in the hippocampus and amygdala [21,24,25]. We have previously
demonstrated that enhanced extinction kinetics in rats exposed to shock and reminders
was significantly associated with increased expression of β-catenin in the NAc; hence,
suggesting that the expression of β-catenin in the NAc is linked with a resilient response to
the stressor [26]. When β-catenin levels in the NAc were inhibited using the non-selective
β-catenin antagonist sulindac, it blocked the therapeutic-like effects of WIN55,212-2 on
extinction [26]. The involvement of the Wnt/β-catenin pathway in antidepressant and
pro-cognitive effects also has been observed in the medial prefrontal cortex (mPFC) [27,28].

In vivo and in vitro evidence suggests that Wnt/β-catenin signaling is downstream
of metabotropic glutamate receptor subtype 5 (mGluR5); hence, mGluR5 signaling plays
a key role in controlling neuronal gene expression by regulating the assembly of the
N-cadherin/β-catenin complex and consequently the expression of REST/NRSF (Repres-
sor element 1-silencing transcription factor/neuron-restrictive silencer factor) in primary
corticostriatal neurons [29]. Importantly, mGluR5 is implicated in the pathophysiology
of several psychiatric disorders [30]. The direction of mGluR5 modulation that elicits
antidepressant/anxiolytic-like effects has been inconsistent across studies [31–33]. How-
ever, the PFC of postmortem brains of major depressive disorder patients shows reduced
mGluR5 protein expression [34]; in rodents, an essential role for mGluR5 in the NAc was
found in promoting stress resilience, suggesting that a deficit in mGluR5-mediated signal-
ing in this region may represent an endophenotype for stress-induced depression [35]. In a
recent study, NAc mGluR5 activation ameliorated the effects of stress on depression-like be-
havior and pain, through ECB mediation, suggesting an association between ECB signaling
and the expression of mGluR5 in stressed rats [36].

The aim of the current study is to examine the role of β-catenin in the stress-attenuating
effects of FAAH inhibition and to assess its function in anxiety- (freezing, startle response),
and depression-like behaviors (forced swim test, social preference, saccharin preference), as
well as memory function (water T-maze, social recognition). To that end, we overexpressed
and downregulated β-catenin in the NAc by viral-mediated gene transfer and assessed the
effects of URB597 in these relevant stress-related behaviors and several proteins of interest
(i.e., β-catenin, mGluR5 and CB1r) in the NAc, PFC, hippocampus and amygdala. We
hypothesized that URB597 would prevent the shock- and reminders-induced alterations in
behavior, and that these therapeutic-like effects of URB597 would be mediated via β-catenin
in the NAc.

2. Materials and Methods

2.1. Subjects

Male Sprague Dawley rats (60 days old, ~225 g; Envigo, Jerusalem, Israel) were caged
together according to their treatment group (4 per cage; 59 × 28 × 20 cm) at 22 ± 2 ◦C
under 12 h light/dark cycles. Plastic hoses were placed in each cage to enrich the animals’
environment. For the saccharin preference test, each rat was placed in a separate cage. Rats
were allowed water and laboratory rodent food ad libitum.

2.2. Drug Treatment

The FAAH inhibitor URB597 (0.4 mg/kg, i.p.) and the CB1r antagonist AM251
(0.3 mg/kg, i.p.) (Cayman Chemicals, Ann Arbor, MI, USA) were dissolved in dimethyl-

148



Biomedicines 2022, 10, 1789

sulfoxide 5%, Tween-80 and saline 90% (Sigma-Aldrich, Rehovot, Israel). Drug doses are
based on previous findings [3,4,16,37].

2.3. Shock and Situational Reminders

Rats were exposed to a single shock in a passive avoidance apparatus divided into two
equal-size compartments (one light and one dark), which were separated by a guillotine
door [15,17]. On shock day, rats were placed in the light compartment; once the rat
entered the dark compartment, a single foot shock (1.5 mA, 10 s) was delivered (Coulbourn
Instruments, Whitehall, PA, USA). The no-shock groups received the same treatment, but
with the shock mechanism inactivated.

For situational reminders (SRs), a rat was placed in the lighted start chamber for 60 s,
with the guillotine door closed to prevent the rat from entering the shock compartment (to
avoid extinction). No further shocks were administered. We used a video camera to monitor
the duration of freezing behavior during the 60 s SR in the lighted chamber. Freezing was
measured before shock administration (baseline) and during the five days of SRs (SR1-SR5).
The percentage of changed pixels between two adjacent 1 s images was calculated, and
if the percentage of change in images was <0.05%, the rat was scored as “freezing” [38].
Freezing was defined as the absence of all movement except for respiration [39].

2.4. Behavioral Testing

All rats were tested in all behavioral procedures in the same order. The most aversive
test (forced swim test—FST) was last. Tests were separated by a 24 h period. All behavioral
tests were conducted under dim lighting (15–20 lx) and took place between 12:00 and 16:00.
Behavioral testing was taken after SR5 in order to examine the long-term effects of the
traumatic event. In a previous study, we found that shocked rats exposed to SRs persis-
tently avoided the dark chamber, whereas, shocked rats not exposed to SRs demonstrated
increased avoidance on the first extinction trial, but their extinction kinetic was intact [7].

2.5. Acoustic Startle Response (ASR)

A soundproof chamber (25 × 25 × 25 cm) containing an acrylic animal holder
(8 × 8 × 16 cm; Coulbourn Instruments, Whitehall, PA, USA) that is connected to a piezo-
electric accelerometer. For consistency between chambers and experiments, calibration
of sensitivity to the movement and sound levels was applied. A single rat was placed in
the holder for a 5 min acclimatization period; 30 acoustic startle trials (98 or 120 dB; 50 ms
duration, 20–40 s intertrial interval) were presented over the 68 dB white noise background.
We analyzed the mean startle amplitude which indicates the averaged response to the 98
and 120 dB in mV [40].

2.6. Social Preference and Social Recognition

This task assesses sociability and short-term social memory. Habituation for 1 h to
the transparent corrals in the home cages of the juvenile and experimental rats preceded
the training. The object and the juvenile rat were confined to the corrals that were placed
10 cm from the two opposite corners of the arena. The corrals (9 cm in diameter) allowed
physical contact with the experimental rat [3]. The objects were children’s Lego blocks.

For the preference and recognition phases, the experimental rat was given 5 min
exploration with an intertrial interval of 30 min in a holding cage. For preference, the rat
explored the novel object and the unfamiliar juvenile. The ratio was calculated as the time
spent exploring the juvenile rat divided by the total exploration time (juvenile rat + novel
object). For recognition, the rat explored a novel juvenile and the familiarized juvenile.
The ratio was calculated as the time spent exploring the novel juvenile divided by total
exploration time (familiar + novel juveniles). The trials were videotaped (Logiteck, C922
Pro Stream, Newark, CA, USA) and recorded (NCH Software, Greenwood Village, CO,
USA) and the time spent in corral exploration was analyzed using EthoVision XT9 software.
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2.7. Water T-Maze (WTM)

The WTM is a black Plexiglas maze (length of stem, 64 cm; length of arms, 43 cm;
width, 13 cm; height of walls, 42 cm). A transparent plastic escape platform (12 × 12 cm) is
hidden at the end of one of the two arms that are filled with water (23 ± 1 ◦C). The test has
two phases: acquisition and reversal.

For the first acquisition phase, a rat needs to choose the right arm out of two. If it
chooses the right arm, it remains on the platform for 10 more seconds. If it chooses the
wrong arm, the rat is confined to the arm for 20 s.

In the second reversal phase (performed 24 h after the acquisition phase), each rat
was first tested in a probe trial without the platform. Once the rat entered an arm, it was
removed from the maze. If the non-reinforced arm was chosen, the rat was retrained on
the discrimination of the previous day and tested again 24 h later. If the reinforced arm
was chosen, the rat was trained on the reversal of that discrimination, i.e., the platform was
moved to the opposite arm [41]. In both phases, the number of correct trials was recorded
until the rat reached five consecutive correct trials.

2.8. Forced Swim Test (FST)

This test is based on the assumption that when a rat is placed in a container filled
with water, it will at first make efforts to escape but eventually will exhibit immobility that
may reflect despair [42]. An acrylic cylindrical container (62 cm diameter, 40 cm height)
was filled with water at a temperature of 24 ◦C. The water level (34 cm) was such that a
rat could not touch the bottom with its hind paws. A rat was forced to swim for 15 min
inside the container. Then, after 24 h in the home cage, the rat was put back in the container
and forced to swim for 5 min. The time spent immobile was recorded. Immobility was
defined as the lack of motion, except for movements necessary to keep the rat’s head above
water [43,44].

2.9. Saccharin Preference Test

Water bottles were removed before the dark part of the cycle and replaced with two
bottles, one filled with water and the other with saccharin (0.01 mg/L, dissolved in water,
Sigma-Aldrich, Rehovot, Israel). Saccharin consumption was measured during the 12 dark
hours of the cycle. Following one night of habituation to saccharin, the saccharin preference
ratio was calculated as the saccharin consumption divided by the total consumption
(consumption of saccharin/water + saccharin).

2.10. Western Blotting (WB)

Rats were euthanized and brain tissues of the mPFC (prelimbic and infralimbic
punched together), NAc shell, basolateral amygdala (BLA), and CA1 area of the hip-
pocampus were removed by cryostat using a 0.5 mm puncher (coordinates relative to
Bregma in mm: mPFC: anteroposterior (AP), +3.72; medial–lateral (ML), ±0.4; ventral (V),
−4.8; NAc shell: AP, +1.6; ML, ±1; V, −5.5; BLA: AP, −1.596; ML, ±4.2; V, 8.45; CA1: AP,
−4.2; ML, ±2.5; V: −2.5). Protein levels were determined by the bicinchoninic acid protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The samples were then diluted in
an SDS sample buffer, boiled for 5 min at 100 ◦C, and then stored at −80 ◦C. On running
day, wells were loaded with 30 μL of samples. Each gel contained at least one sample from
each group. Aliquots were subjected to SDS–PAGE (7.5% polyacrylamide; Sigma-Aldrich,
Rehovot, Israel) and immunoblot analysis.

Blots were incubated with CB1r (1:1000; abcam, Cambridge, UK; ab25932 [ERP23934-
20]), β–catenin (1:5000; abcam, Cambridge, UK; ab32572 [E247]), or mGluR5 (1:5000; abcam,
Cambridge, UK; ab76316 [ERP2425Y]) antibodies overnight at 4 ◦C. This was followed by a
1 h incubation with an HRP-linked secondary antibody at room temperature (1:10,000; goat
anti-rabbit IgG; Jackson ImmunoResearch Laboratories, West Grove, PA, USA; 111-035-144).
Blots were visualized with ECL (Bio-Lab, Jerusalem, Israel) and an XRS charge-coupled
device camera (BioRad Laboratories, Hercules, CA, USA). We used the Quantity One
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software (BioRad Laboratories, Hercules, CA, USA) to assess blot density. All protein
samples were standardized with β-actin (1:1000; Cell Signaling, Danvers, MA, USA; #5125
[13E5]). For antibody specificity, see the Supplementary File, Figure S1.

2.11. Viral-Mediated Gene Transfer

The replication-deficient herpes simplex virus (HSV) p1005 vector is a “short-term”
vector, derived from herpes simplex virus-1 with a high titer range (3–5 × 108 transduction
unit, TU/mL; an illustration of a modified HSV amplicon plasmid is presented in the
Supplementary File, Figure S2). Stereotactic surgery was performed on rats under anes-
thesia of Domitor (2%, 10 mg/kg, i.p.) and ketamine (10%, 100 mg/kg, s.c.) (Vetmarket,
Modiin, Israel). A total of 1μL of the HSV viral vector or green fluorescent protein (GFP)
was infused bilaterally into the NAc (Stoelting, Wood Dale, IL, USA) at a rate of 0.1 μL/min
(coordinates relative to Bregma: AP, +1.6 mm; LM, ±1 mm; V, −5.5 mm). Vectors were
used to overexpress (OE) or downregulate (DR) the expression of β-catenin compared to a
GFP control five days before shock day; the vector is expressed in vivo within 2–3 h, with
maximal expression from 3–5 days post-injection that lasts only 8 days in vivo [23,45–47].
The viral dose was determined by rendering the >90% cell infection rate in brain tissue,
diluted in 60% PBS.

The needle was held in place for 5 additional minutes before being slowly withdrawn.
Animals were allowed 5 days of recovery before behavioral experiments began.

2.12. Perfusion and Immunohistochemistry (IHC)

Perfusion:

In anesthetized rats (Domitor and ketamine), brains were perfused with 4% paraformalde-
hyde solution (Santa Cruz Biochemicals, Dallas, TX, USA). Post-fixation brains were kept at
−80 ◦C [48].

GFP detection:

Brains were sectioned in 35-μm-thick slices using cryostat microtome (Leica Biosys-
tems, Deer Park, IL, USA) and stored at 4 ◦C in PBS. Then, slices were washed three times
for 15 min each in 1 × PBS (Sigma-Aldrich, St. Louis, MO, USA). After the washing proce-
dure, the brain slices were mounted on super frost glass slides using PBS as a mounting
solution and left to dry for 24 h. Glass slides were then stored at 4 ◦C in a dark chamber.
Staining was documented using a confocal microscope at 5×, 10×, and 40× zoom (ZEISS,
Jena, Germany).

2.13. Experimental Design

a. Study design for experiments 1 and 2: on day 0, male rats were exposed to a
single, severe foot shock (1.5 mA, 10 s) in an inhibitory avoidance apparatus, followed by
exposure to contextual 1 min situational reminders (SRs) of the shock on days 5, 10, 15,
20, and 25 (Scheme 1a). Freezing was measured during exposure to SR. Drugs (Vehicle,
URB597, AM251, AM251 + URB597) were administered i.p. 1 h after shock exposure.
Following habituation to saccharin on day −3 (sacc’ hab; pre-shock), preference was tested
on day −2 pre-shock and on days 2, 7, and 14 post-shock. Acoustic startle response (ASR)
testing was administered twice: one day before the shock (−1; ASR1) and one day after
the last reminder (day 26; ASR2). On day 27, rats were exposed to the social preference
and recognition tests, on days 28–29 to the water T-maze (WTM), and on days 30–31 to
the forced swim test (FST). In experiment 1, four groups (n = 10 for all groups) were
administered with vehicle or URB597, and brains were removed on day 32 for western
blotting (WB). In experiment 2, six groups (n = 8 for all groups) were administered with
vehicle, AM251, or AM 251 + URB597. No rats were excluded from the experiments.
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(a) 

Scheme 1. (a) Study design for experiments 1 and 2. Rats were exposed to a severe foot shock (1.5 mA,
10 s) followed by exposure to contextual 1 min situational reminders (SRs). Drugs were administered
i.p. 1 h after shock exposure followed by a battery of behavioral tests and brain extraction. (b) Study
design for experiments 3 and 4. On day −5, the herpes simplex virus (HSV) vector was injected
bilaterally into the nucleus accumbens (NAc) to overexpress (OE) or downregulate (DR) β-catenin.
On day 0, rats were exposed to a single severe foot shock (1.5 mA, 10 s) followed by exposure to
contextual 1 min situational reminders (SRs). In experiment 4, drugs (Vehicle, URB59751) were
administered i.p. 1 h after shock exposure. All rats were exposed to a battery of behavioral tests. For
experiment 3, the brains were removed following the tests.

b. Study design for experiments 3 and 4: on day −5, the herpes simplex virus (HSV)
vector was injected bilaterally into the nucleus accumbens (NAc) to overexpress (OE) or
downregulate (DR) β-catenin (Scheme 1b). On day 0, male rats were exposed to a single
severe foot shock (1.5 mA, 10 s) in an inhibitory avoidance apparatus followed by exposure
to contextual 1 min situational reminders (SRs) of the shock on days: 2, 5, 8, 11, and 14.
Following habituation to saccharin on day −3 (sacc’ hab; pre-shock), preference was tested
on days −2 pre-shock and on days 2, 7, and 14 post-shock. Acoustic startle response (ASR)
testing was administered before the shock (day 1; ASR1) and one day after the last reminder
(day 15; ASR2). In experiment 4, drugs (Vehicle, URB59751) were administered i.p. 1 h
after shock exposure. On day 16 rats were exposed to the social preference and recognition
tests, on days 17–18 to the water T-maze (WTM), and on days 19–20 to the forced swim
test (FST). For experiment 3, the brains were removed on day 21, and β-catenin, mGluR5,
and CB1r expression were measured using western blotting (WB). In experiment 3, GFP
or OE was delivered to four groups (n = 7–10 for all groups). In experiment 4, GFP or
DR was delivered to eight groups (n = 8 for all groups). No rats were excluded from
the experiments.

2.14. Statistical Analysis

The results are expressed as means ± SEM. For statistical analysis, we used one-
way ANOVAs, two-way ANOVAs, repeated measures ANOVAs, t-tests, and Pearson
bivariate correlation tests, as indicated. All post hoc comparisons were made using Tukey’s
range test. Significance was chosen at p ≤ 0.05. Data were analyzed using SPSS 27 (IBM,
Chicago, IL, USA). Normality assumption was examined using the Kolmogorov–Smirnov
and Shapiro–Wilk tests.

3. Results

3.1. Experiment 1: The Effects of URB597 on Behavior and the Expression of β-Catenin in Rats
Exposed to Shock and Reminders

Rats were exposed to a single severe foot shock followed by situational reminders.
Drugs were administered i.p. 1 h after shock exposure, and then the rats performed a
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battery of behavioral tests; brains were removed after 24 h and β-catenin expression was
measured (for detailed study design, see Section 2.13 Experimental Design).

3.1.1. Freezing

Freezing behavior was monitored during the 1 min exposure to the SR conditions (base-
line and SR1-SR5) (Figure 1a). Repeated measures ANOVA (shock × drug × SR; 2 × 2 × 6)
revealed significant main effects of drug [F(1,36) = 37.737, p < 0.001], shock [F(1,36) = 78.650,
p < 0.001], SR day [F(5,180) = 11.773, p < 0.001]. We also detected the following interac-
tions: shock × drug [F(1,36) = 36.301, p < 0.001], shock × SR [F(5,180) = 10.960, p < 0.001],
drug × SR [F(5,180) = 4.910, p < 0.001], and shock × drug × SR [F(5,180) = 4.823, p < 0.001].
Post hoc analysis revealed that on SR1 to SR5 the Shock/Veh group demonstrated a signifi-
cant increase in freezing levels compared with the NoShock/Veh group (p < 0.001) and the
Shock/URB group (SR1; SR2; SR4; SR5: p < 0.01; SR3: p < 0.001). This suggests that URB597
prevented the shock-induced increase in freezing behavior. In addition, the Shock/URB
group showed increased freezing levels compared with the NoShock/URB group (SR1:
p < 0.001; SR2; SR3: p < 0.01; SR4: p < 0.05).

3.1.2. Saccharin Preference

Saccharin preference was tested on day 2 pre-shock and on days 2, 7, and 14 post-
shock (Figure 1b). Repeated measures ANOVA (shock × drug × day; 2 × 2 × 4) revealed
significant effects of drug [F(1,36) = 16.109, p < 0.001] and day [F(3,108) = 5.633, p < 0.01];
with the following interactions: shock × drug [F(1,36) = 8.970, p < 0.01], shock × day
[F(3,108) = 2.896, p < 0.05], drug × day [F(3,108) = 5.723, p < 0.01], shock × drug × day
[F(3,108) = 6.052, p < 0.01]. Post hoc analysis revealed that on days 2 and 7, the Shock/Veh
group demonstrated decreased saccharin preference compared with the NoShock/Veh
(day 2: p < 0.001; day 7: p < 0.01) and Shock/URB (p < 0.001) groups. Hence, URB597 pre-
vented the shock and reminders induced a decrease in saccharin preference (i.e., anhedonia).

3.1.3. Acoustic Startle Response

The ASR test was performed on days 1 (pre-shock) and 26 (Figure 1c). We performed
a repeated measures ANOVA (shock × drug × time; 2 × 2 × 2) on mean amplitude, and
identified significant effects of shock [F(1,36) = 4.060, p < 0.05] and time [F(1,36) = 7.799,
p < 0.01], with the following significant interactions: shock × time [F(1,36) = 5.3, p < 0.05],
drug × time [F(1,36) = 6.779, p < 0.05], and shock × drug × time [F(1,36) = 8.646, p < 0.01].
Post hoc analysis on ASR2 revealed a significant increase in amplitude in Shock/Veh
compared with Shock/URB and NoShock/Veh (p < 0.05 in both cases). This suggests that
URB597 restored the shock/reminders-induced increase in startle response.

3.1.4. Social Tests

We performed the social tests on day 27 (Figure 1d). We ran a two-way ANOVA
(shock × drug; 2 × 2) and found significant effects of shock [preference: F(1,36) = 4.537,
p < 0.05; recognition: F(1,36) = 23.199, p < 0.001] and drug [preference: F(1,36) = 22.928,
p < 0.001; recognition: F(1,36) = 6.619, p < 0.05], with a significant drug × shock interaction
[preference: F(1,36) = 6.259, p < 0.05; recognition: F(1,36) = 5.905, p < 0.05]. Post hoc analysis
revealed a significant decrease in the exploration ratio in both tasks in the Shock/Veh group
compared with the NoShock/Veh group (preference: p < 0.01; recognition: p < 0.001) and
Shock/URB597 group (p < 0.001 for both preference and recognition). Hence, URB597 re-
stored the impairing effects of shock and reminders on social behavior. For total exploration
time, see the Supplementary File, Figure S3.
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Figure 1. The effects of URB597 on behavior and β-catenin expression in rats exposed to shock and
reminders. Compared with non-shocked rats treated with vehicle (NoShock/Veh) and shocked rats
treated with URB597 (Shock/URB597), rats that were exposed to shock and treated with vehicle
(Shock/Veh) demonstrated the following: increased freezing on SR1 to SR5 (SR—situational reminder)
(a), decreased saccharin preference on days 2 and 7 (b), increased acoustic startle amplitude (ASR)
on ASR2 (c); decreased social preference and social recognition (d); impaired performance in the
acquisition and reversal phases in the water T-maze (WTM) (e), increased immobility in the forced
swim test (FST) (f); downregulation in β-catenin protein levels in the medial prefrontal cortex (mPFC) (g),
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and in the nucleus accumbens (NAc) (h); in the CA1, the Shock/Veh group and the NoShock/URB597
group demonstrated downregulation in β-catenin levels compared with the Shock/URB597 group
(i); in the basolateral amygdala (BLA), no significant differences between the groups were observed
(j) rat brain atlas illustration indicating punch location are also shown (data is shown as mean ± sem;
*, p < 0.05; **, p < 0.01; ***, p < 0.001).

3.1.5. Water T-Maze

For the WTM, tested on days 28–29 (Figure 1e), a repeated measures ANOVA (shock
× drug × test; 2 × 2 × 2) revealed significant effects of shock [F(1,35) = 60.717, p < 0.001],
drug [F(1,35) = 77.881, p < 0.001] and test [F(1,35) = 13.271, p < 0.01], with a significant
shock × drug interaction [F(1,36) = 53.689, p < 0.01]. Post hoc analysis revealed that the
Shock/Veh group showed a significant increase in the number of trials required to reach
the criterion in both phases compared with the NoShock/Veh and Shock/URB groups (for
both groups: acquisition, p < 0.01; reversal, p < 0.001). This suggests that URB597 prevented
the shock and reminders-induced impairment in performance in the WTM task.

3.1.6. Forced Swim Test

For the FST, performed on days 30–31 (Figure 1f), a two-way ANOVA [shock × drug;
2 × 2] on immobility revealed significant effects of drug [F(1,36) = 6.047, p < 0.05], and
drug × shock interaction [F(1,36) = 7.389, p < 0.05]. Post hoc analysis revealed an increase
in immobility in the Shock/Veh group compared with the NoShock/Veh group (p < 0.05)
and the Shock/URB597 group (p < 0.01), suggesting that URB597 restored the shock- and
reminders-induced despair-like behavior.

3.1.7. β-Catenin

Punches were extracted from the rat mPFC, NAc, CA1, and BLA (Figure 1g–j, respec-
tively; also shown are brain sites from where the tissue samples were extracted).

For β-catenin levels, a two-way ANOVA [shock × drug; 2 × 2] revealed significant
effects of shock [NAc: F(1,36) = 8.52, p < 0.01], drug [mPFC: F(1,36) = 15.324, p < 0.001; NAc:
F(1,36) = 24.099, p < 0.001; CA1: F(1,36) = 8.749, p < 0.01], and shock × drug interaction
[mPFC: F(1,36) = 4.320, p < 0.05; NAc: F(1,36) = 16.888, p < 0.001; CA1: F(1,36) = 10.863,
p < 0.01]. Post hoc comparisons revealed a significant decrease in β-catenin levels in the
mPFC and NAc in the Shock/Veh group compared with the NoShock/Veh group (mPFC:
p < 0.05; NAc: p < 0.01) and the Shock/URB597 group (mPFC: p < 0.01; NAc p < 0.001). In
CA1, the Shock/URB597 group demonstrated increased β-catenin levels compared with
the NoShock/URB597 group and the Shock/Veh group (both p < 0.01). No significant
effects were observed in the BLA. Hence, exposure to shock and reminders downregulated
β-catenin levels in the mPFC and NAc, and URB597 normalized these effects.

The same blots were rehybridized with antibodies specific for β-actin in order to
confirm equal protein loading. As there were no differences between the groups in the
levels of β-actin in the brain regions we examined, we concluded that the treatment had no
effect on the levels of β-actin.

3.1.8. Correlation between β-Catenin Levels and Behavior

We conducted Pearson bivariate correlation tests (Supplementary File; Table S1) be-
tween the expression of β-catenin and behavior to explore the association between the
β-catenin levels and the anxiety- and depressive-like phenotype of the rats. The most
robust correlations were found between β-catenin levels in the NAc and the following
behaviors: freezing (SR1: r = −0.560; SR2: r = −0.550; SR3: r = −0.610; SR4: r = −0.572;
SR1: r = −0.541; all p < 0.01); ASR (r = −0.461, p < 0.01); WTM acquisition (r = −0.437,
p < 0.01) and reversal (r = −0.694, p < 0.01), and saccharin preference (Day 2: r = 0.618,
p < 0.01; Day 7: r = 0.597, p < 0.01). This suggests that decreased β-catenin levels in the
NAc are associated with enhanced freezing and startle response, anhedonia, and impaired
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performance in the WTM. A robust correlation was also found between mPFC β-catenin
levels and climbing in the FST (r = 0.419, p < 0.01).

3.2. Experiment 2: The Preventing Effects of URB597 on Behavior of Rats Exposed to Shock and
Reminders Are Mediated by CB1 Receptors

As URB597 is a FAAH inhibitor, we aimed to examine whether its effects on stress
behavior are mediated through CB1r-dependent mechanisms. We used a low dose of
the CB1r antagonist AM251 (am; 0.3 mg/kg) to block CB1r, as previous results have
demonstrated that a low dose of this antagonist had no effect on behavior by itself but
prevented the therapeutic effects of the cannabinoid agonists (Segev et al., 2018). Therefore,
AM251 and URB597 were administered concurrently in order to examine the involvement
of CB1rs in the effects of the FAAH inhibitor on behavior (for a detailed study design, see
Section 2.13 Experimental Design).

3.2.1. Freezing

Freezing behavior was monitored during the 1 min exposure to the SRs. A repeated
measures ANOVA (shock × drug × SR; 2 × 3 × 6) revealed significant main effects of
shock [F(1,42) = 551.682, p < 0.001] and SR [F(5,210) = 33.124, p < 0.001]; with a shock × SR
interaction [F(5,210) = 32.356, p < 0.001] (Figure 2a). Post hoc analysis revealed that on
SR1 to SR5, the shock groups (Veh; am; am + URB) demonstrated a significant increase in
freezing levels compared with the NoShock groups (Veh; am; am + URB; p < 0.001). Hence,
the preventive effect of URB597 on freezing behavior was blocked by AM251.

3.2.2. Saccharin Preference

Saccharin preference was tested on day 2 pre-shock and on days 2, 7, and 14 post-
shock. A repeated measures ANOVA (2 × 2 × 4) revealed a significant effect of shock
[F(1,54) = 99.552, p < 0.001] and drug [F(2,54) = 6.626, p < 0.01], with a shock × drug
interaction [F(1,54) = 4.021, p < 0.05] (Figure 2b). Post hoc analysis revealed that the shock
groups (Veh, am, am + URB) demonstrated a decrease in saccharin preference compared
with their corresponding NoShock groups: NoShock/Veh (days 2, 7, and 14: all p < 0.001),
NoShock/am (day 2: p < 0.05; day 7: p < 0.01), NoShock/am + URB (day 2: p < 0.01; day 7:
p < 0.001; days 14 and 21: p< 0.05). Moreover, compared with the NoShock/Veh group,
we found that the NoShock/am group (days 2 and 14: p < 0.01; day 7: p < 0.001), and
the NoShock/am + URB group (days 2 and 14: p < 0.05; day 7: p < 0.01) demonstrated
decreased saccharin preference. Hence, co-administration of URB597 + AM251 shows that
the restoring effect of URB597 on saccharin preference was blocked by AM251 treatment.

The shock-induced decrease in saccharin preference was short-termed (observed only
one or two weeks after shock exposure). We have previously shown that in rats exposed
to severe shock and to SRs 7, 14, and 21 days after shock exposure, the shock-induced
decrease lasted till day 14 post-shock but not till day 28 post-shock (Burstein et al., 2018). In
a previous study, we found that the chronic stress-induced decrease in sucrose consumption
only lasted 1 week after the stress ended (Segev et al., 2014). Hence, there are fluctuations
in saccharin preference at different times after stress exposure.

3.2.3. Acoustic Startle Response

We tested ASR on days 1 and 26, and a repeated measures ANOVA on startle am-
plitude indicated significant main effects of shock [F(1,54) = 4.060, p < 0.001] and time
[F(1,54) = 17.854, p < 0.001], as well as a shock × time interaction [F(1,54) = 17.854, p < 0.001]
(Figure 2c). Post hoc analysis revealed that on ASR2, a significant increase in amplitude was
found in the shocked groups treated with vehicle (Shock/Veh), AM251 alone (Shock/am),
and AM251 and URB597 (Shock/am + URB597) compared with the non-shocked groups
(NoShock/Veh: p < 0.01, NoShock/am: p < 0.01, NoShock/am + URB597: p < 0.001). Hence,
AM251 had no effect on ASR by itself; the co-administration of URB597 and AM251 in rats
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exposed to shock and reminders increased their startle response amplitude, suggesting that
the effects of URB597 on startle response were blocked by AM251 treatment.

Figure 2. The effects of URB597 on behavior in rats exposed to shock and reminders are mediated by
CB1 receptors. The shocked groups (Shock/Veh, Shock/am, Shock/am + URB597) compared with
the non-shocked groups (NoShock/Veh, NoShock/am, NoShock/am + URB597), demonstrated the
following: increased freezing levels (a); a decrease in saccharin preference on days 2, 7, 14, and 21 (b);
increased acoustic startle response (ASR) amplitude on ASR2 (c); decreased social preference and social
recognition (d); impaired performance in the acquisition and reversal phases in the water T-maze (WTM)
(e); and increased immobility (f) (data is shown as mean ± sem; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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3.2.4. Social Tests

For the social tests performed on day 27, a two-way ANOVA revealed significant main
effects of shock [preference: F(1,42) = 419.047, p < 0.001; recognition: F(1,42) = 315.307,
p < 0.001] and drug [preference: F(2,42) = 9.021, p < 0.01], with a shock × drug interaction
[preference: F(2,42) = 5.161, p < 0.05; recognition: F(2,42) = 6.969, p < 0.01] (Figure 2d).
Post hoc analysis revealed a significant decrease in the exploration ratio in both tasks
in the shocked groups (Shock/Veh, Shock/am, Shock/am + URB597) compared to the
non-shocked groups (NoShock/Veh, NoShock/am, NoShock/am + URB597; all p < 0.001).
Hence, AM251 had no effect on social behavior by itself; shocked rats co-administrated with
URB597 and AM251 behaved similarly to shocked rats treated with vehicle, suggesting
that the effects of URB597 on social behavior were blocked by AM251 treatment. For total
exploration time, see Supplementary File, Figure S4.

3.2.5. Water T-Maze

Rats were tested in the WTM on days 28–29. Repeated measures ANOVA (2 × 2 × 2)
revealed significant main effects of shock [F(1,54) = 85.307, p < 0.001], drug [F(2,54) = 5.788,
p < 0.01], and time [F(1,54) = 9.179, p < 0.01]. We also detected two interactions: shock × drug
[F(2,54) = 5.840, p < 0.01] and time × shock [F(1,54) = 6.950, p < 0.01] (Figure 2e). Post hoc
analysis revealed that fewer trials were needed to reach the criterion in the NoShock groups
(Veh, am, am + URB) compared with their corresponding shock groups: Shock/Veh (acqui-
sition and reversal, both p < 0.001), Shock/am (reversal, p < 0.01), and Shock/am + URB
(acquisition and reversal, both p < 0.01). In addition, the NoShock/Veh group needed fewer
trials to reach criterion compared with the NoShock/am group (acquisition, p < 0.001; rever-
sal, p < 0.01) and the NoShock/am + URB group (acquisition, p < 0.001; reversal, p = 0.05)
groups. Hence, the co-administration of URB597 + AM251 shows that the restoring effect
of URB597 on performance in this task was blocked by AM251 treatment.

3.2.6. Forced Swim Test

For FST performed on days 30–31, a two-way ANOVA on immobility revealed a
significant main effect of shock [F(1,42) = 70.807, p < 0.001] as well as a shock × drug
interaction [F(1,42) = 3.660, p < 0.05] (Figure 2f). Post hoc analysis revealed that, compared
to the non-shocked groups, the shocked groups demonstrated a significant increase in
immobility (Shock/Veh, p < 0.01; Shock/am, Shock/am + URB597, p < 0.001). Hence, the
effects of URB597 on immobility were blocked by AM251 treatment.

No significant differences were observed between the Shock/Veh and Shock/am
groups in any of the tests, suggesting that this low dose of AM251 had no effect on behavior
by itself. We did detect differences between the Noshock/Veh and Noshock/am groups
in the saccharin and WTM tests, suggesting an effect of AM251 in these tests in control
rats. The fact that AM251 had an effect by itself in these two tests in non-stressed rats
could suggest that under these conditions, the co-administration of URB with AM251 has
additive effects (i.e., the combining effects of the two drugs equal the sum of the effects of
the two drugs acting independently); hence, the effects of URB597 in WTM performance
and social preference are not necessarily mediated by CB1r.

3.3. Experiment 3: The Effects of NAc β-Catenin Overexpression on Behavior in Rats Exposed to
Shock and Reminders

We found that exposure to shock and reminders induced a behavioral phenotype
that includes anxiety- and depressive-like behaviors, impaired memory performance,
and decreased expression of β-catenin in the NAc and mPFC compared to non-shocked
rats. Pearson correlations indicated that the behavioral phenotype was highly associated
with decreased levels of β-catenin in the NAc. Hence, we next examined whether the
overexpression (OE) of β-catenin in the NAc would prevent the effects of exposure to shock
and reminders on behavior.
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3.3.1. Verifying β-Catenin Overexpression and Accuracy of Injection

In a preliminary experiment, we delivered overexpression (OE) vectors into the NAc
(Figure 3a). In one set of rats (n = 12) we measured β-catenin expression in the NAc using
WB (Figure 3b). An independent sample t-test revealed that overexpressing β-catenin in
the NAc resulted in significant upregulation of β-catenin levels in the NAc 5 days after
viral delivery [t(10) = 3.230, p < 0.05] compared to the GFP group. In the second set of rats
(n = 12) we verified the accuracy of injection in the NAc using GFP detection (Figure 3c).

Figure 3. The delivery of the viral overexpression (OE) or downregulation (DR) vectors affects
β-catenin levels in the nucleus accumbens (NAc). On day 0, overexpression (OE), downregulation (DR),
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or green fluorescent protein (GFP) vectors were injected bilaterally into the rat nucleus accumbens
(NAc). After five days of recovery, brains were removed and taken for GFP detection and β-catenin
expression evaluation (a); the overexpression (OE) group demonstrated increased β-catenin levels
compared to the green fluorescent protein (GFP) group (b); GFP detection revealed successful delivery
of the OE vector to NAc (b); the OE group demonstrated increased β-catenin levels compared to the
GFP group (c); GFP detection revealed successful delivery of the DR vector to the NAc (d); the DR
group demonstrated decreased β-catenin levels compared to the GFP group (e); the expression of
β-catenin in the NAc, after the delivery of viral vectors (OE/DR) were quantified by western blotting
(f,g); bilateral expression of GFP in the NAc area (h); (data is shown as mean ± sem (*, p < 0.05;
**, p < 0.01). (NA coordinates are relative to Bregma; AP: anterior–posterior; ML: medial–lateral; NAc:
nucleus accumbens; OE: overexpression; DR: downregulation; V: ventral; WB: western blotting).

We examined whether viral-mediated OE of β-catenin in the NAc can restore the
effects of shock and reminders on behavior, compared to rats injected with GFP (see
Section 2.13 Experimental Design).

3.3.2. Freezing

A repeated measures ANOVA (shock × virus × SR; 2 × 2 × 6) on freezing behav-
ior during SRs (Figure 4a) indicated significant main effects of drug [F(1,30) = 27.535,
p < 0.001], shock [F(1,30) = 56.779, p < 0.001], and SR [F(5,150) = 14.616, p < 0.001]. We also
detected the following significant interactions: shock × virus [F(1,30) = 23.092, p < 0.001],
shock × SR [F(5,150) = 7.636, p < 0.05], virus × SR [F(5,150) = 20.135, p < 0.001], and
shock × virus × SR [F(5,150) = 12.028, p < 0.01]. Post hoc analysis revealed that on SR1–
SR5, the Shock/GFP group demonstrated a significant increase in freezing levels compared
with the NoShock/GFP group (SR1, p < 0.01; SR2–SR5, p < 0.001) and Shock/OE group
(SR1, p < 0.05; SR2, p < 0.01, SR3–SR5: p < 0.001). Moreover, the Shock/OE group showed
increased freezing levels compared with the NoShock/OE group (SR1, p < 0.01; SR2, SR3,
SR5: p < 0.05). Taken together, the findings suggest that β-catenin OE ameliorated the
shock- and reminders-induced increase in freezing behavior.

Next, we examined whether viral–mediated OE of β-catenin in the NAc can restore
the effects of shock and reminders on behavior, compared to rats injected with GFP (see
Section 2.13 Experimental Design). In this experiment, the brains were taken for analysis
26 days after virus delivery and following behavioral testing.

3.3.3. Saccharin Preference

A mixed design three-way ANOVA on saccharin preference (shock × virus × days;
2 × 2 × 4) indicated significant main effects of shock [F(1,30) = 8.739, p < 0.01] and days
[F(3,30) = 35.374, p < 0.001], with the following significant interactions: shock × virus
[F(1,30) = 7.196, p < 0.05]; shock × days [F(1,30) = 7.90, p < 0.001]; and shock × virus × days
[F(1,30) = 2.577, p = 0.05] (Figure 4b). Post hoc comparisons revealed that the Shock/GFP
group demonstrated decreased saccharin preference compared with the NoShock/GFP
group (day 2: p < 0.001) and the Shock/OE group (day 2: p < 0.001; day 14: p < 0.05). This
suggests that NAc β-catenin overexpression prevented the shock- and reminders-induced
decrease in saccharin preference.

3.3.4. Acoustic Startle Response

A repeated measures ANOVA [shock × virus × time] on startle amplitude in the ASR
indicated a significant main effect of virus [F(1,30) = 12.943, p < 0.01], and a significant shock
× virus interaction [F(1,30) = 6.737, p < 0.05] (Figure 4c). Post hoc analysis revealed that
the Shock/GFP group demonstrated a significant increase in startle amplitude compared
with the Shock/OE and NoShock/GFP groups (both p < 0.001). Hence, upregulation of
β-catenin in the NAc restored startle amplitude in rats exposed to shock and reminders.
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Figure 4. The effects of nucleus accumbens (NAc) β-catenin overexpression on behavior in rats
exposed to shock and reminders. Compared with shocked rats with β-catenin overexpression in the
nucleus accumbens (NAc) (Shock/OE) and non-shocked rats treated with green fluorescent protein
(GFP) (NoShock/GFP), shocked rats treated with GFP (Shock/GFP) demonstrated the following:
increased freezing on SR1 to SR5 (SR—situational reminder) (a); decreased saccharin preference on
days 2 and 7 (only the NoShock/GFP group) (b); increased acoustic startle amplitude (ASR) on ASR2
(c); decreased social preference and social recognition (d); impaired performance in the acquisition
and reversal phases in the water T-maze (WTM) (e); and increased immobility in the forced swim test
(FST) (f) (data is shown as mean ± sem; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

3.3.5. Social Tests

A two-way ANOVA for the social tests revealed significant main effects of shock
[preference: F(1,30) = 17.652, p < 0.001; recognition: F(1,30) = 4.751, p < 0.05] and virus [pref-
erence: F(1,30) = 16.185, p < 0.001], with a significant shock × virus interaction [preference:
F(1,30) = 8.402; recognition: F(1,30) = 8.727, both p < 0.01] (Figure 4d). Post hoc analysis
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revealed a lower exploration ratio in both tasks in the Shock/GFP group compared with
the Shock/OE group (preference, p < 0.01; recognition, p < 0.001) and the NoShock/GFP
group (preference, p < 0.001; recognition, p < 0.01). This suggests that NAc β-catenin
overexpression prevented the effects of shock and reminders on social behaviors. For total
exploration time, see Supplementary File, Figure S5.

3.3.6. Water T-Maze

A mixed design three-way ANOVA (shock × virus × test; 2 × 2 × 2) on the WTM
experiment revealed significant main effects of shock [F(1,30) = 25.88, p < 0.001] and virus
[F(1,30) = 23.67, p < 0.001]; with two significant interactions: shock × virus [F(1,30) = 28.735,
p < 0.001] and test × shock × virus [F(1,30) = 7.50, p = 0.01] (Figure 4e). Post hoc comparisons
revealed that the Shock/GFP group showed a significant increase in the number of trials
required to reach the criterion in the acquisition and reversal phases compared with the
NoShock/GFP group (acquisition, p < 0.01; reversal, p < 0.001) and Shock/OE group
(acquisition and reversal, both p < 0.001). Hence, overexpression of β-catenin in the NAc
prevented the shock- and reminders-induced impairment in performance in the WTM task.

3.3.7. Forced Swim Test

Two-way ANOVA for the FST experiment revealed significant main effects on im-
mobility of shock [F(1,30) = 78.646, p < 0.001] and virus [F(1,30) = 78.695, p < 0.001], with
a significant shock × virus interaction [F(1,30) = 98.321, p < 0.01] (Figure 4f). Post hoc
analysis revealed an increase in immobility in the Shock/GFP group compared with the
NoShock/GFP and Shock/OE (both p < 0.001) groups, suggesting that overexpression of
β-catenin in the NAc prevented the shock- and reminders-induced impairment in the FST.

No significant differences were observed between the NoShock/GFP and the NoShock/
OE groups in any of the behavioral measures, suggesting that the virus had no effect in
non-shocked control rats.

3.4. β-Catenin, mGluR5, and CB1 Receptors Regulation by Overexpressing NAc β-Catenin in
Rats Exposed to Shock and Reminders
3.4.1. β-Catenin

Following the behavioral battery (Figure 4a) and the sacrifice of the rats, the expression
of β-catenin was measured in the mPFC (Figure 5a), NAc (Figure 5b), CA1 (Figure 5c), and
BLA (Figure 5d). A two-way ANOVA on β-catenin levels revealed significant main effects
of shock [mPFC: F(1,30) = 13.278, p < 0.01; NAc: F(1,31) = 11.402, p < 0.01] and virus [BLA:
F(1,31) = 11.593; CA1: F(1,31) = 9.944, all p < 0.01], as well as a shock × virus interaction
[mPFC: F(1,30) = 13.781, p < 0.01; NAc: F(1,31) = 9.515, p < 0.01; CA1: F(1,31) = 19.697,
p < 0.001]. Post hoc analysis revealed decreased β-catenin levels in the mPFC, NAc, and
CA1 in the Shock/GFP group compared with the NoShock/GFP group (mPFC, p < 0.001;
NAc and CA1, both p < 0.01) and the Shock/OE group (mPFC, p < 0.05; Nac and CA1,
both p < 0.001). Additionally, in the CA1 the Shock/OE group demonstrated increased
expression compared to the NoShock/OE group (p < 0.05), and in the BLA, the Shock/OE
group demonstrated increased expression compared to the Shock/GFP group (p < 0.01).
Hence, exposure to shock and reminders downregulated β-catenin levels in the mPFC, Nac,
and CA1, and overexpressing β-catenin in the NAc normalized these effects.

For β-actin levels, no significant between-group differences were observed in any of
these brain areas, suggesting that β-actin levels were not affected by the treatment.
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Figure 5. β-catenin, mGluR5, and CB1 receptors regulation by overexpressing nucleus accumbens
(NAc) β-catenin in rats exposed to shock and reminders. β-catenin expression (a–d): The Shock/GFP
(green fluorescent protein) group demonstrated a significant decrease in β-catenin levels compared
with NoShock/GFP and Shock/OE (overexpression) groups in the medial prefrontal cortex (mPFC)
(a), nucleus accumbens (NAc) (b), and CA1. Additionally, in the CA1, the Shock/OE group demon-
strated increased expression compared to the NoShock/OE group (c); in the basolateral amygdala
(BLA), the Shock/OE group demonstrated increased expression compared to the Shock/GFP group
(d). Metabotropic glutamate receptor subtype 5 (mGluR5) expression (e–h): The Shock/GFP group
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demonstrated a significant decrease in mGluR5 levels compared with the NoShock/GFP and
Shock/OE groups in the mPFC (e) and NAc. Additionally, in the NAc, the NoShock/GFP group
demonstrated increased expression compared with the NoShock/OE group (f); in the CA1, the
NoShock/GFP group demonstrated decreased expression of mGluR5 compared to the NoShock/OE
and Shock/GFP groups (g); in the BLA, no significant differences in mGluR5 levels were observed (h).
Cannabinoid receptor type 1 (CB1r) expression (i,j): the Shock/GFP group demonstrated increased
levels of CB1r compared with the NoShock/GFP and Shock/OE groups in the mPFC (i); and NAc (j)
(data is shown as mean ± sem; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

3.4.2. mGluR5

The expression of mGluR5 was measured in the mPFC (Figure 5e), NAc (Figure 5f),
CA1 (Figure 5g), and BLA (Figure 5h). A two-way ANOVA on mGluR5 protein levels
revealed significant main effects of shock [NAc: F(1,31) = 13.209, p < 0.01] and virus [CA1:
F(1,31) = 6.252, p < 0.05; mPFC: F(1,31) = 17.391, p < 0.001], as well as a shock × virus interac-
tion [mPFC: F(1,31) = 11.468, p < 0.01; NAc: F(1,31) = 24.915, p < 0.001; CA1: F(1,31) = 4.682,
p < 0.05]. Post hoc analysis revealed a decrease in mGluR5 levels in the mPFC and NAc
in the Shock/GFP group compared with the NoShock/GFP group (mPFC: p < 0.01; NAc:
p < 0.001) and the Shock/OE group (mPFC: p < 0.001; NAc: p < 0.01). Additionally, in
the NAc the NoShock/GFP group demonstrated increased expression compared with the
NoShock/OE group (p < 0.05), and in the CA1 the NoShock/GFP group demonstrated de-
creased expression compared with the NoShock/OE group (p < 0.01) and the Shock/GFP
group (p < 0.05). No effects were observed in the BLA. Hence, exposure to shock and
reminders downregulated mGluR5 levels in the mPFC and NAc, and overexpressed β-
catenin in the NAc normalized these effects. OE decreased mGluR5 levels compared to
the GFP group in the non-shocked groups. Nevertheless, OE restored the shock- and
reminders-induced decrease in mGluR5 levels compared to GFP-shocked rats.

3.4.3. CB1

Our findings regarding the involvement of β-catenin in the effects of shock and
reminders on the amygdala-hippocampal-cortico-striatal circuit suggest a key role for
the mPFC and the NAc in mediating the effects on behavior. Hence, we also examined
the expression of CB1r in the mPFC and NAc. A two-way ANOVA on CB1r protein
levels revealed significant main effects of shock [mPFC: F(1,31) = 14.405, p < 0.01; NAc:
F(1,31) = 6.839, p < 0.05] and virus [mPFC:F(1,31) = 10.727, p < 0.01; NAc: F(1,31) = 4.030,
p = 0.05], as well as a shock × virus interaction [mPFC: F(1,31) = 20.238, p < 0.001; NAc:
F(1,31) = 24.915, p < 0.001]. Post hoc analysis revealed increased CB1r levels in the mPFC
(Figure 5i) and NAc (Figure 5j) in the Shock/GFP group compared with the NoShock/GFP
and Shock/OE groups (mPFC: both p < 0.001; NAc: both p < 0.01). Hence, exposure to
shock and reminders upregulated CB1r levels in the mPFC and NAc, and overexpressing
β-catenin in the NAc normalized these effects.

3.5. Experiment 4: The Effects of NAc β-Catenin Downregulation on Behavior of Rats Exposed to
Shock and Reminders and Treated with URB597
3.5.1. Verifying β-Catenin Downregulation

In a preliminary experiment, we delivered an HSV P1005 vector, which expresses a
mutant of β-catenin, into the NAc (Figure 3a). In one set of rats (n = 13) we measured
β-catenin expression in the NAc using WB (Figure 3d). An independent sample t-test
revealed that β-catenin protein levels in the NAc were downregulated (t(11) = 4.179,
p < 0.01) compared to the HSV-GFP group. In another set of rats (n = 12), we verified the
accuracy of injection in the NAc using GFP detection (Figure 3e).

Next, we examined whether the effects of URB597 on behavior in rats exposed to
shock and reminders are mediated by β-catenin. To do so, we used a viral approach to
downregulate (DR) β-catenin in the NAc (see Section 2.13 Experimental Design).
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3.5.2. Freezing

For freezing during the SRs (Figure 6a), a repeated measures ANOVA (shock × virus
× drug × SRs; 2 × 2 × 2 × 6) indicated significant main effects of drug [F(1,56) = 57.964,
p < 0.001], shock [F(1,56) = 628.020, p < 0.001], virus [F(1,56) = 50.831, p < 0.001], and
SR [F(5,280) = 21.893, p < 0.001]. The results also indicated the following interactions:
shock × virus [F(1,56) = 52.261, p < 0.001], shock × drug [F(1,56) = 51.441, p < 0.001];
virus × drug [F(1,56) = 32.402, p < 0.001]; shock × virus × drug [F(1,56) = 41.557, p < 0.001];
shock × SR [F(5,280) = 20.870, p < 0.001], drug × SR [F(5,280) = 2.851, p < 0.05], shock × virus
× SR [F(5,280) = 2.886, p < 0.05], and shock × virus × drug × SR [F(5,280) = 2.233, p = 0.05].
Post hoc analysis revealed that the Shock/GFP + Veh, Shock/DR + URB, and Shock/DR
+ Veh groups demonstrated a significant increase in freezing levels compared with their
corresponding control groups (SR1–SR5: all p < 0.001). Moreover, the Shock/DR + URB
group showed decreased freezing levels compared with the Shock/GFP + Veh group
and the Shock/DR + URB group (SR1–SR5: all p < 0.001), and increased freezing levels
compared with the NoShock/GFP + URB group (SR1, SR2, SR4, and SR5: all p < 0.05).
Hence, downregulation of β-catenin in the NAc had no effect on freezing behavior by itself,
but it blocked the preventive effects of URB597 in shocked rats.

3.5.3. Saccharin Preference

For saccharin preference (Figure 6b), a repeated measures ANOVA (shock × virus
× drug × time; 2 × 2 × 2 × 4) revealed significant main effects of shock [F(1,56) = 36.663,
p < 0.001] and time [F(3,168) = 15.689, p < 0.001]. We also identified the following interac-
tions: shock × virus [F(1,56) = 4.108, p < 0.05], shock × time [F(3,168) = 17.943, p < 0.001],
and drug × time [F(3,168) = 3.263, p < 0.05]. Post hoc analysis revealed that on post-
shock days 2 and 7, a significant decrease in saccharin preference was observed in the
Shock/GFP + Veh group compared with the Shock/GFP + URB group (day 2: p < 0.05;
day 7: p < 0.01) and the NoShock/GFP + Veh group (days 2 and 7: both p < 0.01). Addi-
tionally, a significant decrease was observed in the Shock groups (GFP + URB, DR + Veh,
and DR + URB) compared their corresponding NoShock groups: Shock/GFP + URB (day 2:
p < 0.01), Shock/DR + Veh (day 2: p < 0.01; day 7: p < 0.001), and Shock/DR + URB (day 2:
p < 0.05; day 7: p < 0.01). Hence, downregulating β-catenin in the NAc had no effect
on saccharin preference-shocked rats by itself; however, it blocked the restoring effects
of URB597.

3.5.4. Acoustic Startle Response

For ASR (Figure 6c), a repeated measures ANOVA revealed significant main ef-
fects of shock [F(1,56) = 108.120, p < 0.001], virus [F(1,56) = 19.008, p < 0.001], and
drug [F(1,56) = 24.204, p < 0.001], as well as the following interactions: shock × virus
[F(1,56) = 5.597, p < 0.05], shock× drug [F(1,56) = 34.653, p < 0.001], and shock × virus × drug
[F(1,56) = 11.692, p < 0.01]. Post hoc analysis on ASR2 revealed decreased amplitude in
shocked rats treated with URB597 (Shock/GFP + URB597) compared to the Shock/GFP + Veh
and Shock/DR + URB597 groups (both p < 0.001). In addition, the shocked groups
(Shock/GFP + Veh, Shock/DR + URB597, and Shock/DR + Veh) demonstrated increased
startle compared to the non-shocked groups (NoShock/GFP + Veh, NoShock/DR + URB597,
and NoShock/DR + Veh; all p < 0.001). The Shock/DR + URB597 group showed decreased
amplitude compared to the Shock/DR + Veh group (p < 0.05). Hence, downregulat-
ing β-catenin in the NAc prevented the URB597 normalization of the startle response in
shocked rats.
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Figure 6. Nucleus accumbens (NAc) β-catenin downregulation (DR) blocked the preventive effects of
URB597 on behavior in rats exposed to shock and reminders. Compared to shocked rats injected with
vehicle (Shock/GFP + Veh) or shocked rats with β-catenin downregulation (DR) and URB597 injection
(Shock/DR + URB597), shocked rats treated with URB597 (Shock/GFP + URB597) demonstrated the
following: decreased freezing on SR1 to SR5 (SR: situational reminder; GFP: green fluorescent protein)
(a); higher saccharin preference (only compared with the Shock/DR + URB group) (b); decreased
acoustic startle response (ASR) on ASR2 (c); increased social preference and social recognition (d);
intact performance in the acquisition and reversal phases in the water T-maze (WTM) (e); and
decreased immobility in the forced swim test (FST) (f) (data is shown as mean ± sem; *, p < 0.05;
**, p < 0.01; ***, p < 0.001).

3.5.5. Social Tests

For the social tests (Figure 6d), a three-way ANOVA revealed significant main effects of
shock [preference: F(1,56) = 19.525; recognition: F(1,56) = 46.854; both p < 0.001], virus [pref-
erence: F(1,56) = 8.982, p < 0.01; recognition: F(1,56) = 4.958, p < 0.05], and drug [preference:
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F(1,56) = 4.008; recognition: F(1,56) = 4.447; both p < 0.05]. We also identified the following
interactions: shock × drug [recognition: F(1,56) = 8.885, p < 0.01]; virus × drug [recognition:
F(1,56) = 8.744, p < 0.01]; and shock × virus × drug [preference: F(1,56) = 15.375, p < 0.001].
Post hoc analysis revealed a significant increase in the exploration ratio in both tasks in
the Shock/GFP + URB597 group compared to the Shock/GFP + Veh group (preference:
p < 0.001; recognition: p < 0.01) and the Shock/DR + URB597 group (p < 0.01). This suggests
that downregulation blocked the effects of URB597 on social behavior.

In addition, we observed a decrease in the shocked groups (Shock/GFP + Veh, Shock/
DR + URB597, Shock/DR + Veh) compared to the non-shocked groups (NoShock/GFP + Veh:
preference, p < 0.05, recognition: p < 0.001; NoShock/DR + URB597: preference and recogni-
tion, p < 0.01; NoShock/DR + Veh: recognition, p < 0.01). In the preference task, an increase
was observed in the NoShock/GFP + Veh group compared with NoShock/DR + Veh group
(p < 0.05). Hence, NAc β-catenin downregulation blocked the preventive effects of URB597
on social behavior in rats exposed to shock and reminders. For total exploration time, see
the Supplementary File, Figure S6.

3.5.6. Water T-Maze

For the WTM (Figure 6e), a repeated measures ANOVA (shock × virus × drug × time;
2 × 2 × 2 × 2) revealed significant main effects of shock [F(1,56) = 117.663, p < 0.001],
virus [F(1,56) = 25.030, p < 0.001], and drug [F(1,56) = 13.504, p < 0.01]. We also iden-
tified the following significant interactions: shock × virus [F(1,56) = 19.996, p < 0.001],
shock × drug [F(1,56) = 6.823, p < 0.05], virus × drug [F(1,56) = 7.294, p < 0.01], and
shock × virus × drug [F(1,56) = 6.368, p < 0.05]. Post hoc analysis revealed that in the
acquisition and the reversal phases, fewer trials were needed to reach the criterion in
the non-shocked groups (GFP + Veh, DR + Veh, DR + URB) compared with the shocked
groups: Shock/GFP + Veh (acquisition, p < 0.01; reversal, p < 0.001), Shock/DR + Veh
(acquisition, p < 0.001; reversal: p < 0.01) and Shock/DR + URB (acquisition, p < 0.001;
reversal, p < 0.01). The Shock/GFP + URB group also demonstrated a decreased number of
trials compared with the Shock/GFP + Veh group (acquisition, p < 0.001; reversal, p < 0.01)
and the Shock/DR + URB group (acquisition: p < 0.001; reversal: p < 0.01). Hence, down-
regulating β-catenin in the NAc had no effect on WTM performance, but it did block the
preventative effects of URB597 in shocked rats.

3.5.7. Forced Swim Test

For the FST (Figure 6f), a three-way ANOVA on immobility revealed significant
main effects of shock [F(1,56) = 283.367, p < 0.001], virus [F(1,56) = 23.916, p < 0.001],
and drug [F(1,56) = 23.916, p < 0.001], as well as the following significant interactions:
shock × virus [F(1,56) = 30.606, p < 0.001], shock × drug [F(1,56) = 23.423, p < 0.001],
virus × drug [F(1,56) = 24.432, p < 0.001], and shock × virus × drug [F(1,56) = 17.059,
p < 0.001]. Post hoc analysis revealed that the Shock/GFP + URB597 group demonstrated
decreased immobility compared with the Shock/GFP + Veh and Shock/DR + URB597
(both p < 0.001) groups. In addition, an increase in immobility was observed in the other
shocked groups (Shock/GFP + Veh, Shock/DR + URB597, and Shock/DR + Veh) compared
to the non-shocked counterparts (NoShock/GFP + Veh, NoShock/DR + URB597, and
NoShock/DR + Veh; all p < 0.001). Hence, downregulating β-catenin in the NAc blocked
the preventive effects of URB597 on despair-like behavior in the FST in rats exposed to
shock and reminders.

No significant differences were observed between the Shock/GFP + Veh and Shock/
DR + Veh groups, suggesting that downregulation had no effect on behavior by itself
in shocked rats. In the non-shocked groups, we observed a difference between the
NoShock/GFP + Veh and NoShock/DR + Veh groups in the social preference test, suggest-
ing that downregulation decreased social preference.
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4. Discussion

Our findings suggest a potentially novel mechanism for the stress-protective effects of
URB597 through β-catenin activation in the NAc in a rat model for PTSD and depression.

We found that exposing rats to shock and reminders induced anxiety-like behavior
(i.e., increased freezing and startle response) and depressive-like behavior (i.e., decreased
social behavior, induced anhedonia, and despair-like behavior), and also impaired mem-
ory function in the social recognition and water maze tasks. Administering the FAAH
inhibitor URB597 1 h after shock exposure prevented these effects, as had been previously
demonstrated [3,17]. Most of the effects of URB597 on behavior were found to be CB1r-
dependent, as co-administration of the CB1r antagonist AM251 with URB597 prevented
the ameliorating effects of URB597.

Importantly, exposure to shock and reminders decreased β-catenin levels in the NAc
and mPFC. Decreased β-catenin levels in the NAc were associated with the behavioral
phenotype, including enhanced freezing and startle response, anhedonia, and impaired
performance in the WTM. This association led us to focus on upregulating and downreg-
ulating β-catenin levels in the NAc. Overexpression of NAc β-catenin in rats exposed to
shock and reminders resulted in intact behavior (restores freezing and startle response, no
indication of depressive-like behavior, intact memory function) and restored expression of
β-catenin, mGluR5, and CB1r in the NAc. It is interesting that overexpressing β-catenin in
the NAc also restored these same normal levels in the mPFC. Future studies might test the
overexpression of β-catenin in the mPFC. Another future study is to examine the potential
therapeutic effects of URB597 and the involvement of β-catenin in female rats.

Increased β-catenin levels were reported to promote resilient responses to stress
in the NAc [26]. Mice with stabilized β-catenin in the hippocampus showed resilience
to some anxious/depressive manifestations when subjected to the corticosterone model
of depression [49]. NAc β-catenin upregulation in mice exposed to social defeat stress
resulted in a pro-resilient phenotype, demonstrating less social avoidance and better
performance in the FST and elevated plus maze (Dias et al., 2014). Similarly, intra-NAc
LiCl (2 μg/side), which upregulates β-catenin activity via inhibition of GSK-3β, facilitated
inhibitory extinction [26].

In rats exposed to shock and reminders, we found that β-catenin overexpression
restored the decrease in mGluR5 and the increase in CB1r expression in the NAc and mPFC.
Decreased mGluR5 levels were observed in animal models of depression and the mPFC
of depressed individuals [34,35], and blocking mGluR5 has therapeutic effects in PTSD
patients and animal models [34,50]. Increased CB1r in the BLA and CA1 were observed
in animal models for PTSD [4,15,17], and increased CB1r availability in the amygdala-
hippocampal-cortico-striatal circuit in human subjects with PTSD [10].

Other studies have shown a stress-induced decrease in β-catenin levels in the mPFC
and NAc that was accompanied by highly susceptible behavioral responses [22,51–53]. Mice
with dysfunctional NAc Wnt signaling demonstrated increased depression-like behavior
and susceptibility to social defeat stress [23], and β-catenin inactivation in the astrocyte-
specific glutamate transporter (GLAST)-expressing cells enhanced anxious/depressive-like
responses [49]. In depressed patients, lowered β-catenin protein levels, but not mRNA
levels were found in the NAc, suggesting that depression may be associated with reduced
activity of β-catenin, and perhaps not a defect at the transcriptional level [49,54].

Importantly, URB597 did not prevent the effects of exposure to shock and reminders
on behavior in rats with viral-mediated NAc downregulation of β-catenin. This indicates
that β-catenin is crucial for URB597 to exert its ameliorating effects on behavior. In a
previous study, we showed that downregulating β-catenin using sulindac prevented the
facilitating effect of the CB1/2 agonist WIN55,212-2 on extinction [26]. Taken together,
these findings suggest a strong functional interaction between CB1r and β-catenin. Indeed,
cannabinoids regulate neuronal precursor proliferation via β-catenin; the activation of
CB1r enhances the activity of PI3K/AKT; this results in AKT-mediated phosphorylation of
GSK-3β, followed by the stabilization of β-catenin that translocates into the nucleus; in the
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nucleus, β-catenin regulates transcription and gene expression such as cyclin D1 that is
involved in cell proliferation regulation [55]. β-catenin may activate TCF/Lef transcription
factors [56] and microRNAs [57], which promote anti-stress responses. This could be a
possible explanation for the therapeutic-like effects of URB597, acting through CB1r to
modulate β-catenin and produce pro-resilient responses.

There are other relevant pathways that might play a critical role in explaining our
results. For example, AEA affects CB1r but also has other targets that might be involved
in the effects of URB597 [i.e., AEA is a full agonist of TRPV1, which probably participates
in ECB signaling [58]]. Garro-Martinez et al. (2020) suggested a link between β-catenin
levels and 5-HT1A receptor functionality underlying the vulnerability or resilience to
stress-related disorders [59].

5. Conclusions

In many cases, drugs are used in clinical settings without a full understanding of the
molecular mechanisms through which they function. Understanding the mechanism of
action for a given drug in greater detail has the potential to support further pharmacological
development efforts and mitigate the risk of failed clinical trials by stratifying patients to
focus on subpopulations most likely to respond to such treatment. We suggest a potentially
novel mechanism for the stress-ameliorating effects of URB597 that involves activation of
CB1 and the Wnt/β-catenin pathway in the NAc. Overall our findings suggest that FAAH
inhibitors may be a viable approach for the treatment of stress-related neuropsychiatric
disorders and PTSD in particular and that these therapeutic effects are mediated via a
β-catenin-dependent mechanism.
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The effects of URB597 and AM251 on exploration time during the social preference and the social
recognition tests; Figure S5: The effects of nucleus accumbens (NAc) β-catenin overexpression on
exploration time during the social preference and the social recognition tests; Figure S6: The effects of
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β-catenin and behavior.

Author Contributions: Conceptualization, I.A. and T.M.Z.-A.; Formal analysis, T.M.Z.-A.; Funding
acquisition, I.A.; Investigation, T.M.Z.-A., L.I. and B.S.; Methodology, I.A., T.M.Z.-A., P.J.H., E.M.P.
and E.J.N.; Project administration, I.A.; Resources, I.A., P.J.H., E.M.P. and E.J.N.; Supervision, I.A.;
Validation, I.A.; Writing—original draft, I.A. and T.M.Z.-A.; Writing—review and editing, I.A. and
T.M.Z.-A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Israel Science Foundation (ISF), grant number 993/20 to IA.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee of the University of Haifa (protocol codes 403/2016, 535/2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Kessler, R.C.; Sonnega, A.; Bromet, E.; Hughes, M.; Nelson, C.B. Posttraumatic Stress Disorder in the National Comorbidity
Survey. Arch. Gen. Psychiatry 1995, 52, 1048–1060. [CrossRef] [PubMed]

2. Berardi, A.; Trezza, V.; Campolongo, P. Modeling specific phobias and posttraumatic stress disorder in rodents: The chal-lenge to
convey both cognitive and emotional features. Rev. Neurosci. 2012, 23, 645–657. [CrossRef] [PubMed]

169



Biomedicines 2022, 10, 1789

3. Burstein, O.; Shoshan, N.; Doron, R.; Akirav, I. Cannabinoids prevent depressive-like symptoms and alterations in BDNF
expression in a rat model of PTSD. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2018, 84, 129–139. [CrossRef] [PubMed]

4. Fidelman, S.; Zer-Aviv, T.M.; Lange, R.; Hillard, C.J.; Akirav, I. Chronic treatment with URB597 ameliorates post-stress symptoms
in a rat model of PTSD. Eur. Neuropsychopharmacol. 2018, 28, 630–642. [CrossRef] [PubMed]

5. Fraser, G.A. The Use of a Synthetic Cannabinoid in the Management of Treatment-Resistant Nightmares in Posttraumatic Stress
Disorder (PTSD). CNS Neurosci. Ther. 2009, 15, 84–88. [CrossRef] [PubMed]

6. Hill, M.N.; Campolongo, P.; Yehuda, R.; Patel, S. Integrating Endocannabinoid Signaling and Cannabinoids into the Biology and
Treatment of Posttraumatic Stress Disorder. Neuropsychopharmacology 2017, 43, 80–102. [CrossRef]

7. Korem, N.; Akirav, I. Cannabinoids Prevent the Effects of a Footshock Followed by Situational Reminders on Emotional Processing.
Neuropsychopharmacology 2014, 39, 2709–2722. [CrossRef]

8. Lutz, B. The Endocannabinoid System and Extinction Learning. Mol. Neurobiol. 2007, 36, 92–101. [CrossRef]
9. Morena, M.; Patel, S.; Bains, J.; Hill, M.N. Neurobiological Interactions between Stress and the Endocannabinoid System.

Neuropsychopharmacology 2015, 41, 80–102. [CrossRef]
10. Neumeister, A. The endocannabinoid system provides an avenue for evidence-based treatment development for ptsd. Depress

Anxiety 2013, 30, 93–96. [CrossRef]
11. Patel, S.; Hill, M.N.; Cheer, J.; Wotjak, C.T.; Holmes, A. The endocannabinoid system as a target for novel anxiolytic drugs.

Neurosci. Biobehav. Rev. 2017, 76, 56–66. [CrossRef]
12. Roitman, P.; Mechoulam, R.; Cooper-Kazaz, R.; Shalev, A. Preliminary, open-label, pilot study of add-on oral Δ9-

tetrahydrocannabinol in chronic post-traumatic stress disorder. Clin. Drug Investig. 2014, 34, 587–591. [CrossRef]
13. Sbarski, B.; Akirav, I. Cannabinoids as therapeutics for PTSD. Pharmacol. Ther. 2020, 211, 107551. [CrossRef]
14. Shoshan, N.; Segev, A.; Abush, H.; Zer-Aviv, T.M.; Akirav, I. Cannabinoids prevent the differential long-term effects of exposure

to severe stress on hippocampal- and amygdala-dependent memory and plasticity. Hippocampus 2017, 27, 1093–1109. [CrossRef]
15. Trezza, V.; Campolongo, P. The endocannabinoid system as a possible target to treat both the cognitive and emotional features of

post-traumatic stress disorder (PTSD). Front. Behav. Neurosci. 2013, 7, 100. [CrossRef]
16. Segev, A.; Korem, N.; Zer-Aviv, T.M.; Abush, H.; Lange, R.; Sauber, G.; Hillard, C.J.; Akirav, I. Role of endocannabinoids in the

hippocampus and amygdala in emotional memory and plasticity. Neuropsychopharmacology 2018, 43, 2017–2027. [CrossRef]
17. Shoshan, N.; Akirav, I. The effects of cannabinoid receptors activation and glucocorticoid receptors deactivation in the amygdala

and hippocampus on the consolidation of a traumatic event. Neurobiol. Learn. Mem. 2017, 144, 248–258. [CrossRef]
18. Piomelli, D.; Tarzia, G.; Duranti, A.; Tontini, A.; Mor, M.; Compton, T.R.; Dasse, O.; Monaghan, E.P.; Parrott, J.A.; Putman, D.

Pharmacological Profile of the Selective FAAH Inhibitor KDS-4103 (URB597). CNS Drug Rev. 2006, 12, 21–38. [CrossRef]
19. Van Esbroeck, A.C.; Janssen, A.P.; Cognetta, A.B.; Ogasawara, D.; Shpak, G.; Van Der Kroeg, M.; Kantae, V.; Baggelaar, M.P.; De

Vrij, F.M.; Deng, H. Activity-based protein profiling reveals off-target proteins of the FAAH inhibitor BIA 10-2474. Science 2017,
356, 1084–1087. [CrossRef]

20. Gould, T.D.; O’Donnell, K.C.; Picchini, A.M.; Dow, E.R.; Chen, G.; Manji, H.K. Generation and behavioral characterization of
β-catenin forebrain-specific conditional knock-out mice. Behav. Brain Res. 2008, 189, 117–125. [CrossRef]

21. Maguschak, K.A.; Ressler, K.J. β-catenin is required for memory consolidation. Nat. Neurosci. 2008, 11, 1319–1326. [CrossRef]
[PubMed]

22. Dias, C.; Feng, J.; Sun, H.; Mazei-Robison, M.S.; Damez-Werno, D.; Scobie, K.; Bagot, R.; LaBonté, B.; Ribeiro, E.; Liu, X.; et al.
β-catenin mediates stress resilience through Dicer1/microRNA regulation. Nature 2014, 516, 51. [CrossRef] [PubMed]

23. Wilkinson, M.B.; Dias, C.; Magida, J.; Mazei-Robison, M.; Lobo, M.; Kennedy, P.; Dietz, D.; Covington, H.; Russo, S.; Neve, R.
A novel role of the WNT-dishevelled-GSK3β signaling cascade in the mouse nucleus accumbens in a social defeat model of
de-pression. J. Neurosci. 2011, 31, 9084–9092. [CrossRef] [PubMed]

24. Dahlhoff, M.; Siegmund, A.; Golub, Y.; Wolf, E.; Holsboer, F.; Wotjak, C.T. AKT/GSK-3β/β-catenin signalling within hippo-
campus and amygdala reflects genetically determined differences in posttraumatic stress disorder like symptoms. Neuroscience
2010, 169, 1216–1226. [CrossRef]

25. Fujio, J.; Hosono, H.; Ishiguro, K.; Ikegami, S.; Fujita, S.C. Tau phosphorylation in the mouse brain during aversive conditioning.
Neurochem. Int. 2007, 51, 200–208. [CrossRef]

26. Korem, N.; Lange, R.; Hillard, C.J.; Akirav, I. Role of beta-catenin and endocannabinoids in the nucleus accumbens in extinction
in rats exposed to shock and reminders. Neuroscience 2017, 357, 285–294. [CrossRef]

27. Cuesta, S.; Funes, A.; Pacchioni, A.M. Social Isolation in Male Rats During Adolescence Inhibits the Wnt/β-Catenin Pathway
in the Prefrontal Cortex and Enhances Anxiety and Cocaine-Induced Plasticity in Adulthood. Neurosci. Bull. 2020, 36, 611–624.
[CrossRef]

28. Mohamed, A.M.; Habib, M.Z.; Ebeid, M.A.; Abdelraouf, S.M.; el Faramawy, Y.; Aboul-Fotouh, S.; Magdy, Y. Amisulpride
alleviates chronic mild stress-induced cognitive deficits: Role of prefrontal cortex microglia and Wnt/β-catenin pathway. Eur. J.
Pharmacol. 2020, 885, 173411. [CrossRef]

29. de Souza, J.M.; Abd-Elrahman, K.S.; Ribeiro, F.M.; Ferguson, S.S. mGluR5 regulates REST/NRSF signaling through N-cadherin/β-
catenin complex in Huntington’s disease. Mol. Brain 2020, 13, 118. [CrossRef]

30. Nicoletti, F.; Bockaert, J.; Collingridge, G.L.; Conn, P.J.; Ferraguti, F.; Schoepp, D.D.; Wroblewski, J.T.; Pin, J.P. Metabotropic
glu-tamate receptors: From the workbench to the bedside. Neuropharmacology 2011, 60, 1017–1041. [CrossRef]

170



Biomedicines 2022, 10, 1789

31. Li, Z.; Zhou, Q.; Li, L.; Mao, R.; Wang, M.; Peng, W.; Dong, Z.; Xu, L.; Cao, J. Effects of unconditioned and conditioned aversive
stimuli in an intense fear conditioning paradigm on synaptic plasticity in the hippocampal CA1 area in vivo. Hippocampus 2005,
15, 815–824. [CrossRef]
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Abstract: Autism spectrum disorder (ASD) is often associated with debilitating sleep disturbances.
While anecdotal evidence suggests the positive effect of cannabinoids, randomized studies are
lacking. Here, we report the effects of cannabinoid treatment on the sleep of 150 children and
adolescents with ASD, as part of a double-blind, placebo-controlled study that assessed the impact
of cannabinoid treatment on behavior (NCT02956226). Participants were randomly assigned to one
of the following three treatments: (1) whole-plant cannabis extract, containing cannabidiol (CBD)
and Δ9-Tetrahydrocannabinol (THC) in a 20:1 ratio, (2) purified CBD and THC extract in the same
ratio, and (3) an oral placebo. After 12 weeks of treatment (Period 1) and a 4-week washout period,
participants crossed over to a predetermined, second 12-week treatment (Period 2). Sleep disturbances
were assessed using the Children’s Sleep-Habit Questionnaire (CSHQ). We found that the CBD-rich
cannabinoid treatment was not superior to the placebo treatment in all aspects of sleep measured by
the CSHQ, including bedtime resistance, sleep-onset delay, and sleep duration. Notably, regardless
of the treatment (cannabinoids or placebo), improvements in the CSHQ total score were associated
with improvements in the autistic core symptoms, as indicated by the Social Responsiveness Scale
total scores (Period 1: r = 0.266, p = 0.008; Period 2: r = 0.309, p = 0.004). While this study failed
to demonstrate that sleep improvements were higher with cannabinoids than they were with the
placebo treatment, further studies are required.

Keywords: autism spectrum disorder; cannabinoids; cannabidiol; tetrahydrocannabinol; clinical
trials; randomized controlled; sleep; child psychiatry; developmental disorders

1. Introduction

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder that
is characterized by persistent deficits in social interaction and communication, restricted
interests, and repetitive behaviors [1]. Phenotypes among individuals with ASD are highly
diverse in terms of cognition, language abilities, irritability, sensory perception, anxiety,
motor skills, executive functions, epilepsy, gastrointestinal problems, and more [1,2]. Up
to 80% of children with ASD also have sleep disorders, including prolonged sleep onset
latency, extended night awakenings, and early morning awakenings [3,4].

The etiology of sleep disorders in ASD is presumed to include multiple neuropsy-
chological factors [5], among which alterations in the circadian sleep–wake cycle are the
most well established [6,7]. Accordingly, the most common pharmacological treatment for
sleep disorders in individuals with ASD is exogenous melatonin, given as an add on to
behavioral interventions, and parental education [8].
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One of the main regulators of the sleep–wake cycle is the endocannabinoid system [9].
The primary components of this cell-signaling system are the cannabinoid receptors and
their endogenous ligands (endocannabinoids) [10]. The cannabis plant contains unique
compounds (phytocannabinoids) that can interact with the endocannabinoid system either
directly, using Δ9-tetrahydrocannabinol (THC), or indirectly, using cannabidiol (CBD).
THC is the major psychoactive component of the cannabis plant. It activates the type 1
cannabinoid receptor (CB1R) in the brain and might lead to anxiety and psychosis [11].
CBD is the major non-psychoactive phytocannabinoid. While it is an allosteric modulator
of the CB1R, which may decrease the effects of CB1R agonists, it concomitantly increases
the levels of the endocannabinoids that activate the CB1R (Figure 1) [11]. As opposed to
THC, CBD has a relatively high toxicity threshold and it also appears to have anxiolytic,
antipsychotic, antiepileptic, and neuroprotective properties that may be mediated through
receptors, such as serotonin 5-HT1A, TRPV1, GPR55, GABAA, and PPARγ, and through the
inhibition of adenosine reuptake (Figure 1) [12–16].

Figure 1. Multiple molecular targets for cannabidiol (CBD) in neurons.

Alterations in the endocannabinoid system have been found in several animal models
of ASD [17,18]. Recent human studies have demonstrated lower circulating endocannabi-
noid levels in children with ASD [19–21] and evidence of successful CBD-rich cannabinoid
treatment for the core symptoms and comorbidities in children with ASD is accumulat-
ing [22–25]. However, the effect of phytocannabinoids on the sleep of ASD children is
still unclear.

In general, cannabinoid therapy with various THC to CBD ratios is being increasingly
used to alleviate sleep disorders, regardless of the cause. Among patients with chronic pain,
treatment with medical cannabis seems to result in a small improvement in sleep quality [26].
Preliminary evidence of successful treatment is also available for sleep apnea, and post-
traumatic stress disorder-related nightmares [27]. However, currently there is insufficient
evidence to support this line of treatment for any individual sleep disorder [27–29].
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In the current study, we aimed to evaluate the impact of a CBD-rich cannabinoid
treatment on sleep, as part of a placebo-controlled trial, which assessed the effects of
cannabinoids on the behavior of children and adolescents with ASD. We used two CBD-rich
preparations. The first contained only purified CBD and purified THC isolates (pure
cannabinoids) and the second contained a full-spectrum (whole-plant) extract, which,
in addition to the same amounts of CBD and THC, also contained minor cannabinoids,
terpenes, and flavonoids that might enhance the efficacy and tolerability.

We found that an improvement in sleep (after receiving either cannabinoids or the
placebo) was associated with an improvement in the autistic core symptoms and disruptive
behavior. However, CBD-rich cannabinoid treatment did not improve sleep disturbances
more than the placebo treatment.

The main cannabinoid receptor in neurons is cannabinoid receptor type 1 (CB1R).
The primary neuronal effect of the CB1R is a decrease in the synaptic transmission during
increased synaptic activity, which can also promote sleep and reduce seizures and excito-
toxicity. CBD is a negative allosteric modulator of the CB1R. However, CBD can activate the
endocannabinoid system through the CB1R by inhibiting the endocannabinoid membrane
transporter (EMT) and the degradation of anandamide (AEA) through fatty acid amide
hydrolase (FAAH). This, in turn, increases the levels of the endocannabinoids AEA (main
agonist of CB1R) and 2-Arachidonoylglycerol (2-AG). Other neuronal effects of CBD are
mediated through agonism at the 5-HT1A serotonin receptors and at the TRPV1 channel, re-
ducing anxiety and pain, and through agonism of the nuclear PPARγ receptors, increasing
the expression of the cytoprotective enzymes. CBD also has direct antioxidative effects.

ENT—equilibrative nucleotide transporter; 5-HT1A—5-hydroxytriptamine 1A recep-
tor; GPR55—G protein coupled receptor 55; PPARγ—peroxisome proliferator-activated
receptor gamma; ROS—reactive oxygen species; TRPV1—transient receptor potential
vanilloid 1.

2. Materials and Methods

2.1. Study Design

NCT02956226 was a proof-of-concept, randomized, double-blind, placebo-controlled
trial, and methods were previously described [23]. The primary objective of this trial was
to assess the impact of cannabinoid treatment on ASD-associated disruptive behavior. We
previously reported the effects of the cannabinoid treatment on disruptive behavior and
the ASD core symptoms, as well as adverse effects of the treatment [23]. We report here the
effect of the cannabinoid treatment on sleep parameters.

2.2. Standard Protocol Approvals and Patient Consent

The study was conducted in a single referral center for ASD diagnosis and treatment:
Shaare Zedek Medical Center, Jerusalem, Israel. It was approved by the Institutional
Review Board at Shaare Zedek Medical Center and the Israeli Ministry of Health prior
to participant enrollment. Participants’ parents provided written informed consent and
written consent was also obtained from participants, when appropriate.

2.3. Study Population

Eligible participants were children and adolescents between 5 and 21 years old, with
an ASD diagnosis, as per the Diagnostic and Statistical Manual of Mental Disorders, fifth
edition (DSM-5), criteria, and as confirmed by the Autism Diagnostic Observation Schedule
(ADOS-2), and moderate or greater behavioral problems rating (rating ≥ 4) on the Clinical
Global Impression’s (CGI) severity scale. The full list of inclusion and exclusion criteria
appears in Table S1.

2.4. Treatment Scheme

Participants were randomly allocated for treatment with two out of three oral prepa-
rations, each given in a distinct 12-week treatment period. Treatment options were as
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follows: (1) BOL-DP-O-01-W (BOL Pharma, Revadim Israel), a whole-plant (full spec-
trum) cannabis extract, containing CBD and THC at a 20:1 ratio; (2) BOL-DP-O-01 (BOL
Pharma, Revadim, Israel), purified CBD and THC at the same ratio; and (3) placebo (BOL
Pharma, Revadim, Israel). In each treatment period, starting dose was 1 mg/kg/d CBD
(and 0.05 mg/kg/d THC) or an equivalent placebo. The dose was increased by 1 mg/kg/d
CBD (and 0.05 mg/kg/d THC) every other day, up to 10 mg/kg body weight per day
CBD (and 0.5 mg/kg/d THC), for children weighing 20–40 kg or 7.5 mg/kg/d CBD (and
0.375 mg/kg/d THC) for weight >40 kg (maximum 420 mg CBD and 21 mg THC per day),
divided into 3 daily doses. Treatments were given orally (sublingual whenever possible), as
an add-on to any ongoing stable medication (Table 1). At the end of the first treatment pe-
riod, the study treatment was gradually decreased over 2 weeks, followed by 2 weeks of no
study treatment to enable full elimination of the cannabinoids given in the first period [30].

Table 1. Participants’ baseline characteristics.

All (n = 150) Group A (n = 50) Group B (n = 50) Group C (n = 50) Sig.

Treatment 1st period Placebo Pure cannabinoids Whole plant

Treatment 2nd period Whole plant Placebo Pure cannabinoids

Sex
Males n (%) 120 (80%) 42 (84%) 42 (84%) 36 (72%) 0.22 *

Age
Mean ± SD

[median, range]
11.8 ± 4.1

[11.3, 5.1–20.8]
11.7 ± 3.8

[10.7, 5.8–20.0]
11.6 ± 4.3

[10.3, 5.1–20.4]
12.1 ± 4.3

[12.6, 5.1–20.8] 0.79 #

BMI
Mean ± SD

[median, range]
20.8 ± 5.7

[19.0, 12.3–39.6]
20.5 ± 5.2

[19.1, 12.8–34.0]
20.5 ± 6.0

[19.1, 12.3–39.6]
21.3 ± 6.1

[19.0, 13.9–39.5] 0.72 #

ADOS comparison score
Mean ± SD

[median, range]
8.8 ± 1.5

[10.0, 4.0–10.0]
8.6 ± 1.6

[9.0, 4.0–10.0]
9.2 ± 1.3

[10.0, 6.0–10.0]
8.6 ± 1.6

[9.0, 4.0–10.0] 0.07 #

VABS composite score
Mean ± SD

[median, range]
52.3 ± 14.5

[51.0, 20.0–102.0]
52.0 ± 15.0

[49.0, 26.0–102.0]
52.4 ± 15.2

[54.0, 25.0–89.0]
52.3 ± 13.6

[52.0, 20.0–78.0] 0.99 #

CARS total score
Mean ± SD

[median, range]
45.4 ± 8.4

[47.5, 29.5–59.0]
46.0 ± 8.5

[47.3, 30.5–59.0]
45.5 ± 8.9

[48.5, 29.5–57.5]
44.6 ± 7.8

[46.5, 31.0–56.5] 0.68 #

SRS
Mean ± SD

[median, range]
119 ± 27

[121, 53–180]
122 ± 23

[124, 53–159]
118 ± 31

[118, 64–178]
117 ± 27

[117, 66–180] 0.37 #

Concomitant medications
Atypical antipsychotics n (%) 76 (50.7%) 28 (56.0%) 20 (40.0%) 28 (56.0%) 0.18 *
Typical antipsychotics n (%) 13 (8.7%) 5 (10.0%) 3 (6.0%) 5 (10.0%) 0.82 *

Anticonvulsants n (%) 18 (8.7%) 6 (12.0%) 4 (8.0%) 8 (16.0%) 0.47 *
Stimulants n (%) 20 (13.3%) 5 (8.0%) 11 (22.0%) 5 (10.0%) 0.08 *

Benzodiazepines n (%) 5 (3.3%) 1 (2.0%) 2 (4.0%) 2 (4.0%) 1.00 *
Melatonin n (%) 12 (8.0%) 6 (12.0%) 4 (8.0%) 2 (4.0%) 0.39 *

SSRIs n (%) 21 (14.0%) 6 (12.0%) 8 (16.0%) 7 (4.0%) 0.84 *

Total CSHQ score
Mean ± SD

[median, range]
49.9 ± 9.2

[48.5, 34.0–73.5]
49.7 ± 8.7

[49.0, 34.0–69.2]
50.1 ± 9.4

[47.5, 36.0–72.0]
49.7 ± 9.6

[35.0, 34.0–73.5] 0.97 #

Bedtime Resistance
Mean ± SD

[median, range]
9.4 ± 3.3

[8.0, 6.0–17.0]
9.7 ± 3.2

[9.0, 6.0–17.0]
9.4 ± 3.4
[6.0–16.0]

9.1 ± 3.3
[8.0, 6.0–17.0] 0.63 #
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Table 1. Cont.

All (n = 150) Group A (n = 50) Group B (n = 50) Group C (n = 50) Sig.

Sleep Onset Delay
Mean ± SD

[median, range]
1.9 ± 0.8

[2.0, 1.0–3.0]
1.9 ± 0.8

[2.0, 1.0–3.0]
1.9 ± 0.9

[2.0, 1.0–3.0]
2.0 ± 0.8

[2.0, 1.0–3.0] 0.99 #

Sleep Duration
Mean ± SD

[median, range]
4.6 ± 1.8

[4.0, 3.0–9.0]
4.6 ± 1.8

[4.0, 3.0–9.0]
4.6 ± 1.8

[4.0, 3.0–9.0]
4.5 ± 1.8

[4.0, 3.0–9.0] 0.96 #

Sleep Anxiety
Mean ± SD

[median, range]
6.3 ± 2.3

[6.0, 4.0–12.0]
6.4 ± 2.1

[6.0, 4.0–11.0]
6.5 ± 2.4

[6.0, 4.0–12.0]
6.1 ± 2.3

[5.0, 4.0–12.0] 0.64 #

Night Wakings
Mean ± SD

[median, range]
4.9 ± 1.9

[4.0, 3.0–9.0]
4.8 ± 1.7

[4.5, 3.0–9.0]
5.13 ± 2.0

[5.0, 3.0–9.0]
4.7 ± 2.0

[4.0, 3.0–9.0] 0.52 #

Parasomnias
Mean ± SD

[median, range]
9.2 ± 2.0

[9.0, 7.0–18.2]
8.6 ± 1.7

[9.0, 7.0–12.0]
9.5 ± 2.0

[9.0, 7.0–14.0]
9.3 ± 2.3

[8.8, 7.0–18.2] 0.44 #

Sleep Disordered Breathing
Mean ± SD

[median, range]
3.9 ± 1.4

[3.0, 3.0–9.0]
3.9 ± 1.2

[3.5, 3.0–7.0]
3.7 ± 1.3

[3.0, 3.0–9.0]
4.1 ± 1.6

[3.0, 3.0–7.0] 0.40 #

Daytime Sleepiness
Mean ± SD

[median, range]
14.4 ± 3.6

[14.0, 9.0–24.0]
14.2 ± 3.7

[14.0, 9.0–23.0]
14.3 ± 3.7

[13.1, 9.0–24.0]
14.7 ± 3.5

[15.0, 9.0–24.0] 0.79 #

Baseline characteristics of participants stratified to treatment arms. ADOS-2—Autism Diagnostic Obser-
vation Schedule, comparison score of 8–10 indicated severe autistic symptoms; BMI—body mass index;
CARS—Childhood Autism Rating Scale, scores above 36.5 are indicative of severe ASD; CSHQ—Children’s
Sleep Habits Questionnaire; SRS—Social Responsiveness Scale, total score ≥ 75 indicates severe autistic symp-
toms; VABS—Vineland Adaptive Behavior Scale, composite score ≤ 70 indicates low adaptive level. * Categorical
parameters (sex and medications) were compared using Pearson chi-square tests. # Continuous parameters were
compared using one-way analysis of variance (ANOVA).

The CBD:THC ratio and daily dose were chosen based on our clinical experience and
previous open-label studies on the effect of medical cannabis on ASD core symptoms and
comorbidities, including sleep problems [22,24,25]. Further details regarding the cannabi-
noids’ preparations and randomization process appear in the Supplemental Information.

2.5. Baseline Evaluations

Baseline assessments at study onset (day 1) included the following: ADOS-2 [31], a
systematic and standardized assessment of communication, social interaction, play, and
imaginary use of materials, which was administered by a developmental psychologist
(MH), with research reliability; Vineland Adaptive Behavior Scales (VABS) [32], a care-
giver interview assessing communication, socialization, and daily living skills, which was
administered by the same psychologist; and Childhood Autism Rating Scale, second edi-
tion (CARS2-ST) [33]—A quantitative measure of direct behavior observation–which was
administered by a trained pediatric neurologist (AA).

2.6. Outcomes

Children’s Sleep Habits Questionnaire (CSHQ) [34]. This parent-rated questionnaire
has been used and validated in multiple studies of ASD [35–39]. It comprises 33 scored
questions, and additional items intended to provide other relevant information on sleep
behavior. Each scored question is rated on a 3-point scale, as occurring ‘usually’ (i.e.,
5–7 times within the past week), ‘sometimes’ (i.e., 2–4 times within the past week), or
‘rarely (i.e., never or 1 time within the past week). A higher score reflects more significant
sleep disturbances. Items are combined to form the following 8 subscales: bedtime resis-
tance, sleep onset delay, sleep duration, sleep anxiety, night waking, parasomnias, sleep
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disordered breathing, and daytime sleepiness. A total score is calculated as the sum of all
CSHQ scored items and can range from 33 to 99. A total score of 41 and above indicates a
pediatric sleep disorder, as this cutoff has been shown to accurately identify 80% of children
with a clinically diagnosed sleep disorder [34]. Parents were instructed to answer questions
regarding their child’s sleep during a typical recent week. The questionnaire was completed
at the onset and end of each treatment period. The completed CSHQ questionnaires were
excluded from analysis if more than 20% of the data were missing.

Clinical Global Impression–Improvement scale (CGI-I) [40] was used to measure the im-
provement in disruptive behaviors from the baseline. Scores range from 1 (very much
improved), to 4 (unchanged), to 7 (very much worse). Scores of 1 or 2 (much improved)
were defined as a positive response and all others indicated a negative response [40]. CGI-I
was assessed at the end of each treatment period. Anchoring instructions were used to rate
improvement in behavioral difficulties on the CGI-I, rather than improvement in overall
ASD symptoms. The same clinician (AA) assessed and rated the CGI-S and CGI-I of all par-
ticipants. Notably, while the CGI-S and CGI-I were developed to assess ‘overall function’,
we used anchor points that were ‘domain-specific’ for disruptive behavior.

Social Responsiveness Scale (SRS-2): [41] this 65-item, caregiver questionnaire quantifies
autism symptom severity (total scores range from 0 to 195, with higher scores indicating
worsening severity). The questionnaire was completed at the onset and end of each
treatment period.

2.7. Statistical Analyses

The impact of treatment on sleep was assessed using the change in CSHQ scores in
each treatment period. Difference in the CSHQ total score was assessed both as a continuous
and a dichotomous variable, using the cutoff score of 41. We adjusted for the following
variables: sex, age at enrollment, and maternal education.

Continuous variables were assessed by two-tailed paired t-tests or ANOVA (after
confirmation for normal/near normal distribution). Categorical variables were assessed
by Pearson χ2 test. Treatment efficacy was compared between groups during the first and
second treatment period and within treatment groups for participants who completed both
treatment periods (per protocol [PP] analysis). Analyses were performed using IBM SPSS®

version 25 (2017). All p values were two-sided. p-value < 0.05 was considered significant.

3. Results

3.1. Participants

Between 11 January 2017 and 12 April 2018, 150 children and adolescents (mean
age 11.8 ± 4.1 years, median 11.25, range 5.1–20.8; 80% boys) entered the trial. The ASD
symptoms were ‘severe’ in 78.7% per ADOS-2 (comparison score = 8–10) [31] and the
adaptive levels were ‘low’ (composite score ≤ 70) in 88%, as per the Vineland Behavior
Scales [32].

The participant’s characteristics are provided in Table 1. Fifty participants were
randomly assigned to each of the three treatments in Period 1 and 44 participants per group
completed the study (Figure 2).

Among the 150 participants who underwent randomization, 131 (87%) submitted
valid questionnaires at the onset and end of the first treatment period (Figure 2), enabling
a between-subject analysis in this period (i.e., to compare the change in sleep parameters
between the participants who received cannabinoids and the participants who received the
placebo). In total, 107 participants (71%) submitted valid questionnaires at the onset and the
end of both the first and second treatment period, enabling a within-subject analysis (i.e.,
to compare the change in sleep parameters while receiving cannabinoids, while receiving
the placebo, and in participants who received both treatments).
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Figure 2. Participants’ allocation and adherence.

The participants’ baseline characteristics, including sleep disturbances, as indicated
by the CSHQ total and sub scores, were similar in the three treatment arms (Table 1).

Overall, 18 participants (12%) withdrew from the trial for the following reasons: 13 for
reasons unrelated to treatment, three due to adverse events, and two due to ineffectiveness.
In total, 131 participants (87%) had valid CSHQ scores before and after the treatment in the
first treatment period. In total, 107 participants (71%) had valid pre-and post-treatment
scores in both treatment periods, allowing a within-subject comparison.

3.2. Baseline Sleep Disturbances

Among the 146 participants who had valid CSHQ scores at the baseline, 125 (86%)
had a CSHQ total score ≥41, indicating a sleep disorder. Higher CSHQ scores (indicating
more prominent sleep disorder symptoms) at the baseline were correlated with a younger
age (Pearson correlation r = −0.288, p < 0.001) and with higher SRS total scores, indicating
more severe core autistic traits (r = 0.175, p = 0.036). The CSHQ scores were not associated
with sex or adaptive behavior, as indicated by the VABS composite scores.

Notably, the baseline characteristics were not different between the participants in-
cluded in the per-protocol analysis and the participants who were excluded due to with-
drawal or missing data, including age (p = 0.83); sex (p = 0.86); the severity of sleep
disorders, as reflected by the CSHQ total score (p = 0.63); adaptive behavior, as evaluated
by the VABS Composite scores (p = 0.57); and the severity of the core autistic symptoms, as
assessed by the ADOS-2 (p = 0.58), CARS (p = 0.75), and the SRS (p = 0.25).

3.3. Impact of Cannabinoid Treatment on Sleep

The impact of the cannabinoid treatment on sleep disturbances was assessed using
the CSHQ. In total, 131 participants had valid CSHQ scores, both pre-treatment and
post-treatment, in the first 12-week treatment period. Among these 131 participants,
44 received a whole-plant extract (BOL-DP-O-01-W, CBD:THC ratio = 20:1), 42 received
pure cannabinoids (BOL-DP-O-01, CBD, and THC at a 20:1 ratio), and 45 received a placebo.
The CSHQ total scores and the subscale scores did not differ significantly between the
participants who received cannabinoids and the participants who received the placebo
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(Table 2). None of these measures differed significantly between the participants who
received the whole-plant extract versus the pure cannabinoids (Table 2).

Table 2. Impact of cannabinoid treatment on sleep. Comparison of treatment effects in the 1st
12-week period.

Placebo
n = 45

[Change in Points]

Pure Cannabinoids
n = 42

[Change in Points]

Whole Plant
n = 44

[Change in Points]

Total
n = 131

[Change in Points]
Sig ˆ

Total CSHQ score
Mean ± SD

[median, range]
−1.4 ± 6.6

[−1.9, −20.3–13.0]
−2.9 ± 9.2

[−1.5, −27.9–18.0]
−2.3 ± 5.6

[−1.5, −18.0–7.3]
−2.2 ± 7.2

[−1.9, −27.9–18.0] 0.63

Bedtime Resistance
Mean ± SD

[median, range]
−0.6 ± 1.6

[0.0, −4.0–3.0]
−0.5 ± 2.7

[0.0, −9.0–5.7]
−0.3 ± 1.6

[0.0, −6.0–3.0]
−0.4 ± 2.0

[0.0, −9.0–5.7] 0.79

Sleep Onset Delay
Mean ± SD

[median, range]
−0.1 ± 0.6

[0.0, −1.0–2.0]
−0.1 ± 0.8

[0.0, −2.0–2.0]
−0.2 ± 0.8

[0.0, −2.0–1.0]
−0.2 ± 0.7

[0.0, −2.0–2.0] 0.98

Sleep Duration
Mean ± SD

[median, range]
−0.1 ± 1.6

[0.0, −4.0–4.0]
0.0 ± 2.0

[0.0, −5.0–4.0]
−0.5 ± 1.9

[0.0, −5.0–4.0]
−0.2 ± 1.8

[0.0, −5.0–4.0] 0.38

Sleep Anxiety
Mean ± SD

[median, range]
−0.4 ± 1.2

[0.0, −4.0–2.0]
−0.6 ± 1.3

[0.0, −4.0–1.7]
−0.2 ± 1.5

[0.0, −4.0–2.0]
−0.4 ± 1.3

[0.0, −4.0–2.0] 0.59

Night Wakings
Mean ± SD

[median, range]
−0.2 ± 1.3

[0.0, −3.0–3.0]
−0.8 ± 1.5

[−0.5, −4.0–1.0]
−0.6 ± 1.2

[0.0, −4.0–1.0]
−0.5 ± 1.4

[0.0, −4.0–3.0] 0.11

Parasomnias
Mean ± SD

[median, range]
−0.2 ± 1.6

[0.0, −4.0–4.0]
−0.6 ± 1.9

[−0.9, −7.0–4.0]
−0.5 ± 1.4

[0.0, −4.5–2.3]
−0.5 ± 1.6

[0.0, −7.0–4.0] 0.53

Sleep Disordered Breathing
Mean ± SD

[median, range]
−0.0 ± 0.9

[0.0, −2.0–3.0]
−0.3 ± 1.0

[−0.0, −4.0–1.0]
−0.1 ± 0.8

[0.0, −2.0–1.0]
−0.2 ± 0.9

[0.0, −4.0–3.0] 0.36

Daytime Sleepiness
Mean ± SD

[median, range]
0.1 ± 3.0

[0.0, −9.0–7.8]
0.2 ± 3.5

[0.0, −7.0–7.0]
0.0 ± 2.7

[0.0, −5.0–5.0]
0.1 ± 3.1

[0.0, −9.0–7.8] 0.96

Between-subject analyses of the change in the CSHQ scores following treatment in the first treatment period.
CSHQ—Children’s Sleep Habits Questionnaire. Positive change (increment of CSHQ scores) indicates worsening
of the sleep disorder. Change in the CSHQ scores from baseline following treatment is compared between the
3 treatment arms. ˆ One-way ANOVA for influence of treatments between study groups. Notably, the difference
between cannabinoid treatment and placebo was not statistically significant, even when combining the two
cannabinoid treatments into one group, compared to placebo (data not shown).

Similar negative results were found in the second treatment period (Table S2) and when
comparing the two treatments that each participant received, using a within-participant
analysis (Table S3).

3.4. Longitudinal Associations between Sleep, Behavior, and Autistic Core Symptoms

Regardless of the treatment, improvements in the sleep disturbances, as indicated by a
decline in the CSHQ total score, were associated with improvements in the autistic core
symptoms, as well as the associated disruptive behaviors in both treatment periods.

The autistic core symptoms were assessed using the SRS total score (higher scores
indicate higher severity of symptoms). Changes in the SRS total score correlated with
changes in the CSHQ total score in Period 1 (Pearson correlation: r = 0.266, p = 0.008) and
Period 2 (r = 0.309, p = 0.004).
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Improvements in the ASD-associated disruptive behaviors were evaluated by the
Clinical Global Impression–Improvement rate (CGI-I: lower rates indicate improvement).
The CGI-I rate was associated with a change in the CSHQ total score in Period 1 (one-way
ANOVA: f = 4.5, p = 0.013) and Period 2 (f = 3.36, p = 0.038).

4. Discussion

Interest in cannabis preparations as therapeutic agents in neuropsychiatric disorders
is growing in both the scientific and lay communities [42,43]. This interest is particu-
larly strong in disorders with substantial unmet needs, such as refractory epilepsy and
pediatric ASD, which lacks medications that target its core symptoms [44]. Currently,
robust evidence exists only for Epidiolex, a plant-derived pure CBD isolate, to treat the
following specific types of refractory epilepsy: Dravet syndrome [45], Lennox–Gastaut
syndrome [46], and tuberous sclerosis complex [47]. Nevertheless, full-spectrum extracts of
various cannabis strains and synthetic cannabinoids are being widely used to treat adults
living with chronic pain [48–50], chemotherapy-induced nausea and vomiting [51,52], sleep
disorders [26], depression, anxiety, psychosis [53], PTSD [54], and to treat children with
various types of refractory epilepsy [55], and irritability associated with autism spectrum
disorder (ASD) [22,24,25,56].

The endocannabinoid system is involved in the pathophysiology of both sleep disor-
ders [9] and ASD [19], which might contribute to the high incidence of sleep disturbances
in people with ASD. These associations make the endocannabinoid system an attractive
target for the treatment of sleep disturbances in ASD.

There is much anectodical evidence, as well as several reports of uncontrolled case
series, suggesting an improvement in sleep disturbances following treatment with various
strains of medical cannabis [24,25,57,58]. However, placebo-controlled studies have not
been published so far.

In this randomized, placebo-controlled trial we used the following two CBD-rich
preparations: a full-spectrum (whole-plant) extract, and purified CBD and THC isolates
(pure cannabinoids). This is particularly relevant for sleep disturbances as it is commonly
believed that, in addition to the main cannabinoids, other components of the cannabis
plant, such as terpenes and flavonoids, also assist in alleviating sleep disturbances (an
entourage effect) [59–61].

In our cohort, the effect of these two cannabinoid preparations at a dose of ~5.5 mg
CBD and ~0.3 mg THC per kg, per day, was not superior to the placebo in all aspects of
sleep measured by the CSHQ.

These findings are in line with a recent report on the negative acute effect of CBD on
the sleep–wake cycle of healthy adults in a placebo-controlled study [62]. Of note, while a
recent meta-analysis of randomized clinical trials demonstrated that cannabinoids provided
a small benefit for impaired sleep, the studies that were analyzed were mainly in adults
living with chronic pain, who used THC-rich preparations [26].

Accordingly, future studies of cannabinoid treatment for sleep disorders should con-
sider using a more balanced CBD to THC ratio. Indeed, recreational cannabis strains that
contain high THC and low CBD concentrations were associated with serious adverse events
when used during youth, including decreased motivation [63–65], addiction [66], mild
cognitive decline [64,67–69], and schizophrenia [64,70–72]. However, all of these risks
are higher in cannabis strains with a high ratio of THC to CBD [73], than in the more
balanced strains.

Consistent with previous studies [39,74], we also found that the severity of sleep
disturbances, as indicated by the CSHQ total score at the baseline, correlated with a
younger age and with the severity of the autistic core symptoms. Most of the participants
in our cohort had severe autistic symptoms (78.7% had a comparison score of 8–10 in the
ADOS-2). This might explain the higher rate of participants (86%) who screened positive
for sleep disturbances, compared to a rate of approximately 70% that was reported in a US
registry study [74] and in a Chinese multicenter survey [39].
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Notably, we found a longitudinal association between changes in the CSHQ total
score (in participants who received either cannabinoids or the placebo) and changes in the
disruptive behavior and the severity of the core symptoms, suggesting the possibility of a
cause-and-effect relationship (better sleep leads to lower symptoms). These findings are
congruent with associations between sleep quality, behavior, and the severity of autistic
core symptoms that have been reported in cross-sectional studies [39,75]. This finding also
underscores the importance of sleep quality in children with ASD, the impact of which
may exceed that of their typically developing peers.

Our study had several limitations: The study was designed as a cross-over study,
which allows within-participant analyses, comparing the two treatments that each partici-
pant received. However, a treatment order effect (all treatments were more effective in the
first period, probably due to a greater initial placebo effect) made this analysis less accurate.
Therefore, we reported the more accurate between-subject analyses of the first treatment
period (Table 2). We also present, in the Supplemental Information, the within-participant
analyses (Table S3) and the between-participant analyses of Period 2 (Table S3), which
yielded similar negative results. Another limitation of this study was the use of a care-
giver’s report for assessing sleep quality, without more objective measures of sleep such as
actigraphy and sleep logs. Additionally, our study was not powered to detect the effects of
age, the level of function, and other baseline characteristics on the treatment response.

5. Conclusions

Sleep disturbances are very common in children with ASD, and they have a substantial
impact on the quality of life of the child and the family. Preliminary clinical evidence and
preclinical studies, which implicate the endocannabinoid system in the pathophysiology of
both ASD and sleep disorders, suggest that cannabinoid treatment might improve sleep
in children with ASD. In a controlled study of 150 participants, we found that a whole-
plant extract and a pure cannabinoid preparation, which contained CBD and THC in a
20:1 ratio did not improve the sleep parameters, as reflected in the CSHQ scores. Future
studies should consider using actigraphy and sleep logs and recruiting participants within
narrower ranges of age and functional levels, this might enable the identification of target
populations within the autism spectrum that might benefit from this line of treatment.
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Abstract: Endocannabinoid signaling and the hypothalamic-pituitary-adrenal axis are activated by
trauma and both stress systems regulate the transition from acute to chronic pain. This study aimed
to develop a model of relationships among circulating concentrations of cortisol and endocannabi-
noids (eCBs) immediately after traumatic injury and the presence of chronic pain months later. Pain
scores and serum concentrations of eCBs and cortisol were measured during hospitalization and
5–10 months later in 147 traumatically injured individuals. Exploratory correlational analyses and
path analysis were completed. The study sample was 50% Black and Latino and primarily male
(69%); 34% percent endorsed a pain score of 4 or greater at follow-up and were considered to have
chronic pain. Path analysis was used to model relationships among eCB, 2-arachidonolyglycerol
(2-AG), cortisol, and pain, adjusting for sex and injury severity (ISS). Serum 2-AG concentrations at
the time of injury were associated with chronic pain in 3 ways: a highly significant, independent
positive predictor; a mediator of the effect of ISS, and through a positive relationship with cortisol
concentrations. These data indicate that 2-AG concentrations at the time of an injury are positively as-
sociated with chronic pain and suggest excessive activation of endocannabinoid signaling contributes
to risk for chronic pain.

Keywords: N-arachidonoylethanolamine; cortisol; chronic pain; injury

1. Introduction

Acute pain is inevitable and important following injury as it protects the individual
against further tissue damage. However, pain that persists after tissue injury has healed,
so-called “chronic pain,” is not protective and has a significant, negative effect on the
quality of life [1]. Chronic pain is defined as pain persisting after surgery or trauma for
greater than three months [2]. Previous studies from our group and others have found
that the incidence of chronic pain in traumatically injured patients can be as high as 70%
and there is a strong correlation between pain severity and life interference [3–5]. Unlike
acute pain, chronic pain is not primarily related to tissue injury [6] and traditional therapies
for pain, including opioids, have poor efficacy in their treatment [7,8]. Not all injured
individuals develop chronic pain, and few reliable or clinically significant biomarkers have
been identified that predict the progression of acute to chronic pain in the traumatically
injured population. Thus, this research could contribute to an improvement in our ability to
predict who will develop chronic pain through the validation of biomarkers. A secondary
long-term goal of this research project is to better understand the biological factors that
contribute to the development of chronic pain, which could improve our ability to treat or
prevent this transition.
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Preclinical research suggests a role for the endocannabinoid signaling system (ECSS) in
pain [9,10]. The endogenous ligands for cannabinoid (CB) receptors, called endocannabinoids
(eCBs), are N-arachidonoylethanolamine (AEA or anandamide) and 2-arachidonoylglycerol
(2-AG). Noxious stimuli and tissue injury increase eCB mobilization [11,12] and chronic
pain can up-regulate the expression of CB1 [13] and CB2 [14] receptors. Although preclinical
studies largely support the hypothesis that endogenous activation of CB receptors reduces
acute pain [9,10], eCBs produced by intense nociceptive stimuli render nociceptive neurons
in the spinal cord excitable by non-painful stimuli, suggesting that eCB/CB signaling can
also promote pain sensitization and thus contribute to the development of chronic pain [15].

Multiple studies have examined the relationships between the concentrations of cir-
culating eCBs and related lipids with the presence of chronic pain in humans. Circulat-
ing concentrations of 2-AG are higher compared to pain-free control groups in several
types of chronic pain, including fibromyalgia, irritable bowel syndrome, and neuropathic
pain [16–18]. Similarly, circulating AEA concentrations in individuals with fibromyal-
gia are three times higher than in matched controls [19]. Patients with complex regional
pain syndrome (CRPS), a neuropathic pain syndrome precipitated by extremity injury,
have significantly higher plasma concentrations of AEA than controls [20]. Women with
endometriosis-associated pain, compared to those without endometriosis, exhibited ele-
vated concentrations of both AEA and 2-AG [21]. Thus, while preclinical data indicate that
eCB-mediated signaling reduces pain sensation at multiple sites within the neuronal pain
circuit, the peripheral pool of eCBs is positively associated with chronic pain in humans.
However, the presence of an association is not indicative of a causal relationship; it is
possible that the high circulating eCBs are a physiological response to the stress of the
pain experience.

Human studies also support the role of cortisol in developing chronic pain [22–24]. The
imposition of acute pain (such as the cold pressor test) in healthy individuals elicits cortisol
secretion, which is in accord with pain as a stressor [25]. On the other hand, inappropriate
activation of the hypothalamic-pituitary-adrenal (HPA) axis is associated with the presence
or development of chronic pain [26,27]. In particular, inappropriately low concentrations
of cortisol have been associated with a diagnosis of chronic pain from fibromyalgia and
low back pain [28,29].

Both the HPA axis [30] and the ECSS [31] are activated by exposure to physical and
psychological stress, and these systems have diverging and converging effects on the
stress response. HPA axis activation via actions of cortisol and the ECSS reduce pain and
inflammation. In the brain, there are considerable data that cortisol increases the 2-AG
synthesis and that CB1 receptor activation links brain cortisol to changes in synaptic activity.
On the other hand, ECSS activation in the brain reduces HPA axis activation by stress and
enhances recovery to baseline following stress. Importantly, both the ECSS and HPA axis
are downregulated in situations of chronic stimulation, so excessive activation of either
system can lead to loss of critical homeostatic processes.

This study aimed to develop a model of the relationships between circulating cortisol
and eCBs, and the development of chronic pain after a traumatic injury. Our working
hypothesis is that both the HPA axis and the ECSS are mobilized by the severe stress
that accompanies traumatic injury and both contribute to reduced pain at that time point.
However, we hypothesize that excessive concentrations of both at the time of injury will
increase the risk for chronic pain development. The specific hypotheses for this study
were: (1) circulating concentrations of the eCBs positively correlate with circulating cortisol
concentrations at the time of injury, both reflecting the physical and psychological stress
of the injury; (2) at the time of injury, pain measures negatively correlate with circulating
eCB and cortisol concentrations due to the ability of both mediators to reduce pain; and
(3) circulating eCBs concentrations at the time of hospitalization positively correlate with
measures of pain months after the injury, possibly due to down-regulation of the ECSS.
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2. Materials and Methods

2.1. Participants

The Institutional Review Board (IRB) at the Medical College of Wisconsin approved
all study procedures (PRO00022827, approved on 3 May 2019) and participants were mone-
tarily compensated for their time. Participants in this study were subjects of a prospective,
exploratory, longitudinal cohort study entitled “Study on Trauma and Resilience (STAR)”.
We have previously reported some demographic and clinical data and the relationship
between endocannabinoids and depression [32] and risk for post-traumatic stress disor-
der (PTSD) [33] in the same cohort. Two hundred eighty participants were recruited and
consented at the time of injury in the parent study; 147 completed the follow-up pain
assessments and blood draw and are included in these analyses.

2.2. Study Design

Individuals with any type of traumatic injury who were admitted to the inpatient
trauma service at Froedtert Hospital, a level 1 American College of Surgery verified trauma
center, were eligible for recruitment. Recruitment occurred over a 19-month period by
daily review of the trauma division inpatient census for those who experienced a traumatic
event; were at least 18 years of age, English speaking, and able to provide written informed
consent within seven days of admission. Excluded were those who did not have appropriate
cognitive capacity defined as Glasgow Coma Scale of 13 or less (e.g., moderate or severe
TBI; obtained from chart review) and greater than 30 min of peritraumatic amnesia; were
in police custody, or were having active psychotic or self-harm symptoms. Participants
returned to the campus translational research unit 5–10 months (average 192 days, range
156–286) after their injury for a follow-up visit.

2.3. Measures

After providing informed consent and during hospitalization, study participants
completed a series of questionnaires as a part of the parent study of trauma and resilience.
Participant demographics, injury-related data, and a blood sample were obtained. The
mean time of blood sampling was 1156 h, SD 1.6 h (approximately noon). The pain was
assessed at the time of hospitalization via the numeric pain score (NPS), using a Likert
scale with anchors at 0 (no pain) and 10 (worst pain imaginable) [34]. We utilized the injury
severity score (ISS) as an anatomical measure of the severity of multiple physical traumatic
injuries based upon the worst injury of six body systems [35]. Each system is scored from
1–6 depending on the level of severity and the sum of squares is taken from the three most
injured systems. The highest score is 75 and denotes a non-survivable injury. The ISS for
mild injury is 1–8, moderate injury is 9–15, severe injury is 16–24, and very severe is 25 and
higher. The ISS was measured once at the time of hospitalization.

At the follow-up visit, blood was collected, and questionnaires were administered. The
mean time of blood collection at follow-up was 1217 h, SD = 2.39 h. The Brief Pain Inventory
(BPI) [36] was collected at the follow-up visit. The BPI measures both the intensity of the
pain (sensory dimension) and interference of pain in the patient’s life (reactive dimension),
with higher scores indicating greater pain intensity and interference, respectively [36]. Pain
measures were asked within the context of the patient’s initial traumatic injuries. In our
exploratory analyses, we used NPS of equal to or greater than 4 out of 10 to determine
chronic pain since moderate and severe pain are associated with compromised physical
functioning [37].

2.4. Study Procedures

Whole blood samples were drawn at hospitalization and the follow-up visit using
serum collecting tubes (red-top tubes). After incubation at room temperature for 30–60 min,
serum was harvested by centrifugation. Serum concentrations of the eCBs (2-AG and AEA)
were measured in lipid extracts using isotope dilution and liquid chromatography-mass
spectrometry to quantify daughter ions of AEA and 2-AG as described previously [38]. Con-
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centrations of cortisol were measured in the same serum samples using radioimmunoassay
(Cort-Cote 06B256440; MP Biomedical, San Diego, CA, USA). The sensitivity for cortisol
assay was 57.5 pg/mL and no data lower than the minimum detection level were found.
Based on the manufacturer’s reporting, intra-assay precision varies from 7.3–10.5, and
inter-assay precision varies from 8.6–13.4 for high-to-low cortisol levels.

2.5. Analyses

For descriptive statistics and summary tables, chronic pain (CP) was defined as pain
severity (NPS) of greater than or equal to 4 at the second time point. The continuous
underlying indices of NPS and pain interference were used in other analyses.

Demographic and clinical characteristics were summarized using counts with percent-
ages for categorical variables and mean with standard deviation and range for continuous
variables. These were compared between groups using the chi-squared test and Mann-
Whitney test, respectively. The comparisons of CP between individual injury mechanisms
used Fisher’s exact tests with permutation-based adjustment over the possible mechanisms
to control the overall type I error rate.

Based on initial bivariate exploratory analyses, the biomarkers (2-AG, AEA, cortisol)
were log-transformed to improve the linearity of the relationships and reduce skewness.
Pearson’s correlation coefficient was used to quantify the strength of association between
different biomarkers and between biomarkers and pain indices as continuous variables. The
p-values were adjusted for multiple comparisons using the Benjamini–Hochberg method
that controls the false discovery rate. For these exploratory analyses, FDR < 0.1 was
considered a significant correlation.

A path model was developed to analyze the relationships among the circulating eCB
and cortisol concentrations and pain measures at both time points, adjusting for covariates.
The initial model structure was constructed based on biological plausibility, measurement
timing, and the results of our exploratory correlational data. Specifically, the following
variable groups were considered: sex and injury severity score (ISS); hospital and follow-up
2-AG and cortisol concentrations; self-reported pain score at hospitalization; and pain
severity and interference scores obtained from the BPI at follow-up. In the initial model,
sex and ISS were allowed to influence both hospitalization and follow-up pain measures.
In addition, concentrations of 2-AG and cortisol were assumed to be correlated and could
affect pain and biomarker measures at either time point. No direct effect of pain on 2-AG
or cortisol was included. Hospitalization pain scores were included as a predictor of the
follow-up pain measures. The effects of sex, cortisol, and 2-AG on pain were constrained
to have equal strength at both hospitalization and follow-up, and the correlation between
2-AG and cortisol was also constrained to be the same at both time points. The model
was fitted using the full information maximum likelihood method, which is a maximum-
likelihood-based method that can incorporate missing-at-random observations [39].

The initial model was then simplified to find a more parsimonious description. Paths
with non-significant effects with standardized coefficients under 0.1 in absolute value were
removed, monitoring that goodness of fit indices continue to fall in their acceptable ranges
and prioritizing models with lower Bayesian Information Criterion (BIC). Table 1 shows
the goodness of fit indices of the initial and reduced models, indicating an excellent fit
for both.

All analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA) using the
CALIS procedure for the path analysis. Unless otherwise noted, a two-sided 5% significance
level was used.
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Table 1. Goodness of fit indices of the initial and reduced models.

Goodness-of-Fit Measure
Guideline for Acceptable

Fit
Initial Model Reduced Model

X2/df <3 14.9/11 = 1.3 20.9/23 = 0.91

Standardized root mean square residual (SRMR) <0.080 0.041 0.049

Root mean square error of approximation (RMSEA) with 90%
confidence interval

<0.06,
upper limit < 0.08 0.05 (0.0–0.11) 0.0 (0.0–0.06)

Comparative fit index (CFI) >0.95 0.98 1.0

Bayesian information criterion (BIC) Lower value implies more
parsimonious fit 228.6 175.9

3. Results

3.1. Demographic Results

Demographic information, pain data, and biospecimens were collected from hospital-
ized participants an average of 2.5 days following injury (range 1–10 days; hospitalization
time point). Pain data and blood samples were also obtained 5–10 months post-injury
(average 192 days; range 156–286; follow-up time point). The demographic and clinical
information related to the injury for the total population of participants are shown in the
second column of Table 2. The sample was predominately male (69.4%) and spanned the
entire adult age range. Forty-five percent of the sample self-identified as Black or African
American and 7.5% as Hispanic or Latino.

Table 2. Demographic and clinical data of the study participants.

Parameter Total Sample NCP (NPS Score < 4) CP (NPS Score ≥ 4)
p-Value (NCP

Compared to CP)

N 147 97 50 (34%)

Mean Age (SD, range) 42.5 (16.4, 18–89) 42.2 (17.5, 18–89) 42.9 (14.0, 20–74) p > 0.1

Sex p > 0.1

Female (percent) 45 (30.6) 28 (28.9) 17 (34.0)

Male (percent) 102 (69.4) 69 (71.1) 33 (66.0)

Race/Ethnicity 0.09

Non-Hispanic White 68 (46.3) 52 (53.6) 16 (32.0)

Black or African American 66 (44.9) 37 (38.1) 29 (58.0)

Hispanic or Latino 11 (7.5) 7 (7.2) 4 (8.0)

Native American/Alaskan Native 2 (1.4) 1 (1) 1 (2)

Highest Educational Level Completed 0.09

Advanced degree (master’s or higher) 10 (6.8) 10 (10.3) 0 (0.0)

College graduate 24 (16.3) 15 (15.5) 9 (18.0)

Graduated high school, some college 52 (35.4) 37 (38.1) 15 (30.0)

High school graduate, no college 36 (24.4) 20 (20.6) 16 (32.0)

Less than high school 25 (17.0) 15 (15.5) 10 (20.0)

In a committed relationship 0.056

No 57 (39.3) 32 (33.7) 25 (50.0)

Yes 88 (60.7) 63 (66.3) 25 (50.0)

Time between injury and follow-up
assessment for chronic pain and blood

draw (SD, range)

192 days (22,
156–286) 191 (19, 156–240) 194 (26, 160–286) p > 0.1

Injury severity score (ISS; SD, range) 10.1 (5.9, 0–29) 9.1 (5.2, 0–24) 12.2 (6.6, 0–29) 0.002

Numerical pain score at hospitalization
(SD, range) 5.8 (2.4, 0–10) 5.2 (2.3, 0–10) 6.9 (2.3, 1–10) <0.001

NCP: no chronic pain and CP: chronic pain subgroups determined at follow-up. Age, time between injury and
follow-up, severity scores (ISS), and acute pain scores were compared between the NCP and CP groups using
Mann–Whitney non-parametric t-tests; other comparisons were made using the Chi-squared test.
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The presence of pain was assessed at the follow-up visit and chronic pain (CP) was de-
fined as an NPS of 4 or greater and was endorsed by 50 individuals (34%). The demographic
and clinical characteristics of the no chronic pain (NCP; NPS < 4) and CP subgroups of the
sample were determined and compared (Table 2). There were no significant differences
between the NCP and CP subgroups with regard to age or sex. There was no difference
in the time that elapsed between the injury and follow-up visit between the NCP and CP
subgroups. The ISS and NPS scores at the time of hospitalization were both significantly
higher in the CP group than in the NCP group. Those not in a committed relationship were
more likely to have chronic pain. One hundred forty-five of the 147 subjects in the study
were treated with opiate analgesics at the time of injury, so the impact of opiates on chronic
pain could not be studied in this cohort. Individuals were asked about cannabis use at
both the time of hospitalization and at the follow-up assessment; there was no difference in
reported use between the NCP and CP subgroups (data not shown).

3.2. Mechanisms of Injury

The mechanisms of traumatic injury were examined in the entire sample and compared
between the NCP and CP subgroups. The three most prevalent mechanisms of injury were
motor vehicle crashes (32%), falls (17%), and gunshot wounds (16%). A significantly greater
proportion of those in the CP than the NCP subgroup was injured by gunshot wounds
(28%, p = 0.023).

3.3. Correlational Analyses of Biomarkers and Pain

Correlational analyses were used to test our initial hypotheses that circulating concen-
trations of the eCBs and cortisol are correlated with acute and chronic pain (Table 2). For
these exploratory analyses, False Discovery Rate (FDR) <0.1 was considered a significant
correlation. At the time of hospitalization, cortisol concentrations were significantly, nega-
tively correlated with acute pain; neither 2-AG nor AEA concentrations were correlated
with acute pain. There was a modest, positive correlation between cortisol and 2-AG
at hospitalization.

At follow-up, none of the biomarkers were correlated with pain measures. How-
ever, a significant, positive relationship between 2-AG and cortisol occurred while the
concentrations of AEA and cortisol were negatively correlated.

To test the predictive value of the biomarkers, correlational analyses were carried out
between biomarker concentrations at the time of hospitalization and indices of chronic pain
5–10 months after injury. 2-AG concentrations at the time of hospitalization were positively
correlated with the degree of pain interference with activities of daily living 5–10 months
after the injury.

3.4. Model Incorporating Biomarkers, Demographics, and Pain Measures

A path model was developed to analyze the relationships among the biomarkers, pain
measures, and covariates (Figure 1). Table 1 shows the goodness of fit indices of the initial
and reduced models, indicating an excellent fit for both.

The strongest relationships identified using this model were: (1) a positive relationship
between serum concentrations of 2-AG at hospitalization and pain severity at follow-up;
and (2) a negative relationship between cortisol and pain severity at both time points.
Both 2-AG and cortisol concentrations at hospitalization were positively correlated with
2-AG concentrations at follow-up, and cortisol concentrations at hospitalization and follow-
up were positively correlated with each other. ISS influenced pain severity at follow-up
directly and indirectly through a relationship with 2-AG concentrations at hospitalization.
The female sex exerted a significant, positive effect on pain severity at both time points,
independent of other factors in the model. Cortisol at hospitalization affected cortisol at
follow-up, and pain severity affected interference with activities of daily living at follow-up.
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Figure 1. Model of the Relationship of Traumatic Pain, Cortisol, and Endocannabinoid Levels. The
numbers on the arrows are regression coefficients, representing the effect of a 1-unit increase in the
predictor on the outcome. For the log-transformed biomarkers, a 1 unit increase on the log scale
corresponds to a 10-fold increase in the original value. All coefficients shown are significant with
p < 0.05.

4. Discussion

While pain after injury is an expected outcome, continued, unresolved pain is a
troubling consequence of traumatic injury. This study explored relationships among
biomarkers of stress and pain severity measured at two-time points (hospitalization and
five to ten months post-injury) in a sample of 147 traumatically injured subjects to explore
biological relationships underlying the transition from acute to chronic pain. Biomarkers,
clinical measures, and pain scores were determined within days of the traumatic injury and
again five to ten months later-a time period when physical injuries are healed. Moderate
to severe chronic pain was present in 34% of subjects 5–10 months after injury, which is
a lower percentage than found in a previous study of an injured patient population in
a community-based sample [3]. In that study, which was carried out four months after
the injury, 43% of patients had moderate to severe pain, 50% had moderate to severe life
interference associated with the development of chronic pain, and 50% continued to use
opioids to treat their chronic pain four months after a traumatic injury [3].

In the current study, those without a committed relationship were significantly more
likely to have chronic pain. This is aligned with the results of a recently published large
study (>900 participants) which found that those with limited social support were signifi-
cantly more likely to exhibit chronic pain, functional limitations, and poor mental health
outcomes following moderate-severe traumatic injury [40].

In our study, those injured due to a gunshot wound were more likely to develop
chronic pain. Given that civilian gunshot injuries are associated with interpersonal violence,
these data support the role of distress as a risk factor for developing chronic pain [41].

As has been reported previously [42], the path analysis demonstrated a significant,
positive effect of the female sex on both acute and chronic pain. Likely because our sample
was only about one-third women, this difference did not reach significance in univariate
analyses, but it did go in the same direction as the path analysis. This difference was
most likely because the path analysis had more power with pain scores as a continuous
variable and the path model explained some of the variability in the pain scores reducing
the unexplained variability and making it easier to detect other effects.

Numerical pain scores at the time of injury were positively associated with the severity
of chronic pain. This is in accord with the well-accepted notion that acute pain causes
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changes in the sensory pathway and pain-related brain circuits resulting in sensitization and
chronic pain [43]. Both univariate and path analyses also identified a significant positive
correlation between the severity of the physical injury (measured using the ISS) and acute
pain at the time of injury and path analysis revealed a moderate but significant positive
association between ISS and chronic pain. This result differed from findings in a previous
study by our group that did not find ISS to correlate with the development of chronic
pain [44], which suggests that ISS has a weak influence on chronic pain. Interestingly, the
path model did not identify a significant association between ISS and acute pain, suggesting
that ISS contributes to the risk for chronic pain beyond solely an enhancement of acute pain.

Cortisol concentrations were significantly negatively correlated with contemporaneous
pain measures both in the univariate analyses and in the path analysis. For the path
analysis, we made the assumption that the relationship between pain and cortisol would
be independent of sampling time, reasoning that the biological relationship between them
would not be altered by time since injury. A rerun of the model without this assumption
did not appreciably change the relationships between cortisol and pain at either time,
suggesting that this is a valid assumption.

While acute pain tends to increase concentrations of cortisol in healthy individuals,
we found a significant, negative relationship between contemporaneous measures of cir-
culating cortisol and pain both in the days after the traumatic injury and at 5–10 months
follow-up. The expectation of high cortisol during acute pain was not seen in this sample.
There are several possible explanations; the first is the timing of the cortisol measurements,
which were several days on average after the injury. It is possible that cortisol was depleted
at this stage due to the significant stress of the injury itself. Interestingly, previous studies
have found that Blacks and Whites differ in cortisol responses to pain and stress, with
Blacks exhibiting a lower response than Whites [45]. Given that our study population was
enriched in individuals from racial and ethnic minorities, it is possible that the demograph-
ics of our sample contributed to this relationship. On the other hand, hypocortisolism
has been linked to chronic pain disorders, including fibromyalgia, chronic fatigue syn-
drome, chronic pelvic pain, and temporomandibular disorder [46,47]. As suggested by
Hannibal and Bishop, hypocortisolemia can potentiate and prolong chronic pain due to
increased inflammation, which can increase pain and increase the risk for depressed mood,
an additional risk factor for chronic pain [48].

The lack of association between levels of eCBs at hospitalization and acute pain
refutes our hypothesis that pain measures correlate with eCBs at baseline. However, the
positive correlation between cortisol and 2-AG at the time of hospitalization supports our
hypothesis and is in accord with preclinical data demonstrating that glucocorticoid receptor
(GR) activation increases 2-AG synthesis in the brain [49] and periphery [50], although
the possibility that cortisol and 2-AG are elevated independently cannot be ruled out. In
this regard, ISS and 2-AG were positively associated, suggesting that the severity of the
traumatic injury may contribute to 2-AG concentrations independently from cortisol.

Our primary goal in this study was to test the predictive value of the biomarkers
measured at the time of injury for the development of chronic pain. Bivariate analyses
indicated that 2-AG concentrations at the time of hospitalization were positively associated
with the degree of pain interference with activities of daily living measured using the Brief
Pain Inventory at follow-up. The path analysis also identified a significant and positive
association between circulating 2-AG concentrations at the time of injury and pain severity
at the follow-up visit and a nearly one-to-one correspondence between pain severity and
pain interference. These data support our hypothesis that circulating concentrations of
2-AG have value as a biomarker for the risk of developing chronic pain.

On the other hand, neither analysis demonstrated significant associations between
measures of pain severity or interference at follow-up and circulating concentrations of
2-AG measured at the same time. This finding contrasts with studies in which circulating 2-
AG was found to be higher compared to pain-free control groups in individuals with several
types of chronic pain, including fibromyalgia, irritable bowel syndrome, and neuropathic
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pain [17,18,51]. Differences in the duration and type of chronic pain could underlie the
difference in findings.

It is yet unknown if elevated 2-AG concentrations during the time of injury per se
are mechanistically involved in the severity of pain months later. Given the preclinical
data that CB1R activation is associated with reduced pain in many models and that highly
elevated 2-AG concentrations result in reduced CB1R density [52], it is possible that CB1R
signaling is down-regulated by the high 2-AG concentrations that occur following injury.
This could result in increased pain perception at the time of injury, a known risk factor for
the development of persistent pain [53]. Our finding of a significant relationship between
pain severity at hospitalization and follow-up supports this notion, as do the extremely
high concentrations of 2-AG during the peritraumatic period. However, pain severity was
not related to circulating 2-AG concentrations at hospitalization, which would be expected
if this were the mechanism. An alternative hypothesis, based upon the findings that chronic
pain is accompanied by widespread changes in brain circuits [43] and 2-AG/CB1 signaling
affects synaptic activity throughout the brain [54], is that excessive 2-AG-mediated signaling
at the time of injury contributes to lasting changes in circuits that subserve chronic pain.
Further studies are needed to explore these and other possible mechanisms.

There were no interactions between circulating concentrations of the second endo-
cannabinoid, AEA, and the other measures in this study. While 2-AG and AEA are both
endogenous ligands of the cannabinoid receptors, there are differences in the triggers
for their mobilization and their reported associations with psychological indicators in
humans [55]. Previous studies in humans have found that AEA concentrations are more
likely to be associated with anxiety while 2-AG is more likely to be associated with depres-
sion [56,57]. Interestingly, 2-AG concentrations at hospitalization were also associated with
increased risk for depression at follow-up [32], while AEA concentrations at hospitalization
were associated with risk for the development of chronic PTSD [33] in the participants of
this study.

This study was not without limitations. First, we measured the endocannabinoids
at only two time points (hospitalization and at least 5 months later), which provided
partial longitudinal data over a period of time when the participants were recovering
from their injury and were undergoing important changes in symptoms. However, we
do not know the trajectory, and importantly, we do not know when the elevated 2-AG
concentrations returned to normal values. Our hypothesis that excessive elevation of eCB
signaling suggests that individuals with a prolonged increase in 2-AG would be at greater
risk for chronic pain. Measuring the eCBs over multiple time points would allow us to
test this hypothesis. In addition, the follow-up visits occurred over a broad range of times
(5.2 months to nearly 10 months), which could add significant variability to the results. The
blood collection times were dictated by the situation of the participant, which resulted in a
fairly wide range of elapsed time since injury and did not differ between the NCP and CP
groups. Similarly, the time of day for the blood collections was not controlled for, which is a
limitation because of the circulating concentrations of both cortisol and 2-AG exhibit strong
circadian rhythms [58]. Moreover, the literature has noted that the microbiota can affect the
ECSS [59–61]. However, this was not evaluated within our study. Finally, we did not screen
participants for pre-existing chronic pain, which could be a possible confound for assessing
chronic pain associated with the current traumatic injury. However, the participants were
asked at the follow-up to evaluate the severity of their pain related to the injury a few
months earlier.

5. Conclusions

In conclusion, the results of this preliminary study suggest that both 2-AG and cortisol
concentrations are associated with the risk for development of chronic pain following
injury and add the endocannabinoid system to the list of stress-responsive systems that are
associated with long-term consequences of an injury. We have previously published that
2-AG concentrations at the time of injury are also positively associated with risk for the
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development of major depression 6–9 months later [32]. Together, these studies indicate
that 2-AG concentrations, which are roughly six times higher following trauma than under
normal conditions, could serve as a general biomarker for risk for negative psychological
states following traumatic injury. Future studies will probe the more interesting possibility
that strong engagement of endocannabinoid signaling in the periphery and brain occurs in
the aftermath of significant physiological stress and while this response may be beneficial
at the time of injury, it could result in long-term negative effects in certain individuals.
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Abstract: Modulation of the endogenous cannabinoid system has been suggested as a potential
anticancer strategy. In the search for novel and less toxic therapeutic options, structural modifications
of the endocannabinoid anandamide and the synthetic derivative of oleic acid, Minerval (HU-600),
were done to obtain 2-hydroxy oleic acid ethanolamide (HU-585), which is an HU-600 derivative
with the anandamide side chain. We showed that treatment of SK-N-SH neuroblastoma cells with
HU-585 induced a better anti-tumorigenic effect in comparison to HU-600 as evidenced by 3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide assay, colony-forming assay, and migration
assay. Moreover, HU-585 demonstrated pro-apoptotic properties shown by increased levels of
activated caspase-3 following treatment and a better senescence induction effect in comparison to
HU-600, as demonstrated by increased activity of lysosomal β-galactosidase. Finally, we observed
that combined treatment of HU-585 with the senolytic drugs ABT-263 in vitro, and ABT-737 in vivo
resulted in enhanced anti-proliferative effects and reduced neuroblastoma xenograft growth in
comparison to treatment with HU-585 alone. Based on these results, we suggest that HU-585 is a
pro-apoptotic and senescence-inducing compound, better than HU-600. Hence, it may be a beneficial
option for the treatment of resistant neuroblastoma especially when combined with senolytic drugs
that enhance its anti-tumorigenic effects.

Keywords: 2-hydroxy oleic acid; anandamide; anti Bcl2; endocannabinoid system; membrane lipid
therapy; neuroblastoma

1. Introduction

Neuroblastoma (NBL) is the most common extracranial solid tumor of childhood.
Children with high-risk neuroblastoma currently have long-term survival rates under 50%
despite intensive, multimodal treatment regimens that include chemotherapy, surgical
tumor resection, autologous stem cell transplantation, radiation therapy, and maintenance
immunotherapy combined with 13-cis-retinoic acid [1,2]. In addition, the aggressive chemo-
radiotherapy used for the treatment of these children is associated with severe side effects
and multi-organ damage [3]. Therefore, new, less toxic therapeutic combinations directed at
relevant targets are needed for these children to reduce relapse rates and improve survival.
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The cannabinoids are a group of more than 100 chemically related compounds found in
the marijuana plant Cannabis sativa, that have been found to possess diverse pharmacological
activities in cancer, including cytostatic, apoptotic, and antiangiogenic effects [4]. Tetrahydro-
cannabinol (THC), the main psychoactive constituent in Cannabis sativa, acts mainly through
the activation of specific cannabinoid receptors CB1 and CB2 and thus mimics the binding of
the animal endogenous cannabinoids (named endocannabinoids) [5–7]. Endocannabinoids are
known to participate in many biological processes in the immune, respiratory, circulatory, and
reproductive systems. On a cellular level, they have been shown to modulate cell proliferation,
viability, and differentiation [8]. The cytotoxicity of endocannabinoids on tumoral cells has been
frequently reported, hence, their potential use in the treatment of malignant diseases [9]. Several
different mechanisms have been implicated in the anti-tumorigenic actions of endocannabi-
noids and include cytotoxic or cytostatic effects, apoptosis induction, and anti-metastatic effects,
such as inhibition of neo-angiogenesis and tumor cell migration [10]. One of the best-known
endocannabinoids with anti-tumorigenic effects is anandamide (AEA). AEA has been shown
to inhibit cholangiocarcinoma growth [11], to exert cytotoxic and antiproliferative effects on
colorectal carcinoma cells [12], and to cause apoptosis of osteosarcoma cells [13] and glioma
cells [14].

AEA is the ethanolamide of the fatty acid arachidonic acid. The anti-cancer drug
Minerval is a 2-hydroxy derivative of another fatty acid, oleic acid. Minerval (HU-600) is
one of the most studied synthetic lipid compounds that was shown to be safe and effective
in patients with glioma and other advanced solid tumors [15]. In contrast to most anticancer
drugs, HU-600 targets the plasma membrane and mediates its anti-tumor effect by affecting
the biophysical properties of membranes [16–18].

Based on the anti-cancer effects of HU-600 and AEA, we assumed that a molecule
that is a derivative of both compounds may be a novel anti-cancer drug with a promising
anticancer therapeutic profile. Hence, structural modification of HU-600 was done to obtain
2-hydroxy-oleic acid (2-OHOA) ethanolamide (HU-585), a novel compound, which is an
HU-600 derivative with the AEA side chain.

To further our research on this subject [19], we explored and compared the anti-
tumorigenic effects of HU-600 and its novel derivate HU-585 on the NBL cell line. The
results obtained in our study indicate that of the two compounds tested, HU-585 was
indeed more effective on the NBL cell line in comparison to HU-600. Furthermore, HU-585
demonstrated pro-apoptotic and senescence-inducing properties, and combined treatment
with senolytic drugs further enhanced its anti-tumorigenic effect. Our findings add contem-
porary information, attractive strategy, and an effective and less toxic therapeutic option
for the treatment of refractory NBL.

2. Materials and Methods

2.1. Preparation of 2-Hydroxyoleoyl Ethanolamide (HU-585)

The 2-hydroxy oleic acid (HU-600) was synthesized according to Lazarus et al. [20].
The ethanolamide derivative (HU-585) of HU-600 was prepared according to the following
procedure: To a solution of 2-hydroxyoleic acid sodium salt (100 mg, 0.3125 mmol) and N,
N-dimethylformamide (23.65 μL, 0.3125 mmol) in dry methylene chloride (4.7 mL) was
added dropwise oxalyl chloride (2.0 M solution in methylene chloride, 0.312 mL, 0.62 mmol)
under nitrogen atmosphere at 0–5 ◦C. The reaction mixture was stirred for 10 min, and
then the solvent was evaporated under nitrogen flow. The crude material in methylene
chloride (4.7 mL) was added to an ice-cold solution of ethanolamide (0.214 mL, 3.55 mmol)
in methylene chloride (4.7 mL). The reaction mixture was stirred for 10 min, then it was
washed with water (3 × 20 mL) and dried (MgSO4), and the solvent was evaporated under
reduced pressure. The residue was chromatographed on silica gel. White solid, melting
point: 63 ◦C, NMR (CDCl3, ppm): 5.37 [m, 2H]; 4.15 [dd, 1H]; 3.75 [m, 2H]; 3.52–3.45 [m,
2H]; 2.04 [m, 4H]; 1.85–1.66 [m, 2H]; 1.44–1.29 [m, 20H]; 0.92 [t, 3H]. LC-MS (+p) = 342.2.
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2.2. Cell Culture

Human neuroblastoma cell line SK-N-SH was obtained from ATCC (Manassas, VA,
USA). SK-N-SH cells were cultured in Eagle minimum essential medium (ATCC), supple-
mented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin—streptomycin (Gibco,
Paisley, UK). Fibroblasts were obtained from dermal human fibroblasts, per protocol #7044
(approved by the Institutional Review Board at Sheba Medical Center, Tel Hashomer, Ramat
Gan, Israel). Fibroblasts cells were cultured in high glucose DMEM supplemented with 20%
FBS, penicillin-streptomycin, 1% non-essential amino acids and 0.2% β-mercaptoethanol
(Invitrogen, Life Technologies, Grand Island, NY, USA). Normal human astrocytes (HA)
obtained from Science Cell Research Laboratories (Carlsbad, CA, USA). HA cells were
cultured in HA medium (Catalog #1801) with supplement from Science Cell Research
Laboratories (Carlsbad, CA, USA). All cells were routinely tested for the presence of my-
coplasma. The cell lines were cultured at 37 ◦C in a humidified atmosphere containing 5%
CO2. As they approached confluence, the cells were sub-cultured following treatment with
6% trypsin-EDTA.

2.3. MTT Test

The effect of HU-600 and HU-585 on the SK-N-SH NBL cell line was studied using the
3-(4, 5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich
Co., St. Louis, MO, USA). SK-N-SH cells (4 × 103 cells/well) were plated (200 μL) in
triplicates in flat bottom 96-well plates in appropriate medium as mentioned above. The
cells were allowed to adhere to the plate surface overnight and then cultured with increasing
doses of HU-600 or HU-585 (0–200 μM) for 72 h. Cell viability was then determined
using MTT assay, which measures reduction of MTT to formazan by mitochondria of
viable cells. Formazan was measured spectrophotometrically by absorption at 560 nm
in a PowerWaveXTM (BioTek, Santa Clara, CA, USA) plate reader. All experiments were
repeated at least 3 times. Cell morphologies were assessed daily by light microscopy.

2.4. Colony-Forming Assay (CFA)

CFA was used to determine the effect of HU-600 and HU-585 treatment on the ability of
a single cell to grow into a colony. SK-N-SH cells (500 cells/well) were plated in triplicates
in 6-well plates (3 mL) and were treated according to treatment regimen mentioned below
with 12.5, 37.5, and 75 μM of HU-600 or HU-585 for 14 days. Subsequently, colonies were
fixed with ethanol 70%, stained with crystal violet solution (0.5% w/v), rinsed extensively
by tap water, dried, and counted using EPSON scan software. Colonies were counted using
ImageJ software.

2.5. Cell Migration Assay

Wound healing assay was performed to compare the effect of HU-600 and HU-585 on
cell migration ability. SK-N-SH cells (1 × 106 cells/well) were plated in duplicates in 6-well
plates (3 mL) and were allowed to adhere overnight, then treated with 75 μM of HU-600
or HU-585, and were allowed to grow into a confluent cell monolayer. Cells then were
starved using starvation medium (FBS free) overnight. A single scratch along each well
was made by micropipette, fresh medium was supplemented, and cells were incubated for
24 h. Cell migration was quantified by taking pictures with a regular inverted microscope
at two time points: right after scratching and 24 h later. Gap intervals were measured using
ImageJ software, and the percentage of migration and gap closure was calculated using
the formula:

% migration =
average wound width 0h − average wound width 24h

average wound width 0h
× 100
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2.6. Western Blot Assay

To assess apoptotic activity following treatment with HU-585, caspase-3 and Bcl-2
protein levels were evaluated by western blot assay. One day before HU-585 treatment
(100 μM for 24 h and 48 h), cells were plated (1 × 106 cells per 9-cm plate). Cells were har-
vested and proteins were extracted with RIPA buffer supplemented with phosphatase and
protease inhibitors (Sigma–Aldrich). Protein concentrations were calibrated using the BCA
Protein Assay Reagent Kit (Pierce, Rockford, IL, USA). Equal amounts of protein (30 μg)
were loaded onto 12.5% SDS-PAGE gels and transferred onto nitrocellulose membranes
(Bio-Rad, Rishon Le Zion, Israel). The blots were reacted using caspase-3 (9662S) or Bcl-2
(D55G8, 4223S) rabbit monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA)
as the primary antibody. The secondary antibody, horseradish peroxidase conjugated goat
anti-rabbit antibody (Jackson ImmunoResearch Laboratories, Farmington, CT, USA), was
detected by chemiluminescence. Signals were detected using an ECL Kit (CYANAGEN,
Bologna, Italy) and visualized using the ChemiDocTM MP Imaging System. Quantification
of caspase-3 and Bcl-2 was done by Image Lab software.

2.7. Senescence-Associated β-Galactosidase Activity Assay

Senescence-associated β-galactosidase (SA-β-gal) activity was measured with a β-
galactosidase staining kit (Senescence B-Galactosidase Staining KIT, Cell Signaling Tech-
nology, #9860) according to the manufacturer’s instructions. Briefly, SK-N-SH cells (5 ×
104 cells\well) were plated in 6-well plates (3 mL) and treated according to the previously
described treatment regimen [19] with 50, 75 and 100 μM of HU-600 or HU-585 for 48 h
and then fixed and incubated overnight at 37 ◦C in CO2 free environment. Accumulation
of a distinctive blue color in senescent cells was then observed by microscope (Olympus
Scientific Solutions, Waltham, MA, USA). Pictures of three representative fields of each
well were taken, blue colored cells were counted by ImageJ software, and the percentage of
β-galactosidase positive cells was determined and normalizing to the control.

2.8. In Vitro Senolytic Studies

In vitro senolytic studies were performed using Navitoclax (ABT-263) dissolved in
DMSO (Sigma-Aldrich, Rehovot, Israel). SK-N-SH cells (2 × 104 cells/well) were plated
in triplicates in 96-well plates (200 μL) and were cultured according to the previously
described regimen, with increasing concentrations of HU-600 or HU-585 (0–200 μM) for
48 h. Subsequently, cells were cultured with ABT-263 (2.5 μM) for 24 h, then an MTT test
was performed according to the MTT assay mentioned above. ABT-263 concentration was
chosen following several dose response MTT assays. The maximal dose with no effect on
survival was 2.5 μM (data not shown).

2.9. Murine Xenograft Therapeutic Studies

In vivo experiments were carried out according to protocols approved by the Ethical
Committee of the Chaim Sheba Medical Center. Female athymic nude mice (Foxn1nu) 6–8
weeks of age (ENVIGO RMS, Jerusalem, Israel) were used for the tumor xenograft (Xn)
model. In total, 5 × 106 SK-N-SH mCherry expressing cells were subcutaneously inoculated
in the right flank of each mouse. Following cell injection, tumor burden was determined
once a week by a Spectrum Animals in vivo imaging system (IVIS®), and the mice were
allocated into four homogeneous groups according to the intensity of the average total
radiant efficiency signal measured by IVIS: Control vehicle; HU-585 (120 mg/kg); ABT-737
(75 mg/kg); combined treatment with HU-585 (120 mg/kg) and ABT-737 (75 mg/kg), (n = 8
per group). ABT-737 (S1002, Selleckchem, Houston, TX, USA) was formulated in a mixture
of 30% propylene glycol, 5% Tween 80, and 65% DsW (5% dextrose in DDW). Treatment
started 4 weeks following cell injection and was administered intraperitoneally (IP) once
daily for a total of 21 days. Tumor burden was determined once a week by the IVIS system
and by external electronic caliper measurements throughout treatments. Tumor volumes
were calculated by the following formula: A × B2/2, where A is the greatest diameter,
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and B is the diameter perpendicular to A. At the end of treatment, the animals were then
euthanized, and tumor Xns were immediately removed, weighed, stored, and fixed.

2.10. Statistical Analysis

An estimating equations (GEE) test was used to evaluate significant differences in
all in vitro experiments except for apoptosis assay in which Two-way ANOVA was used.
The Kruskal-Wallis test was performed with the post hoc Dunn’s multiple comparisons to
evaluate significant differences in the growth rate of xenografts between treatment groups.
All analyses were performed using the IBM SPSS Statistics software application (version 24:
IBM, Armonk, NY, USA). Excluding MTT analysis, all results are shown as means ± SE.
p < 0.05 was considered to indicate statistical significance.

3. Results

3.1. Structural Modification of HU-600

The syntheses 2-OHOA ethanolamide (HU-585) was done by the addition of anan-
damide side chain to 2-OHOA (HU-600) (Figure 1).

Figure 1. Structures of the synthetic compounds tested for anticancer activity. Structures of
(A) HU−600 (Minerval, 2−hydroxyoleic acid), (B) anandamide (AEA) and (C) HU−585 that was
obtained by structural modification and the addition of AEA side chain to HU−600.

3.2. HU-585 Induces Cell Growth Inhibition, Reduced Colony Formation, and Reduced Migration
in the Neuroblastoma Cell Line SK-N-SH In Vitro

In order to evaluate the antitumorigenic effects of HU-600 and its derivative, HU-585,
on SK-N-SH cells, we used MTT, CFU, and migration assays (Figure 2). The choice of
concentrations used in these assays (12.5–200 μM) is based on previous data showing that
the IC50 of HU600 for most cancer cells studied is in the range of 30–250 μM [16,21,22].
A similar and significant dose-dependent decrease in cell viability was demonstrated by
both compounds at a concentration of 12.5 μM (16.7%, p < 0.05). The effect on cell viability
reduction was significantly better for HU-585 treatment in comparison to HU-600 treatment
at concentration of 75 μM and above: 33.5% vs. 14.4% at 75 μM; 34.3% vs. 14.7% at 100 μM;
52.2% vs. 23.2% at 200 μM, respectively. * p = 0.03, ** p = 0.02, *** p = 0.01, respectively
(Figure 2A).
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Figure 2. Anti-tumorigenic effects of HU-585 and HU-600. (A) Cell viability, measured with MTT
assay in SK-N-SH cell line following treatment with HU-585 and HU-600. The cells were plated in
96-well plates and treated with increasing concentrations of HU-600 or HU-585 for 72 h. A significant
decrease in cell viability was detected for both compounds at concentration of 12.5 μM (16.7%, p
< 0.05). A better effect in cell viability reduction was obtained for HU-585 at concentration 75 μM
and above. The cell viability reduction for HU-585 and HU-600 at 75 μM was 33.5% and 14.4%,
respectively (* p = 0.03), at 100 μM, 34.3% and 14.7%, respectively (** p = 0.02), and at 200 μM, 52.2%
and 23.2%, respectively (*** p = 0.01). Data are expressed as percentage of the vehicle control and
are the mean of pooled results from several experiments (n = 6) performed in triplicate. Statistical
significance was determined by GEE test. * p < 0.05 compared to HU-585 (1.15 < SE values < 1.99).
(B,C) The effect of HU-585 and HU-600 on the colony formation ability of SK-N-SH cells showing a
better effect of HU-585. The cells were plated in 6-well plates and treated with 12.5 μM, 37.5 μM and
75 μM of HU-585 or HU-600. Cells were fixed and stained with crystal violet 14 days later. Colonies
were counted using ImageJ software. (B) Scanned image of representative wells showing different
levels of colony formation in SK-N-SH treated cells. (C) Representation of the quantified number of
colonies in increasing concentrations of the treatment used. Statistical significance was determined
by GEE test, * p < 0.05 (n = 3, performed in duplicates). (D,E) Migration rate of SK-N-SH cells was
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decreased following treatment with HU-585. Using ImageJ software, pre-migration (0 h) and post-
migration (24 h) images of untreated and following treatment with 75 μM of HU-585 or 75 μM of
HU-600 were taken (D). Treatment with HU-585 resulted in a better inhibitory effect of the migration
rate in comparison to untreated and to HU-600 treated cells. Migration rate of the cells was quantified
as the average percentage of gap closure following treatment (E). Data is reported as mean ± SE of
triplicates. Statistical significance was determined by GEE test, * p ≤ 0.05 compared to the two other
group (n = 3, performed in duplicates).

Cologenic assay was used to determine the effect of HU-600 and HU-585 treatment
on the cellular cologenic potential of SK-N-SH cells (Figure 2B,C). The results show a
significant reduction in the number of colonies formed following HU-585 treatment in
comparison to untreated cells (mean 29.2 colonies/field vs. 40.55 colonies/field respectively,
p < 0.001). The significant difference between HU-585 treatment and untreated cells was
observed in all concentrations used (12.5 μM, 37.5 μM & 75.5 μM, p < 0.05) (Figure 2C).
A similar effect of reduction in colony formation was not obtained following treatment
with HU-600.

Finally, to assess the effect of HU-600 and HU-585 treatment on SK-N-SH cell migration
ability, a wound healing assay was performed. The results show a significant reduction
in migration rate of cells treated with 75.5 μM of HU-585 in comparison to untreated
cells. Decrease in migration rate following treatment with HU-600 was not observed
(Figure 2D,E).

Taken together, these results provide evidence that both HU-585 and HU-600 have
antitumorigenic effects as demonstrated by reduced cells viability following treatment.
However, the new compound HU-585 obtained by structural modification of HU-600, has
a better anti-tumorigenic effect in the MTT assay at concentration of 75 μM and above and
in all the additional in vitro studies that were performed.

3.3. Apoptotic Cell Death and Senescence Following HU-585 Treatment in SK-N-SH Cells

To verify our hypothesis that HU-585 induced reduction in NB cell viability was
indeed due to apoptotic cell death, we first examined the morphological changes following
HU-585 treatment. Microscopic analysis showed that treatment with 75 μM and 100 μM
of HU-585 affected cell morphology and increased the number of cells that had lost their
normal shape and became rounded, swollen and floated in the medium (data not shown).
These results confirmed that HU-585 treatment might induce the appearance of typical
features of apoptosis. Next, we used caspase assay and Bcl-2 levels following treatment to
better evaluate the apoptotic activity of HU-585. Staurosporine-treated cells were used as
the positive control to apoptosis.

Treatment of SK-N-SH cells with 100 μM of HU-585 induced apoptosis as demon-
strated by cleavage of caspase-3 represented by the appearance of activated 17 kDa and
19 kDa fragments on western blot (Figure 3A). The apoptotic effect was observed at 24 h
and peaked at 48 h (Figure 3B). In order to evaluate Bcl-2 levels following treatment, we
first determined its baseline levels in SK-N-SH cells in comparison to fibroblasts and hu-
man astrocyte cell line. Western blot revealed a high baseline level of Bcl-2 protein in the
SK-N-SH cells in comparison to normal controls (Figure 3C). Treatment with 100 μM of
HU-585 resulted in a decreased level of Bcl-2 with a better and significant effect at 48 h in
comparison to 24 h (Figure 3D,E).

As senescence is generally regarded as a tumor suppressive process that evolves
alongside apoptosis to suppress tumorigenesis, we next assessed the effect of treatment
with HU-600 and HU-585 on cell senescence. β-Galactosidase activity was measured by
blue-colored cell counting (Figure 3F). Results show that cellular senescence occurred at
48 h following treatment with HU-585, but not with HU-600 (Figure 3G).
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Figure 3. Growth suppression by HU-585 is mediated by apoptosis and senescence. (A–E) Apoptotic
effects of HU-585. (A) Caspase-3 assay. Western blot of caspase-3 (35 kDa) cleavage to 19 kDa
and 17 kDa represents the apoptotic effect of HU-585. SK-N-SH cells were treated with 100 μM
of HU-585 for 24 h and 48 h. (B) Quantification of cleaved caspase-3. Quantification was done by
Image Lab software and representation for 24 h and 48 h of incubation are shown. Cleaved 19 kDa
level increased significantly in a time-dependent manner in comparison to its control following
treatment with HU-585. Statistical differences at 24 h and 48 h were determined by two-way ANOVA
(* p < 0.01). (C) Bcl-2 protein levels. Western blot of Bcl-2 protein levels determination for human
astrocyte cell line (HA), SK-N-SH cells and fibroblast cell line (as a “normal control”). High levels of
Bcl-2 protein were detected in SK-N-SH cells compared to the other cell lines. (D,E) Apoptotic effects
of HU-585 analyzed by Bcl-2 levels following treatment. (D) Western blot of Bcl-2 protein levels in
SK-N-SH cells following treatment with 100 μM HU-585 for 24 h and 48 h. (E) Quantification of Bcl-2
protein. Quantification was done by Image Lab software following treatment with 100 μM of HU-585
for 24 h and 48 h. Results revealed that the level of Bcl-2 protein decreased in a time-dependent
manner, reaching maximal and significant effect at 48 h. Statistical significance was determined by
Unpaired t-Test (* p < 0.001). (F,G) Senescence effect of HU-585 analyzed by β-galactosidase staining.
(F) Activity of β-galactosidase in SK-N-SH cells following HU-600 and HU-585 treatment was
measured by β-galactosidase staining. SK-N-SH cells were plated in 6-well plates and treated with 50
μM, 75 μM and 100 μM of HU-600, HU-585 or no treatment as control. Positivity for β-galactosidase
following 48 h of treatment represents the cells that are in senescence. (G) Representation of the
quantified percentages of senescent cells. Results show an increased number of senescent cells
following HU-585 treatment compared to HU-600 treatment and untreated cells. Data is reported as
mean ± SE of triplicates. Statistical significance was determined by GEE test. * p < 0.05 compared to
HU-600 and # p < 0.05 compared to untreated cells.

206



Biomedicines 2022, 10, 1552

Overall, these results provide evidence that treatment with HU-585 induces apoptosis
and cellular senescence in SK-N-SH cells, while no such effect is demonstrated for HU-
600 treatment.

3.4. Combined Treatment of HU-585 with Anti Bcl-2 Compounds ABT-263 or ABT-737 Results in
Cell Growth Inhibition In Vitro and in Tumor Growth Delay In Vivo

As we have shown that SK-N-SH cells express high levels of Bcl-2 (Figure 3C), which
have been shown to be important for neuroblastoma survival, we wished to study the
effect of combined treatment of HU-585 with anti Bcl-2 compounds. First, MTT assay was
performed to evaluate the in vitro effect of combined treatment of ABT-263 with HU-585 or
HU-600. The reduction in SK-N-SH cell viability treated with the combination of HU-600
with 2.5 μM of ABT-263 was not significantly different in comparison to HU-600 alone
(Figure 4A). In contrast, treatment of the cells with combination of HU-585 and 2.5 μM of
ABT-263 resulted in a significantly reduced viability when compared to treatment with
HU-585 alone. This effect was dose-dependent, with maximal effect observed in doses of
75 μM and 100 μM of HU-585 (Figure 4B).

Given the observed differential sensitivity of SK-N-SH cells to the various tested
compounds, we further examined the in vivo antitumor effect using the nude mice Xn
model. Nude immunodeficient mice bearing SK-N-SH Xns expressing mCherry were
treated once daily for 21 days with HU-585, ABT-737, a combination of HU-585 and
ABT-737 or with a vehicle control. For in vivo studies of senolytic compounds, ABT-737
(75 mg/kg) was used as previously described [23]. It was specifically chosen to be given IP
in contrast to its closely related compound ABT-263 used in the in vitro tests that is an orally
bioavailable agent. Based on the results of the in vitro studies that demonstrated a better
efficacy of HU585 in comparison to its parent compound HU600 at lower doses, the doses
selected for HU585 for the in vivo studies (120 mg/kg) were lower than the doses reported
for HU600 treatment (200 mg/kg) in animal experiments [21]. Body weight change was
assessed as an indicator of side effects and treatment toxicities. No significant weight loss
was observed in any treatment group, indicating that this dosing strategy and the dosing
intervals used were well tolerated and safe (Data not shown). The average total radiant
efficiency signal as measured by IVIS was used to evaluate Xn response to treatment and
tumor volume. At the end of treatment, the growth rate and volume of the Xns in the mice
that were treated with the combination of HU-585 and ABT-737 were significantly lower in
comparison to control or HU585 alone as shown in Figure 4C,D (p < 0.05). Moreover, the
regression in tumor volume that was observed in the combined treatment group contrasted
with the other groups in which progression was demonstrated. Together, the results suggest
additive in vitro and in vivo anti-tumorigenic effect of combined treatment of HU-585 with
the anti Bcl-2 compounds ABT-263 and ABT-737.
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Figure 4. The combination of HU-585 with anti Bcl-2 compounds results in enhanced tumor growth
delay in vitro and in vivo. (A,B) The effect of combination therapy of ABT-263 with HU-600 or
HU-585 on SK-N-SH cells viability. The cells were plated in 96-well plate and treated with increasing
concentrations of HU-600 (A) or HU-585 (B) for 72 h, with or without 2.5 μM of ABT-263. Viability
measurements are shown by MTT assay and demonstrate a better effect of ABT-263 treatment
combined with HU-585 in comparison to HU-585 alone. A similar effect was not obtained following
combination of ABT-263 with HU-600. All values are normalized to control. Data are expressed
as percentage of the vehicle control and are the mean of pooled results from several experiments
performed in triplicate. Statistical significance was determined by GEE test, * p < 0.05 compared to
HU-585 + ABT263 (0.86 < SE values < 4.22). (C,D) Combined treatment of ABT-737 with HU-585
inhibited tumor growth in mice model. A total of 5 × 106 SK-N-SH expressing mCherry cells were
subcutaneously inoculated in the right flank of nude mice. The mice were divided into four groups
and given vehicle, HU-585 (120 mg/kg), ABT-737 (75 mg/kg) or combination of HU-585 with ABT-
737 (120 mg/kg, 75 mg/kg, respectively) once daily by IP injections for 21 days. (C) Tumor burden
was followed by IVIS system once a week during treatment. (D) Average total radiant efficiency
signal was significantly lower following combined treatment with HU-585 and ABT-737 compared
to control or HU585 alone. The Kruskal-Wallis test and the post hoc Dunn’s multiple comparisons
test were used to evaluate significant differences in the growth rate of xenografts between treatment
groups, * p < 0.05 compared to control and HU-585.

4. Discussions

The endocannabinoid system is currently under intense investigation due to the
therapeutic potential of endocannabinoids as treatment options for cancer. Structural
modifications of these substances are under investigation and synthesis of novel derivatives
with better properties is being explored. Therefore, the aim of this study was to investigate
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the anti-tumorigenic effect of HU-585, a novel compound obtained by a combination of
features of the endocannabinoid anandamide and the drug Minerval (HU-600), expecting to
potentiate the antitumorigenic effects of HU-600 against neuroblastoma, an aggressive and
resistant pediatric tumor in which identification of new therapeutic strategies are needed.

Minerval, a nontoxic synthetic analog of oleic acid (OA), represents a new class of
orally bioavailable lipids used for membrane lipid therapy (MLT). MLT is a new rapidly
evolving approach for treating cancer, in which the cellular membranes rather than specific
proteins constitute the therapeutic target [22].

In the search for molecules capable of regulating membrane lipid structure, oleic acid
was found to be the most active in many types of cancers [24]. However, the therapeutic
effect of oleic acid is limited due to its rapid metabolism [25]. In contrast, its synthetic
analog, Minerval, is believed to have a more long-lasting pharmacological effect, which
favors its therapeutic effect [26]. Minerval has been shown to restore the normal membrane
lipid structure and composition in certain tumor cells [27] and by this to inhibit membrane
protein-associated aberrant signaling pathways, such as RAS/MAPK and PI3K/AKT path-
ways [28]. By contrast, Minerval does not significantly alter membrane lipid composition in
non-tumor cells, which explains its specificity for cancer cells and the lack of undesired side
effects [29]. Moreover, the difference in IC50 values between normal cells (>5000 μM) and
cancer cells (30–200 μM) and minimum lethal dose >3000 mg/kg in rats indicate that the
therapeutic window for this drug is far below the maximum tolerated dose (or minimum
lethal dose), unlike most anticancer drugs currently used. These facts support the specificity
of Minerval and its use as a therapy agent to treat cancer. This efficacy and lack of toxicity
at therapeutic doses has been acknowledged by the European Medicines Agency (EMA) to
designate 2OHOA orphan drug for the treatment of glioma [16].

In a similar way, endocannabinoids, such as AEA are lipid-based derivatives that
demonstrate anti-tumorigenic effects mediated by modulation of the ERK and AKT sig-
naling pathways [30,31]. We have previously shown that the ethanolamides of fatty acids
have a better anticancer profile than the acids themselves [32]; hence, we synthesized and
tested the ethanolamide derivative of Minerval. The novel compound, chemically closely
related to Minerval, also resembles the endocannabinoid anandamide (AEA) found in the
mammalian body [33]. As Minerval and AEA exert similar protective effects against cancer,
we assumed that a molecule that is a derivative of both may have a better anticancer effect
while maintaining the high safety profile typical of these two compounds.

To investigate the anti-tumorigenic effects and the mechanisms behind the effects of
Minerval (HU-600) and the novel derivate HU-585 on SK-N-SH NBL cell line, cell viability,
CFU, and migration in response to treatment were first analyzed followed by apoptosis
and senescence studies.

We found that treatment with either HU-600 and HU-585 had an antiproliferative
effect as demonstrated by MTT and by CFU assays. HU-600 had only a modest effect
on the viability of these cells with a significantly better effect of the derivate HU-585. In
addition, as membrane lipid composition has been shown to influence cancer cell migration
abilities [34–36] we next explored whether HU-600 and its derivative HU-585 can disrupt
the migratory ability of NBL cells, a crucial step in the metastatic process and in tumor
dissemination. Using migration assay, we found that HU-585 had a better antimigratory
effect on NBL cells in comparison to HU-600. Therefore, the conversion of HU-600 to
its ethanolamide, leading to HU-585, increases the pharmacological potency of this drug,
regarding viability and migration ability of NBL cells.

Impaired apoptosis plays an important role in tumorigenesis and tumor resistance to
oncologic treatment [37]. The mechanism of apoptosis is evolutionarily conserved and is
executed by a family of proteins called caspases, whose activation is mainly regulated by the
anti- apoptotic Bcl-2 family proteins, including Bcl-2, Bcl-XL, Bcl-w, Mcl-,1 and Bfl-1/A1 [38].
HU-600 has been shown to induce apoptosis in several cancer cell lines [39], hence we
sought to explore apoptosis as a possible anti-tumorigenic mechanism of its derivative
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HU-585. We showed that HU-585 induces apoptosis as demonstrated by increased levels of
active caspase-3 and a decreased expression of Bcl-2, both markers of apoptosis [40–42].

Bcl-2 expression was reported to be strongly increased in most NBL tumors, supporting
that Bcl-2 antagonists may have clinical utility for a large subset of patients [43]. Indeed,
preclinical studies using Bcl-2-specific inhibitors have demonstrated anti-tumor activity in
neuroblastoma tumors with high Bcl-2 levels. Currently, Bcl-2 inhibitors in combination
with classical cytostatic drugs are being investigated in clinical trials for the treatment of
relapsed or refractory neuroblastoma [44].

Many oncogenic stimuli leading to apoptosis can also induce senescence, which is a
special state of durable cell cycle arrest. Hence, further to our observation related to the
proapoptotic properties of HU-585, we decided to explore whether HU-600 and HU-585
also induce senescence in SK-N-SH NBL cell line. Our results demonstrate that cells treated
with HU-585 exhibited senescence in contrast to cells treated with HU-600. Senescence
is generally regarded as a tumor suppressive process which evolved alongside apoptosis
to suppress tumorigenesis and tumor progression and is considered as an important
alternative cell fate to apoptosis [45,46]. Thus, one way to enhance anti-cancer treatment is
to use compounds that induce senescence. To this end, senescence-inducing compounds
have been developed, including CDK4/6 inhibitors, such as abemaciclib, palbociclib,
and ribociclib [47,48]. With respect to neuroblastoma, LEE011, a highly specific CDK4/6
inhibitor caused cell-cycle arrest and cellular senescence in a large subset of neuroblastoma
cell line and Xn models [49]. Because this class of drugs has shown promise in treating
several cancers in pre-clinical and clinical studies [47–49], high-throughput screens have
been employed to find additional drug targets that trigger senescence in cancer cells [50].
Based on our present findings, we think that HU-585 can also be considered as a senescence-
inducing compound and is a promising candidate for further testing and implementation
in current treatment protocols of neuroblastoma patients.

Paradoxically, senescence has also been proposed to have pro-tumorigenic effects.
Accumulating evidence indicates that, following treatment, senescent tumor cells pro-
mote tumor relapse, aggressiveness, and metastases via upregulation of antiapoptotic
mechanisms [51] and by secretion of cytokines and growth factors that may promote the
proliferation of tumor cells [52]. In contrast to apoptosis, senescent cells are stably viable
and have the potential to influence neighboring cells through secreted soluble factors,
known as the senescence-associated secretory phenotype (SASP), which may have pro-
neoplastic properties, including angiogenesis, epithelial—mesenchymal transitions, and
differentiation within the local microenvironment [53–56].

Although senescence induction in cancer cells is a potential therapeutic option to re-
duce initial tumor growth, it seems to be an imperfect tumor-suppressive treatment. Hence,
we assume that chronically persisting senescent cells should be removed by senolytic drugs,
which selectively destroy such cells. These drugs can presumably be given in combination
with other cancer therapies in order to minimize progression risk and avoid deleterious
side effects [57].

It has been shown that overexpression of Bcl-2 counteracts the pro-apoptotic genes
during senescence [58]. Senolytic drugs, which target the anti-apoptotic signaling through
Bcl-2 family members, (Navitoclax/ABT-263 and ABT-737), were shown to be effective
in inducing cell death in senescent cells [59]. As manipulation of the anti-apoptotic Bcl-2
family proteins can influence the choice between senescence and apoptosis, we decided to
explore whether treatment with the combination of HU-585 with anti Bcl-2 compounds can
have a better anti-tumorigenic effect compared with each drug alone in vitro and in vivo.
We have shown that treatment of SK-N-SH NBL cells with a combination of anti Bcl-2
compounds and HU-585 resulted in enhanced anti-proliferative effect in vitro and reduced
Xns growth in vivo in comparison to treatment with HU-585 alone.
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5. Conclusions

In the search for novel therapeutic options in cancer treatment, it has become in-
creasingly clear that in addition to targeting specific proteins, the cellular membrane
constitutes an attractive target. In accordance with our findings, we conclude that the
endocannabinoid-like substance HU-585, used for MLT, can halt the growth and dissemina-
tion of neuroblastoma cancer cells through apoptosis and senescence induction. Although
senescence is beneficial for arresting apoptosis-resistant cancer cells, inducing senescence in
other situations promotes cancer relapse and secondary tumors. Based on our present find-
ings of enhanced anti-tumorigenic effects of combination therapy by HU-585 with senolytic
drugs, we propose that this approach might provide a novel complementary and less toxic
therapeutic strategy for the treatment of refractory neuroblastomas. Further studies are
needed to validate the efficacy of this novel approach and to explore its advantage over
current established treatments.
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Abstract: δ9-Tetrahydrocannabinol (THC) has demonstrated anti-inflammatory effects in animal
models of arthritis, but its mechanism of action and cellular targets are still unclear. The purpose of
this study is to elucidate the effects of THC (0.1–25 μM) on synovial fibroblasts from patients with
rheumatoid arthritis (RASF) and peripheral blood mononuclear cells (PBMC) from healthy donors in
respect to proliferation, calcium mobilization, drug uptake, cytokine and immunoglobulin production.
Intracellular calcium and drug uptake were determined by fluorescent dyes Cal-520 and PoPo3,
respectively. Cytokine and immunoglobulin production were evaluated by ELISA. Cannabinoid
receptors 1 and 2 (CB1 and CB2) were detected by flow cytometry. RASF express CB1 and CB2 and the
latter was increased by tumor necrosis factor (TNF). In RASF, THC (≥5 μM) increased intracellular
calcium levels/PoPo3 uptake in a TRPA1-dependent manner and reduced interleukin-8 (IL-8) and
matrix metalloprotease 3 (MMP-3) production at high concentrations (25 μM). Proliferation was slightly
enhanced at intermediate THC concentrations (1–10 μM) but was completely abrogated at 25 μM.
In PBMC alone, THC decreased interleukin-10 (IL-10) production and increased immunoglobulin G
(IgG). In PBMC/RASF co-culture, THC decreased TNF production when cells were stimulated with
interferon-γ (IFN-γ) or CpG. THC provides pro- and anti-inflammatory effects in RASF and PBMC.
This is dependent on the activating stimulus and concentration of THC. Therefore, THC might be
used to treat inflammation in RA but it might need titrating to determine the effective concentration.

Keywords: synovial fibroblast; rheumatoid arthritis; cannabis; tetrahydrocannabinol; cytokines;
calcium; PBMC; cannabinoid receptors; TRPA1

1. Introduction

Cannabis sativa contains over 400 compounds, with tetrahydrocannabinol (THC) and
cannabidiol (CBD) being the most thoroughly investigated [1]. THC binds to classical
cannabinoid receptors (CB1 and CB2) with high affinity but also targets other receptors,
enzymes and transporters at higher concentrations [2–4]. While CB1 is the most abundant
G-protein-coupled receptor in the brain [5], CB2 is mainly located peripherally [6,7]. Anti-
inflammatory effects of cannabinoids occur directly via CB2 activation [8], but also by
modulation of sympathetic nervous system activity [9]. THC, an agonist at CB1 and CB2,
resembles the effect of endogenous cannabinoids (endocannabinoids), which are produced
by a wide variety of cells [10]. Of note, endocannabinoids control the tone of nervous
system activity, including the sympathetic nervous system [11]. THC mediates its effects
via several mechanisms: (1) directly on cells that carry target receptors for THC (e.g., CB1
and CB2) [12], (2) indirectly by modulation of neurotransmitter release via CB1 on nerve
terminals (e.g., acetylcholine and norepinephrine) in the periphery [13], and (3) indirectly by
binding to fatty acid binding proteins, which releases endocannabinoids from these binding
sites and increases their endogenous concentration [4]. THC has analgesic properties, but
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also demonstrates antiedema and anti-inflammatory effects [14–18] in animal models of
arthritis. However, it is still unclear what receptors and pathways are engaged by THC to
elicit these effects.

Rheumatoid arthritis (RA) is an autoimmune inflammatory disorder that is charac-
terized by joint destruction, elevated cytokine burden and several comorbidities such as
depression, cachexia, insulin resistance and fatigue [19–22]. Cannabinoids might reduce
pain and inflammation in RA [15,16] but they might also have beneficial effects on RA
comorbidities, since these are often mediated by alterations in sympathetic nervous sys-
tem activity [23–26]. One major mediator of joint pathology in RA is synovial fibroblasts
(SF), which not only produce cytokines and matrix metalloproteinases, but also actively
engage in cartilage invasion [27]. Rheumatoid arthritis synovial fibroblasts (RASF) express
cannabinoid receptors, and activation of CB1 or CB2 initiates MAP kinase signaling [28].
While CB1 mediates adhesion of RASF to extracellular matrix [29], CB2 activation was
described as anti-inflammatory in several studies [30,31] but, in contrast, it was also iden-
tified as proinflammatory by initiating transforming growth factor beta-activated kinase
1 kinase signaling [32]. In addition, inhibitory effects of synthetic cannabinoids on cy-
tokine production were cannabinoid-receptor-independent [31,33]. In peripheral blood
mononuclear cells (PBMC), similar results regarding the effects of cannabinoids have been
documented. Springs et al. showed a reduction in splenocyte cytokine production by
THC, which was independent of cannabinoid receptors [34]. CB2, in general, affects many
aspects of the immune response but, in most models of experimental arthritis in rodents,
CB2 reduces inflammation and arthritis severity by inhibiting immune cell migration to
sites of inflammation [35–39].

In this study, we investigate the effects of THC (0.1–25 μM) on RASF in respect to
intracellular calcium levels, drug uptake, proliferation and cytokine production. In addition,
we perform RASF/PBMC co-cultures and PBMC monocultures under the influence of THC
(1 and 10 μM) and determine cytokine and immunoglobulin production. This study might
help to pinpoint the effects of cannabis and THC on arthritic disease and establish a
rationale for why medical cannabis might be an appropriate adjunct therapy in RA.

2. Materials and Methods

2.1. Patients

A total of 14 patients with long-standing RA fulfilling the American College of Rheumatol-
ogy revised criteria for RA [40] were included in this study. The RA group comprised of 14 fe-
males with a mean age of 68 years ± 10 years. C-reactive protein was 7.1 mg/dL± 9.2 mg/dL
3 out of 14 glucocorticoids, 4 out of 14 methotrexate, 1 out of 14 sulfasalazine, 3 out of 14 bio-
logicals and 1 out of 14 JAK inhibitor. All patients underwent elective knee joint replacement
surgery, and they were informed about the purpose of the study and gave written consent. The
study was approved by the Ethics Committees of the University of Düsseldorf (approval num-
bers 2018-87-KFogU and 2018-296-KFogU). We confirm that all experiments were performed
in accordance with relevant guidelines and regulations.

2.2. Compounds

THC (Dronabinol) was obtained from THC Pharm, Frankfurt, Germany. A967079,
COR170, HC030031, ruthenium red (RR) and rimonabant were obtained from Tocris/Biotechne,
Wiesbaden, Germany. 1,1′-Diethyl-2,2′-cyanine iodide (Decynium-22; D22) was obtained
from Sigma Aldrich, Taufkirchen, Germany. THC is a partial agonist at CB1 and CB2 recep-
tors, but also at several TRP channels. It is the major psychoactive constituent of the plant
cannabis sativa. A967079 and HC030031 are lipophilic antagonists at the TRPA1 ion channel,
whereas RR unselectively blocks TRP channels at the plasma membrane. Rimonabant and
COR170 are inverse agonists at CB1 and CB2, respectively. D22 is an inhibitor of organic
cation transporters and monoamine transport.
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2.3. Synovial Fibroblast and Tissue Preparation

Samples from RA synovial tissue were collected immediately after opening the knee
joint capsule, and tissue was prepared for cell isolation thereafter [41]. Synovial tissue
was cut into small fragments and treated with liberase (Roche Diagnostics, Mannheim,
Germany) at 37 ◦C overnight. The cell suspension was filtered (70 μM) and centrifuged
at 300 g for 10 min. After that, the pellet was treated with erythrocyte lysis buffer (20.7 g
NH4Cl, 1.97 g NH4HCO3, 0.09 g EDTA ad 1 L H2O) for 5 min, recentrifuged for 10 min,
and then resuspended in RPMI-1640 (Sigma Aldrich, Taufkirchen, Germany) with 10% FCS.
After overnight incubation, RPMI medium was replaced with fresh medium to wash off
dead cells and debris.

2.4. Intracellular Calcium and PoPo3 Uptake

In black 96-well plates, RASF were incubated with 4 μM of calcium dye Cal-520
(ab171868, Abcam, Cambridge, UK) in PBS with 0.02% Pluoronic F127 (Thermo Fisher
scientific, Waltham, MA, USA, # P6866) for 60 min at 37 ◦C, followed by 30 min at room
temperature. After washing, HBSS or PBS containing 1 μM PoPo3 iodide (Thermo Fisher
scientific, # P3584) and respective antagonists/ligands/inhibitors were added for 30 min at
room temperature. After that, THC was added and the intracellular Ca2+ concentration as
well as PoPo3 uptake were evaluated with a TECAN multimode reader over 90 min.

2.5. Flow Cytometry

RASF were primed with TNF (10 ng/mL) (PeproTech, Hamburg, Germany) or left
untreated for 72 h in RPMI medium with 2% FCS. Then, cells were analyzed for surface
and intracellular expression of cannabinoid receptors. The following antibodies were used:
CB1 (FAB3834R, 0.2 mg/mL, 1:10, R&D Systems/Biotechne, Wiesbaden, Germany), CB2
(FAB36551G, 0.2 mg/mL, 1:40, R&D Systems/Biotechne), Isotype MsIgG2a-Alexa 488
(IC003G, 5 μL/test, R&D Systems/Biotechne), and Isotype MsIgG2a-Alexa 647 (IC003R,
5 μL/test, R&D Systems/Biotechne5 μL/test); RASF were detached from culture dishes
with citrate buffer (135 mM KCl, 15 mM Na3C6H5O7) and centrifuged at 300× g. Cells were
resuspended in PBS with 10% FCS and incubated with antibodies for 30 min in the dark at
room temperature. For intracellular staining, the inside stain kit was used (#130-090-477,
Miltenyi biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions.

2.6. Isolation of PBMC from Peripheral Blood

PBMC were isolated using the Greiner LeucoSep Tubes (#227290, Greiner bio-one,
Kremsmünster, Austria) according to manufacturer’s instructions.

2.7. RASF Co-Culture with PBMC

Co-culture experiments were performed in 96-well plates (Cellstar, Greiner bio-one,
Kremsmünster, Austria). In brief, 5.000 RASF were seeded in 200 μL RPMI-1640 with
10% FCS (Sigma-Aldrich) and grown for 72 h. Then, growth medium was replaced by
fresh RPMI with 10% FCS, and 250.000 isolated human PBMCs were added. Cells were
stimulated with cytokines/THC as indicated for 7d in RPMI medium with 10% FCS. After
that, supernatants were collected and cytokine and immunoglobulin production were
assessed by ELISA.

2.8. ELISA and Stimulation of SF

ELISAs for IL-6 (#555220), IL-10 (#555157) and TNF (#555212) were obtained from BD,
Franklin Lakes, NJ, USA and were conducted according to the manufacturer’s protocol.
Immunoglobulin M (IgM) and G (IgG) were detected by an in-house ELISA. A total of
5.000 RASF were seeded in 200 μL RPMI-1640 with 10% FCS and grown for 72 h. Then,
growth medium was replaced by fresh RPMI (2% FCS) and SF were primed with TNF
(10 ng/mL) for 3 days to induce TRPA1 protein. After that, culture medium was replaced
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with RPMI (2% FCS) and THC was added for an additional 24 h. After that, supernatants
were collected and analyzed.

2.9. RASF Cell Viability

Cell viability was assessed by the cell titer blue viability assay (Promega, Madison,
WI, USA, # G8080) according to manufacturer’s instructions.

2.10. Statistical Analysis

Statistical analysis was performed with SPSS 25 (IBM, Armonk, NY, USA). The statistic
tests used were chosen according to previous reports and are given in the figure leg-
ends [42–44]. Normal distribution was determined using the Shapiro–Wilk test; equal
variance was determined by Levene’s test. In the case of equal variance, the Bonferroni
post hoc test was used, otherwise the Dunnet’s post hoc test was employed. When data are
presented as box plots, the boxes represent the 25th to 75th percentiles, the lines within the
boxes represent the median, and the lines outside the boxes represent the 10th and 90th
percentiles. When data are presented as line plots, the line represents the mean. When data
are presented as bar charts, the top of the bar represents the mean and error bars depict the
standard error of the mean (sem). The level of significance was p < 0.05.

3. Results

3.1. RASF Express CB1 and CB2

In our experiments, RASF were treated with TNF (10 ng/mL) for 72 h before we
conducted our experiments and, although the expression of CB1 and CB2 in SF was already
documented [28], their regulation by TNF was only investigated by our group but under
different experimental conditions [45]. We found little CB1 expression at the cell surface
but high intracellular levels that were not significantly regulated by TNF (Figure 1). CB2
was exclusively found at the plasma membrane and it was upregulated by TNF (p = 0.05)
(Figure 1).

Figure 1. Flow cytometric detection of CB1 and CB2 in and on RASF. RASF were incubated with
TNF (10 ng/mL) for 72 h, and CB1 and CB2 levels were determined thereafter. Upper panel: histogram;
detection of CB1 at the plasma membrane (PM) and intracellularly and CB2 at the plasma membrane.
Lower panel: violin plots; quantification of CB1 and CB2. t–test was used for comparisons. p = 0.05
was the level of significance.
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3.2. THC Increases Intracellular Calcium in RASF Primed with TNF

Target receptors for THC include TRP ion channels [3] and CB1 and activation [46]
of either is coupled to elevations or reductions in intracellular calcium levels, respec-
tively. Without TNF priming, THC (0.1–25 μM) did not modulate intracellular calcium
levels (Figure 2A). However, when RASF were treated with TNF 72 h prior to THC ad-
dition, we detected a significant increase (up to ~200%) in intracellular calcium levels
in response to THC (p < 0.001; 5–25 μM) (Figure 2B). This increase was not inhibited by
the CB1 antagonist/inverse agonist rimonabant (Figure 2C) and slightly modulated by
the CB2 antagonist COR170 (Figure 2D). TRPA1 is strongly upregulated by TNF [47] and,
since it is also a receptor for THC, we inhibited this channel with ruthenium red (RR)
(Figure 2E). RR not only increased basal intracellular calcium levels (p < 0.001), but also
reduced THC-induced intracellular calcium levels (5 μM and 10 μM THC; p = 0.032 and
p < 0.001, respectively). Previous results from our group suggest that TRPA1 is located
intracellularly [45,47] and, since RR cannot actively cross the plasma membrane [48], we
also employed specific lipophilic TRPA1 antagonists (Figure 2F,G). We found that both
HC030031 (Figure 2F) and A967079 (Figure 2G) inhibited the stimulatory effects of THC
(p < 0.001 for 5 μM and 10 μM THC (Figure 2F); p < 0.001 for 5 μM–25 μM THC (Figure 2G))
on intracellular calcium levels over a wide range of THC concentrations. The latter was
more potent, since, in contrast to HC030031, it also reduced calcium elevations in response
to the highest concentration of THC (25 μM, p < 0.001). We also conducted these experi-
ments with PBS (Figure 2H–M) instead of HBSS, establishing a calcium-free extracellular
environment. Under these conditions, alterations in intracellular calcium levels can only
be elicited by emptying intracellular stores. Similar results compared to the HBSS groups
were obtained but, under these conditions, the TRPA1 antagonist A967079 (Figure 2M)
completely abrogated all effects of THC on intracellular calcium.

 

Figure 2. Mean intracellular calcium level changes in RASF in response to THC. (A) Intracellular
calcium mobilization without TNF pre–stimulation. (B,C) Intracellular calcium level regulated by
THC (0.1−25 μM) with TNF (10 ng/mL) pre–stimulation for 72 h and extracellular calcium (HBSS;
(B–G)) or without calcium (PBS; (H–M)). *** p < 0.001, ** p < 0.01, * p < 0.05 for differences between
antagonist treatment and control (THC only). (B,H) Comparisons of different THC concentrations
versus control (no THC). Significant values are given in the graph. ANOVA with Bonferroni post
hoc test was used for all comparisons. Rimonanbant, CB1 inverse agonist; COR170, CB2 inverse
agonist; A967079, TRPA1 antagonist; HC-030031, TRPA1 antagonist; RR = Ruthenium Red, general
TRP inhibitor.
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3.3. THC Enhances PoPo3 Uptake in RASF Primed with TNF

In a previous study, we established PoPo3 as a surrogate marker for drug uptake [47],
which was coupled to intracellular calcium levels and, therefore, we also assessed the ability
of THC (0.1–25 μM) to modulate PoPo3 uptake. Without TNF priming, PoPo3 uptake was
only slightly increased by THC (Figure 3A), whereas, after TNF stimulation, THC robustly
increased PoPo3 uptake (Figure 3B; p < 0.001 for [c] 1 μM−25 μM of THC). Rimonabant
modulated PoPo3 uptake only at low THC concentrations (0.1–1 μM), but the magnitude
of uptake at these concentrations was rather small (Figure 3C). The CB2 inverse agonist
COR170 also reduced PoPo3 uptake by THC (Figure 3D; p < 0.001; 1 μM, 10 μM, 25 μM
THC). RR modulated PoPo3 levels to all but the highest concentration of THC (Figure 3E),
but increased rather than decreased its uptake. Like intracellular calcium, PoPo3 uptake was
almost completely inhibited by the TRPA1 antagonists HC030031 (Figure 3F; p < 0.001 for all
[c] of THC except 0.1 μM) and A967079 (Figure 3G, p < 0.001 for all [c] of THC except 0.1 μM).
Decynium-22 (D22), an inhibitor of organic cation transporters [47], inhibited PoPo3 uptake
alone (Figure 3H, blue line, p = 0.018) and together with THC (Figure 3H, p < 0.001 for all
[c] of THC). Lastly, we investigated whether THC itself can block subsequent effects of
added THC in higher concentrations and we found that it indeed inhibited further PoPo3
uptake by higher concentrations of THC (Figure 3I; p < 0.001, 10 μM and 25 μM). We also
assessed the ability of THC to induce PoPo3 uptake without extracellular calcium in PBS
(Figure 3J–Q). We confirmed our findings from the HBSS groups, but the CB2 antagonist
COR170 showed a higher efficacy in calcium-free conditions (Figure 3L; p < 0.001, for all [c]
of THC). RR, HC030031, A967079 and D22 also inhibited Popo3 uptake almost completely
(Figure 3M–O; p < 0.001 for all [c] of THC, except 0 μM and 0.1 μM in the A967079 and D22
group). THC itself also reduced PoPo3 uptake, but the effect was attenuated compared to
the conditions with extracellular calcium (Figure 3Q).

Figure 3. Mean PoPo3 uptake by RASF in response to THC. (A) PoPo3 uptake without TNF pre–
stimulation, (B,C) by THC with TNF (10 ng/mL) pre–stimulation for 72 h and extracellular calcium
(HBSS; (B–I)) or without calcium (PBS; (J–Q)). *** p < 0.001, ** p < 0.01, * p < 0.05 for differences
between antagonist treatment and control (THC only, Figure 2B,J). (B,J) Comparisons of different
THC concentrations versus control (no THC). Significant values are given in the graph. ANOVA with
Bonferroni post hoc test was used for all comparisons. Rimonanbant, CB1 inverse agonist; COR170,
CB2 inverse agonist; A967079, TRPA1 antagonist; HC-030031, TRPA1 antagonist; RR = Ruthenium
Red, general TRP inhibitor, Decynium-22, organic cation transport inhibitor.

3.4. THC Reduces Cytokine Production Only at High Concentrations

Besides intracellular calcium and PoPo3 uptake, we assessed whether THC (0.1–25 μM)
also modulates cytokine production by RASF. We identified TRPA1 as an important target
receptor for THC and, therefore, we induced its expression by stimulating RASF for 72 h
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with TNF before adding THC. THC did not modulate IL-6 or IL-8 production significantly
but it blunted MMP-3 levels either alone or in combination with A967079 or rimonabant
at 25 μM (Figure 4C, p < 0.001). IL-8 production was only reduced by THC (25 μM) when
combined with A967079 (p < 0.001) or rimonabant (p = 0.005). Cell viability was slightly
enhanced by THC at 5 μM (p = 0.022) but extensive cell death occurred at 25 μM (p < 0.001)
(Figure 4D). In addition, cell viability was slightly increased when THC (1 μM, 5 μM and
10 μM) was combined with rimonabant or A967079, but the magnitude was small.

 

Figure 4. IL-6, IL-8, and MMP-3 production and live cell number after 72 h incubation with TNF

and an additional 24 h of THC. RASF were incubated for 72 h with TNF (10 ng/mL). After wash-off,
RASF were challenged with antagonists for 30 min, followed by THC (0.1–25 μM) addition for 24 h.
ANOVA was used for all comparisons vs. control w/o THC. (A–C) IL-6, IL-8, and MMP-3 production
after 24 h challenge with THC. (D) RASF cell number after 24 h challenge with THC. Significant
differences between THC in different concentrations are depicted as * p < 0.05, ** p < 0.01, *** p < 0.001.
ANOVA with Bonferroni post hoc test was used for all comparisons. Differences between THC with
or without rimonabant or A9607079 are shown in the graph.

3.5. THC Has Negligible Effects on PBMC Cytokine, IgM and IgG Production

In synovial tissue, endocannabinoids are abundantly produced not only by RASF,
but immune cells are also capable of producing anandamide and 2-AG [28,29,49]. Since
lymphocytes and macrophages are also present in RA synovial tissue where these cells
closely interact with RASF [27], we investigated the impact of THC (1 and 10 μM) on
peripheral blood mononuclear cells (PBMC) alone or in co-culture with RASF (Figure 5). In
co-culture with RASF, THC did not modulate IL-6 and IL-10 production but decreased TNF
production when PBMC/RASF were stimulated with CpG or IFN-γ (1 μM THC, p = 0.027
and p = 0.010, respectively) (Figure 5C). Immunoglobulin G production induced by CpG
was further enhanced by 1 μM and 10 μM THC, but it did not reach significance (p = 0.077
and p = 0.085, respectively) (Figure 5E). Without RASF, 10 μM THC reduced IL-10 levels in
response to IFN-γ (p = 0.011) and CpG (p = 0.03) in PBMC (Figure 5G). Immunoglobulin
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G production was fostered by 1 μM THC without any additional stimulus (p = 0.026)
(Figure 5J).

Figure 5. Cytokine production by human PBMC monoculture and co-culture with RASF in re-

sponse to THC. (A,B) IL-6; (C,D) IL-10; (E,F) TNF; (G,H) immunoglobulin M (IgM) and (I,J) im-
munoglobulin G (IgG) production by PBMC and PBMC/RASF co-culture over 7 days. Cells were
concomitantly stimulated with THC and the respective activation stimulus (IFN-γ or CpG). In co-
culture experiments, RASF were stimulated with 10 ng/mL IFN-γ 72 h prior to PBMC addition to
induce MHC II expression and induce an allogeneic T cell response. ANOVA with Bonferroni post
hoc test was used for all comparisons. * p < 0.05.
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4. Discussion

In this study, we show for the first time the effects of THC treatment on the function
of RASF and PBMC. Firstly, we determined the expression of the main target receptors
for THC, but also for endocannabinoids produced in the joint [28], CB1 and CB2, in and
on RASF, and found CB1 in intracellular compartments, whereas CB2 was located at the
plasma membrane. The latter was also upregulated by TNF. However, we demonstrated
that THC elevates intracellular calcium and PoPo3 uptake by a TRPA1, rather than a CB
receptor-dependent mechanism. RASF IL-6, IL-8 and MMP-3 production was reduced by
THC only at the highest concentration investigated, and this effect was not antagonized by
either TRPA1 or CB1 antagonists, suggesting a receptor-independent effect. In addition, we
showed that THC had only a minor influence on PBMC (alone or in co-culture with RASF)
cytokine and immunoglobulin production.

We detected CB1 protein intracellularly in RASF, which is line with our previous
results [45]. In that study, we utilized a different antibody but it also detected CB1 protein
at the nuclear membrane, suggesting that signals initiated by this receptor are spatially con-
fined, as already confirmed by other intracellular G-protein-coupled receptors (GPCRs) [50].
Another study showed that membrane GPCRs might “communicate” with its fraction of
intracellular receptors by β-arrestin eliciting a combined response [51]. This might also be
the case in RASF, since we found little but detectable cell surface expression of CB1. CB2
was exclusively located at the plasma membrane and its levels were regulated by TNF. In a
previous study, we already demonstrated CB2 upregulation in response to TNF, but these
experiments were conducted under hypoxic conditions and CB2 was detected by cell-based
ELISA rather than flow cytometry [45].

In a next step, we investigated the effects of THC on intracellular calcium since it has
been shown that CB1, CB2 and TRPA1 are able to modulate calcium levels [52–54]. We found
that THC via TRPA1 activation elevates calcium levels and we already demonstrated that
only TNF pre-stimulated RASF responded to TRPA1 agonism [54], which was confirmed in
this study. In contrast to cannabidiol (CBD), THC is specific for TRPA1 and does not engage
in significant off-target effects. Although both THC and CBD bind to TRPA1, CBD increased
intracellular calcium levels mainly by disrupting mitochondrial calcium homeostasis with
little TRPA1 contribution [47].

In previous studies, we revealed that elevations in intracellular calcium are coupled to
the uptake of the cationic dye PoPo3 [47,54]. Therefore, we also investigated this uptake
in response to THC and we found that intracellular PoPo3 levels increased. PoPo3 was
identified as a surrogate marker for drug uptake [47], since its uptake is likely controlled
by organic cation transporters that are also responsible for the uptake of several thera-
peutic compounds and drugs [47]. This finding might be relevant in RA therapy, since a
combination of THC with an antiarthritic compound might have synergistic effects and,
due to increased cellular uptake, lower drug concentrations might be necessary to elicit
similar effects. In fact, this has already been demonstrated with CBD, and, in their study,
the authors showed a higher efficacy of the chemotherapeutic drug doxorubicin when
combined with CBD [55].

TRPA1 was identified as target receptor of THC and this channel is usually expressed
at high levels in sensory nerve fibers where activation mediates the release of pain trans-
mitters, calcitonin gene-related peptide and substance P [56]. While TRP channels are also
ionotropic target receptors for endocannabinoids [57], they are also signaling partners with
G-protein-coupled receptors [58]. After the identification of TRPA1 as a target receptor
for THC, we investigated IL-6, IL-8, and MMP-3 production and proliferation of RASF in
response to THC. We found that THC reduced cytokine levels only at the highest concentra-
tion and this effect was not antagonized by a TRPA1 inhibitor. This suggests an off-target
effect, since the CB1 antagonist rimonabant did not reverse the reduction induced by THC.
CB2 was also not involved, as we previously screened several CB2 agonists and antagonists
(data not shown) for their ability to modulate cytokine expression in SF and found no effect.
This is in line with results from Fechtner et al., who showed that CB2 ligands had negligible
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effects but deletion of the receptor had a proinflammatory impact on SF [32]. In addition,
cell viability was impaired at high THC concentrations and we also observed extensive
cell death, suggesting a cytotoxic effect by THC. Furthermore, given the affinity of THC at
CB1 and CB2 [59], it is unlikely that only high micromolar concentrations of THC would
affect cytokine production. Similar to THC, we already showed a reduction in cytokine
production and cell viability by CBD [47]. At high CBD concentrations, this cannabinoid
elicited the assembly of the mitochondrial permeability transition pore, which entailed cell
death [47], and such a mechanism might also be employed by THC. Concomitantly with
the reduction in cytokine levels, we also found reduced proliferation of RASF in response
to THC, which demonstrates that cell death at least contributes to reduced cytokine levels.

In RA, lymphocytes and macrophages activate SF in synovial tissue, promoting them
from a bystander to an active participant in the inflammatory process [60] and, therefore,
we investigated the impact of THC on healthy PBMC alone or in co-culture with RASF.
While IL-6 was increased in PBMC co-culture compared to monoculture, IL-10 and TNF
levels were lower in co-culture. While IL-6 is mainly produced by RASF, IL-10 and TNF are
exclusively produced by PBMC, and RASF have an inhibitory influence on production of
these cytokines. A functional repression of B lymphocytes by RASF has also been confirmed
in a study by Storch et al. [61]. We found that THC reduced TNF production by PBMC
only in co-culture, suggesting a combined inhibitory influence of RASF and THC, while
IL-10 was reduced in monoculture. Many studies showed an inhibitory effect of THC on
lymphocyte function, but these studies did not investigate cytokine production [62–65].
In PBMC monoculture, THC had a significant effect on immunoglobulin G production
without an activating stimulus (e.g., CpG). This suggests that THC in high concentrations is
able to support T or B cell activation directly. In fact, it has been shown that T cells express
TRPA1, and activation increased T cell activation and calcium influx [66]. This is in contrast
to published findings that CB2 mediates the immunosuppressive function of cannabinoids
and THC via several different mechanisms [67–69], but necessary THC concentrations
to activate CB2 are much lower than those needed for TRPA1 activation. In line with
this, THC in high concentrations has been found to modulate cytokine levels indepen-
dent of cannabinoid receptors [34]. In general, it is yet unclear whether immunoglobulin
production is enhanced or suppressed by cannabinoids. In mice, it has been shown that
antigen-specific immunoglobulin M (IgM) and G (IgG) production are not affected by CB1
and CB2 deficiency [70]. Immunoglobulin E (IgE) production was enhanced by THC in a
non-cannabinoid-receptor-dependent fashion [71], and class switching from IgM to IgE
was supported by CB2 activation in isolated murine B cells [72]. Due to these differen-
tial effects of cannabinoids on immune cells, it is difficult to predict whether THC has a
stimulatory or inhibitory effect on the immune response in general. In fact, THC impairs
the differentiation of monocyte-derived dendritic cells [65], regulates micro RNA relevant
for T cell differentiation [73] or inhibits STAT3 phosphorylation [74], and none of these
effects might regulate cytokine production in our experimental setting. In addition, THC
has several cannabinoid-receptor-independent effects [34,64] and these might be different
in every cell type. Single-cell transcriptomic analyses of PBMC revealed that THC does
not suppress immune reactions in general but interferes with pro- and anti-inflammatory
innate and adaptive pathways of the immune system [75], which might be counterbalanced
in our setting.

5. Conclusions

Besides CB1 and CB2, we identified TRPA1 as a target receptor of THC that increases
intracellular calcium levels and drug uptake in RASF. Although RASF cytokine produc-
tion was not altered at relevant concentrations, THC might nevertheless be an important
adjunct therapy option in RA, although endocannabinoid degradation inhibitors might
be even more suitable, since endocannabinoids only elicit psychotropic effects at high
concentrations [76], making the side effect profile more benign compared to THC. THC, on
the one hand, might increase effective drug concentrations in target cells when adminis-
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tered with an antirheumatic drug (as demonstrated by PoPo3 uptake). On the other hand,
THC might be used to treat comorbidities in RA and, in fact, it has been shown that THC
ameliorates depression, sleep disturbances and pain [77,78]. The influence of THC on RA
comorbidities might be mediated by the sympathetic nervous system, since CB1 receptors
control sympathetic outflow centrally and peripherally [9,79]. TRP channels in the nervous
system increase excitability and neurotransmission [80], and, therefore, it might be possible
that these channels also mediate the release of soluble mediators by peripheral cells, such
as fibroblasts or tyrosine hydroxylase positive cells [81] that are increased in chronic in-
flammation. Although speculative, THC might trigger the release of catecholamines from
tyrosine-hydroxylase-positive cells or RASF via TRPA1 activation, which would increase
the sympathetic tone and provide anti-inflammatory effects via β adrenoceptor signal-
ing [82,83]. While TRPA1 activation is the main mechanism by which RASF are modulated
by THC, PBMC also respond to CB1 or CB2 stimulation [84]. Since THC reduced TNF
at a physiological concentration of 1 μM [85], it might be a cannabinoid-receptor-driven
effect. In addition, endocannabinoid levels might be increased by THC [86] in co-culture,
since RASF and lymphocytes contribute to their production [29,49] and they might also be
responsible for the observed inhibitory effects. In addition, THC’s complex effects on the
immune response (e.g., differentiation, intracellular signaling and activation of immune
cells) might also support its use in chronic inflammatory conditions, such as RA.
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Abstract: The endocannabinoid (EC) system is a complex cell-signaling system that participates in
a vast number of biological processes since the prenatal period, including the development of the
nervous system, brain plasticity, and circuit repair. This neuromodulatory system is also involved in
the response to endogenous and environmental insults, being of special relevance in the prevention
and/or treatment of vascular disorders, such as stroke and neuroprotection after neonatal brain injury.
Perinatal hypoxia–ischemia leading to neonatal encephalopathy is a devastating condition with no
therapeutic approach apart from moderate hypothermia, which is effective only in some cases. This
overview, therefore, gives a current description of the main components of the EC system (including
cannabinoid receptors, ligands, and related enzymes), to later analyze the EC system as a target for
neonatal neuroprotection with a special focus on its neurogenic potential after hypoxic–ischemic
brain injury.

Keywords: endocannabinoid system; cannabinoid receptors; FAAH inhibitors; MGL inhibitors;
neonatal brain injury; hypoxia–ischemia; neuroprotection; neurogenesis

1. The Endocannabinoid System

The endocannabinoid (EC) system is a cell-signaling system consisting mainly of at
least two cannabinoid (CB) receptors, namely CB1 and CB2, their endogenous ligands, and
the enzymes responsible for the synthesis, transport, and degradation of endocannabinoids
(ECs) [1]. Changes in the expression or activity of CB receptors, ligands, or enzymes are
implicated in many pathological conditions [2]. Neurological disorders such as anxiety,
depression, schizophrenia, neurodegenerative (e.g., Parkinson’s and Huntington’s disease),
and stroke-related disorders, together with osteoporosis, multiple sclerosis, neuropathic
pain, cancer, glaucoma, hypertension, and obesity/metabolic syndrome are just the major
diseases associated with perturbations of the EC system [3]. Recently, it has been hypothe-
sized that CB2 receptor activation may be also useful to reduce the inflammatory response
induced by SARS-CoV-2 infection, due to its capacity to ameliorate the production of
cytokines responsible for the pathological phenomenon [4].

However, changes in EC tone are sometimes transient and likely part of the organism’s
compensatory response mainly aimed at reducing symptoms or slowing the progression
of pathological conditions. In the nervous system, the activity of the EC system also
appears related to neuroprotection, because of its ability to modulate the intensity and
extent of a series of dangerous biological events involved in the neurodegenerative process.
These include modulation of glutamate excitotoxicity [5] and oxidative stress [6], and a
reduction in the inflammatory response [7]. This scenario led to considering the EC system
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as a potential target for developing new neuroprotective therapies [3]. However, it is
not always clear whether an increased activity of the EC system can be consequent to a
higher biosynthetic activity or a reduction in the metabolic degradation of the endogenous
ligands. Therefore, a better understanding of the role and mechanisms underlying EC tone
alterations during the neurodegenerative process represents key factors for developing
new therapeutic agents acting through this important modulatory system.

Overall, despite the vast amount of knowledge acquired over time, the exploration of
the EC system still represents a stimulating goal. Indeed, the complexity of its structures,
the species variability of its characteristics, and the overlapping of pharmacological targets,
still leave open many questions and scientific opportunities. This review aims to highlight
the potential role of the EC system in the neurodegenerative and neuro-reparative processes
resulting from hypoxic–ischemic insults occurring during brain development. A summary
of CB receptors, ligands, and related enzymes is also reported.

1.1. Cannabinoid Receptors

The effects associated with the endo and exocannabinoid compounds are primarily
related to their interaction with the CB1 and CB2 receptors, discovered some decades
ago [8–10] and characterized based on their neurobiology signaling [11]. Their involvement
in many physiological and pathological events justifies the central role that they play as a
possible therapeutic key for many diseases. CB receptors can be stimulated or antagonized
by different ligands and can also be modulated through the inhibition of the enzymes
responsible for the degradation of their endogenous ligands [12]. Unfortunately, the
interaction of exocannabinoids with these receptors, especially with the CB1 subtype, is also
associated with the psychotropic effects of many recreational drugs, including Cannabis,
the so-called new psychoactive substances [13], and smart drugs (SPICE and K2 . . . ) [14],
or to other undesirable serious effects of synthetic agonist or antagonist drugs [15–17].

CB1 receptors are abundantly expressed in the central nervous system (CNS), particu-
larly in the cerebral cortex, hippocampus, basal ganglia, and cerebellum. CB2 receptors,
instead, are mostly expressed in the immune system, particularly in B and natural killer
cells. However, CB2 receptors have been also found in some districts of the CNS [18]
and the CB1 also peripherally, albeit at low levels [11]. More detailed information on the
origin, structural aspects, and signaling processes mediated by CB1 and CB2 receptors are
reported in [19,20].

Generally, the activation of CB receptors determines the inhibition of adenylate cyclase,
with a consequent decrease in the levels of cyclic adenosine monophosphate (cAMP),
a second messenger involved in numerous intracellular signaling and essential for the
regulation of many cell functions. There is also evidence that the CB1 receptor, in addition
to acting on adenylate cyclase, can be coupled to ion channels [21], confirming the key role
of CBs in inducing activation or depression of neurotransmission [11].

Recent studies have also revealed the existence of “atypical” EC receptors, i.e., the
transient receptor potential vanilloid (TRPV) channels, involved in the nociceptive signal-
ing; the GRP55, G-protein coupled receptors responsible for some independent CB1 and
CB2 responses; the peroxisome proliferator-activated receptor gamma (PPAR-γ) receptors,
which are physiologically involved in glucose metabolism and insulin signaling, and also
in inflammation and pain; and the dopamine, adenosine, opioid, and 5-HT1A receptors [22].

1.2. Endocannabinoids

Endocannabinoids (ECs) are endogenous lipidic compounds formed by a long-chain
polyunsaturated fatty acid tail and a polar head containing functional groups such as amide,
ester, ether, or hydroxy one. They bind to CB receptors but, unlike most neurotransmitters
that are synthesized and stored in vesicles; their synthesis from membrane phospholipids
is on-demand and use-dependent [23,24].

ECs are released from postsynaptic terminals in a Ca2+-dependent manner. After
their release, they activate presynaptic CB receptors usually through retrograde signaling,
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although non-retrograde signaling may occur [24]. The retrograde signaling mechanism is
responsible for modulating both short-term and long-term neuroplasticity [25]. The short-
term type of modulation (seconds) participates in processes, such as depolarization-induced
suppression of inhibition and depolarization-induced suppression of excitation. This may
occur through the inhibition of Ca2+ voltage-gated channels and the modulation of the
synaptic release of various neurotransmitters, including glutamate and γ-aminobutyric
acid (GABA) [26,27]. In addition, ECs are also involved in long-term synaptic plasticity
(in the order of minutes) through a CB1 repeated stimulation of these brain circuits [24].
This process leads to the long-term depression phenomenon, with the final decrease in
the glutamatergic and GABAergic synaptic activity [28]. Thus, ECs may function as a
polymodal signal integrator to allow the diversification of synaptic plasticity in a single
neuron [29]. EC receptors, in particular those in the CNS, can, therefore, be potential drug
targets for the prevention and treatment of neurologic disorders, such as brain ischemia [30].

The best-studied ECs are N-arachidonoylethanolamine (anandamide and AEA, as seen
in Figure 1) [31] and 2-arachidonoyl-sn-glycerol (2-AG, as seen in Figure 1) [32,33], but other
arachidonic acid derivatives (e.g., noladin ether, virodhamine, and N-arachidonoyldopamine)
can bind CB1 and/or CB2 receptors, although their physiological role is not yet clear.

 
Figure 1. Chemical structures of AEA and 2-AG.

AEA is a full or partial agonist of the CB1 receptor but also shows low activity towards
the CB2 receptor [34–38], whereas 2-AG is a full agonist of both CB1 and CB2 receptors [39].

Differences between AEA and 2-AG occur also in the biosynthetic pathways respon-
sible for their formation and degradation. With reference to the synthetic step, N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD) [40,41] or diacylglycerol lipase
(DGL) [42,43] are the enzymes directly involved, whereas fatty acid amide hydrolase
(FAAH) [44–47] or monoglyceride lipase (MGL) [48–50] are the main enzymes responsible
for their metabolism, leading to the formation of arachidonic acid and ethanolamine [51]
or glycerol [52] following a cellular internalization process carried out by specific trans-
porters [53–55].

1.3. Cannabis, Phytocannabinoids, and Synthetic Cannabinoids

Cannabis contains more than 500 compounds, of which at least 100 are known to be
phytocannabinoids [56] owing to pharmacological properties [57]; they are described in
detail in [58]. Paleobotanical studies attest that Cannabis was already present during the
Holocene epoch about 11,700 years ago, more likely in the territories of Central Asia near
the Altai Mountains [59]. The first written testimony on the use of Cannabis for therapeutic
purposes dates back to 2700 BC, when the Chinese emperor Shen-Nung reported a detailed
description of it in a book that later became the Chinese compendium of drugs [60]. Chinese
people used this plant for diseases such as rheumatic pain, malaria, constipation, etc. [61].
Despite their long history, the phytocannabinoids contained in Cannabis were identified
only a few decades ago and progressively studied both as single molecules and as their
derivatives, and also based on structure–activity relationship studies [62].

The most studied and characterized phytocannabinoids have been Δ9-tetrahydrocannabinol
(Δ9-THC, Figure 2) [63], which constitutes the main psychoactive compound of Cannabis,
and the non-psychotropic cannabidiol (CBD, Figure 2) [64]. Despite similar structures, their
pharmacodynamic properties deeply differ.
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Figure 2. Chemical structures of Δ9-THC and CBD.

Δ9-THC acts as a partial agonist of the CB1 receptor, which explains its strong psy-
choactive outcomes inducing the tetrad effects (hypothermia, catalepsy, hypolocomotion,
and analgesia). These unwanted effects make the medical use of the Δ9-THC strongly
restricted despite its beneficial action (neuroprotective, anti-inflammatory, and antispas-
modic), which depends on the activation of CB2 and PPAR-γ receptors [56]. In addition,
the activity of the molecule is dependent on cell type, receptor expression, and the presence
of ECs or other agonists [56,65].

For its part, CBD has a high affinity on a series of targets, including CB1 and CB2,
GPR55, TRPV, PPAR-γ, 5-HT1A, dopamine, and opioid receptors, and also on ion channels,
which contributes to the beneficial effects of Cannabis in diseases related to a wide range of
pathologies (neurological, ischemic stroke, inflammatory, pain, etc.) [22,66,67].

Although Δ9-THC and CBD are the best-known and studied phytocannabinoids,
other compounds have been relieved in Cannabis owing to their therapeutic potential.
Among these, the main ones are reported below. (1) Cannabigerol (CBG), which is a non-
psychotropic derivative with a low affinity for the CB1 and CB2, but it is able to interact with
other receptors, such as α2-adrenergic, TRPs superfamily, and 5-HT1A, and to possess vari-
ous properties (antiproliferative, antibacterial, antioxidant, etc.) [56]. (2) Cannabichromene
(CBC), which acts weakly with CB1 and CB2 receptors and is able to inhibit AEA up-
take, is the most potent agonist of TRPA1 channels and possesses antinociceptive and
anti-inflammatory properties in vitro and in vivo [56]. (3) Δ9-Tetrahydrocannabivarine
(Δ9-THCV), which is the n-propyl analogue of Δ9-THC and acts weakly with CB1 receptors
and more potently with the CB2 ones. However, it is also able to act with other targets such
as TRP, GPR6, GPR55, and D2 receptors and to exert related pharmacological actions [56].
(4) Cannabinol (CBN), which is the first phytocannabinoid structurally characterized; its
derivatives are considered as the oxidative by-product of the degradation process of Δ9-
THC and CBD [62,68]. It acts as a partial agonist of CB1 and CB2 and exerts neuroprotective,
antiepileptic, and analgesic properties [68,69].

Synthetic cannabinoids are ligands that bind to CB receptors and modulate their
activity. Their design and the studies aimed to acquire information on the structural
requirements to establish interactions with CB receptors. Moreover, the goal was also
related to the understanding of the role played by molecules that bind with these targets,
the role of the targets themselves, and, more generally, the role of the EC system, since
synthetic cannabinoids can be considered tools to increase knowledge in the field. As for
natural ligands, the role of synthetic cannabinoids must always be contextualized within
the situation of a risk/benefit ratio that would derive from their use. In spite of the large
effort in synthesizing and characterizing the pharmacological profile of these molecules,
apart from nabilone, there are currently no drugs on the market containing a synthetic
cannabinoid, but many of them are used for recreational purposes and are included in the
list of substances of abuse [15,70–73].

The structural requirements that allow synthetic cannabinoids to interact with CB
receptors are highly variable, a situation that strongly influences their pharmacological
activity, in particular for what concern agonism, antagonism, and, more rarely, inverse
agonism. It is interesting to consider, however, that their activity sometimes depends on the
experimental model used for their characterization (e.g., antagonism vs. inverse agonism).
An overview of these features and the therapeutic potential of CB ligands are presented in
Refs. [74–79].
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The therapeutic interest of the drugs that bind to CB receptors is also proved by
the marketed drugs mentioned above. Cesamet® (nabilone—the synthetic dibenzopyran-
9-one analog of Δ9-THC), administered for the improvement of chemotherapy-induced
nausea and vomiting (CINV) states in patients not responding to conventional antiemetic
therapies. Marinol® (dronabinol—the synthetic pure isomer (–)-trans-Δ9-THC) is prescribed
for the same purposes as the former and also for appetite stimulation in patients with
AIDS (acquired immune deficiency syndrome). Sativex® (Δ9-THC and cannabidiol in
an approximate 1:1 fixed ratio) is used for the symptomatic relief of the pain and/or the
management of neuropathic pain and spasticity in adults with multiple sclerosis and is
not responsive to other antispasticity therapies. More recently, a new drug containing >
98% CBD and less than 0.15% Δ9-THC (Epidiolex®) has been approved for the treatment
of seizures associated with two rare and severe forms of epilepsy (Lennox–Gastaut and
Dravet syndromes) in patients two years of age and older [56,66,80,81].

An intriguing and interesting feature of CB receptor ligands is that they are able to
exert a neuroprotective role after ischemic injuries [82–85]. The CB1 and CB2 agonists
(–)-CP-55,940 [86] and (R)-(+)-WIN-55212-2 [87], the CB1 inverse agonists SR141716A [88]
and AM 251 [89], the CB1 antagonists LY320135 [90], and the CB2 agonist/CB1 antagonist
URB447 [91] (Figure 3) are the related tools studied.

 

R

Figure 3. Chemical structures of neuroprotective CB ligands.

Despite the therapeutic use of drugs containing Cannabis and its derivatives or of
synthetic ligands of CB receptors, problems related to their abuse remain open. For this
reason, molecules inhibiting the degradation of endogenous ligands may represent an
interesting alternative for modulating the EC system [92].

1.4. FAAH and MGL Inhibitors

These compounds increase AEA and 2-AG levels by inhibiting their intracellular
degradation. The hypothesis leading to the design and development of EC metabolism
inhibitors is based on the fact that, by blocking the degradation of these endogenous
mediators, we can increase their concentrations in the physiological districts where they
are formed. By using this approach, it may be possible to obtain pharmacological agents
characterized by the absence of the psychotropic side effects typical of CB1 exogenous
ligands. Indeed, ECs are synthesized and released on-demand in a tissue-specific and time-
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dependent manner and inhibitors of their metabolic enzymes will cause an increase in EC
levels only where and when it is physiologically required. In this way, the activation of CB
receptors is obtained through endogenous ligands, but it is prolonged over time. Several
pieces of evidence support this approach. For example, it has been reported that FAAH
knockdown mice show increased levels of AEA in the brain and other tissues leading to
CB1 receptor-mediated analgesia [93,94], or a reduction in anxiety symptoms without the
appearance of catalepsy [95].

The possibility of targeting the FAAH and MGL enzymes, therefore, may represent an
important therapeutic approach for different pathologies [2,96–99] and, even if there are no
drugs on the market yet, studies carried out in this regard are promising. Disorders related
to anxiety, pain, and cigarette and cannabis smoking are the main pathological states in
which EC metabolism inhibitors have been studied [2], and clinical studies are in progress.
FAAH and MGL inhibitors have also been considered pharmacological tools to increase
information on the role of the EC system in neurodegeneration/neuroprotection after
ischemic injuries [100–105]. The FAAH inhibitor URB597 [95,106–113] and MGL inhibitors
URB602 [101,114–116], JZL184 [117], KML29 [118], and MJN110 [119] (Figure 4) are the
main experimental molecules assessed in these studies.

 
p

Figure 4. Chemical structures of neuroprotective FAAH and MGL inhibitors.

2. The Endocannabinoid System in Prenatal and Postnatal Development

During prenatal and postnatal brain development, the EC system may play an active
role in the control of the cell cycle, proliferation, survival, and differentiation of neural
stem cells [120], as well as in the maturation of the nervous system and its functions.
The modulation of some of these processes appears regulated by the CB1 receptor, which
is expressed in the very early stages of neural development. Indeed, the expression of
members of the EC system has been described during early developmental and postnatal
stages [121–123], and in the embryonic rat brain, its presence was found around day 11 of
gestation [124]. In 1998, Berrendero et al. [121] not only demonstrated the existence of CB1
receptors, but they also showed that these receptors were already functional in embryonic
stages. In humans, the presence of CB1 receptors has been documented as soon as at week
14 of gestation in the embryo [125].

The regions in which CB1 receptors are expressed in these early stages, i.e., the corpus
callosum, stria terminalis, stria medullaris, fasciculus retroflexum, or anterior commissure,
are related to processes such as cell proliferation, migration, axonal elongation and synap-
togenesis [121–123,126]. The later modifications in CB1 receptors’ location during neural
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development (becoming different in the adult brain), suggest that their expression in the
brain changes once their contribution to neural development finishes [121,123].

In murine cell cultures, CB1 receptors appear in several cell types, including stem-like
cells, astrocytes, and immature neurons [127]. It has also been observed that the agonist (R)-
(+)-methanandamide promoted self-renewal, multipotency, and neuronal differentiation
via CB1 activation. When ECs are produced or exogenously administered with bind CB1
receptors, the αi subunit linked to the protein inhibits the activity of adenylyl cyclase and
the synthesis of cAMP. Low levels of cAMP reduce the activity of the protein kinase-A
and, consequently, the type-A potassium channels are activated and lead to membrane
hyperpolarization. The α0 subunit of the G protein associated with the CB1 receptor,
instead, inhibits voltage-dependent Ca2+ channels causing cell depolarization. The β and
γ subunits, moreover, interact with pathways, such as PI3K or PKB/Akt, that have been
shown to induce the expression of transcription factors associated with cell proliferation
(CREB, STAT-3, PAX-6, and β-catenin). CB receptors are also closely related to neutral
sphingomyelinase, which generates ceramide from sphingomyelin located in the plasma
membrane, thus activating the synthesis of transcription factors, such as ERK or p38, that
control cell fate and survival [128,129]. The involvement of factors, such as ERK or PI3K, in
neurogenesis associated with CB1 activation was also observed by Xapelli et al. [127].

The processes of migration and path-finding during neurogenesis appear also partially
regulated by the CB1 receptor. Their blockage with a selective antagonist caused a decrease
of 50% in migration in a scratch wound assay in mouse fetal cortex-derived cells [130]. The
same authors also labeled the rostral migratory stream explants embedded in Matrigel
using the migrating neuroblast markers PSA-NCAM and DCX, and observed a significant
reduction (30%) in the migratory distance after the treatment with a CB1 receptor antagonist.
The role of the EC system in the path-finding function also became evident when EC signals
were proven to be behind axon direction cues, helping neurons find their path [131].

Together with CB receptors, the ECs AEA and 2-AG also make their appearance
in the prenatal period. Despite the presence of AEA levels having been detected from
the early stages of the embryo [132], 2-AG seems to be predominant in the fetal period,
as this molecule has been found in higher concentrations than AEA [133]. Conversely,
AEA levels increase gradually during brain development until an adult level is reached,
while the concentration of 2-AG remains more or less stable than in the fetal, young, and
adult brains [122].

3. The Endocannabinoid System as a Target for Neuroprotection in
Hypoxic–Ischemic Encephalopathy

Perinatal HI leading to neonatal encephalopathy (NE) represents a major cause of death
and long-term disability in neonates [134]. Each year, up to 20,000 infants are affected by NE
in Europe and even more in regions with a lower level of perinatal care [135]. Whereas the
incidence of NE in Western Europe and North America is around 1.6/1000 term births [136],
neonatal mortality is 6 times higher in developing or low-resourced countries compared
with developed or middle-to-high-resourced countries.

Current treatment options for HI are extremely limited, making the management
of long-term outcomes or its prevention difficult. Actually, the only approved therapy
is therapeutic hypothermia, consisting in lowering the body temperature of patients to
33.5 ◦C for 72 h through cooling of either the whole body or just the head [137]. Therapeutic
hypothermia is routinely implemented in the majority of first-world hospitals to treat
term infants with moderate to severe NE; however, cooling is only partially effective as
a neuroprotective therapy (>45% of infants have adverse neurodevelopmental outcomes
despite treatment) [138]. At the same time, hypothermia can develop some potential side
effects due to the slowing of the mechanisms of clearance and metabolism, the induced
immunosuppressive activity, and the increase in energy expenditure resulting from the
thermoregulatory response [139]. As the current cooling therapy protocols appear to be
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optimal [140], there is an urgent need to improve neonatal neuroprotection by developing
additional safe and effective neuroprotective treatments [141,142].

The EC system is able to limit the deleterious effects caused by multiple toxic stimuli
such as glutamate excitotoxicity, oxidative stress, and inflammation, thus providing neu-
roprotection in different paradigms of brain injury [84,143]. Therefore, compounds that
modulate the EC system could be promising neuroprotective and/or neurogenic agents for
the treatment of CNS pathologies, including NE.

The first cannabinoid tested in cerebral ischemic models was the synthetic CB1/CB2
agonist (R)-(+)-WIN-55,212-2 [144]. The authors showed that the exogenous administration
of this CB agonist significantly reduced the infarct volume and the loss of hippocampal
neurons. They also studied the neuroprotective effect of cannabinoids during brain develop-
ment and showed that exogenous administration of the ECs AEA and 2-AG reduced brain
infarction in newborn rats subjected to HI [145]. Later, some of the co-authors described the
neuroprotective and long-lasting beneficial effect of URB602, an inhibitor of the degradation
of 2-AG [101] in the same murine model. The neuroprotective effect of cannabinoids was
also confirmed in an experimental model closer to the human condition, i.e., in the fetal
lamb. In this model, the synthetic cannabinoid agonist (R)-(+)-WIN-55,212-2 protected the
neonatal brain at very low doses to maintain mitochondrial integrity and functionality [146],
to reduce apoptotic cell death [147], and to ameliorate the inflammatory response [148].

The classical way to modulate the EC system is through the activation or blockade of
CB1 and CB2 receptors, as described in the first part of this review. However, CB1 receptors
seem to play a dual role in post-ischemic neuronal damage, as the decrease in glutamate
release due to CB1 activation is accompanied by a parallel decrease in GABA release,
resulting in neurotoxicity instead of neuroprotection [149]. Moreover, CB1 overactivation
in the perinatal period could be harmful [150] and this can limit the translational interest of
CB1 agonists. In addition, CB1-mediated psychoactive effects [151], which are unwanted in
clinical treatments, should also be considered.

Activation of the other CB receptor, the CB2, results in potent anti-inflammatory
effects [143], and the CB2 antagonism has no described beneficial effect. A therapeutic
approach with drugs interacting with CB2 receptors can be developed using either indirect
(e.g., cannabidiol) or selective (e.g., GW405833) CB2 agonists. Nevertheless, cannabidiol
can induce severe hypotension [152] despite being neuroprotective in different experi-
mental paradigms [153], whereas GW405833 showed no protection after HI [154]. This
evidence together with the finding that the CB1 antagonist/inverse agonist rimonabant also
exerts a neuroprotective effect, which adds further complexity to the effect of cannabinoid-
interacting compounds in neurodegeneration.

Recently, some of the co-authors evaluated the neuroprotective potential of the syn-
thetic cannabinoid URB447 [85]. URB447 is the first mixed CB1 antagonist and CB2 agonist
that binds to both CB1 and CB2 receptors with submicromolar affinity and good stereoselec-
tivity [91]. URB447 strongly reduced brain injury when administered before HI in neonatal
rats, but more interestingly, the compound was effective also when administered 30 min or
3 h after the initial insult. URB447 reduced cerebral infarction by 95.7% (30 min) and 88%
(at 3 h) in the whole ipsilateral (damaged) hemisphere.

Since a pharmacological intervention within 3 h after the injury is considered a clin-
ically feasible therapeutic window to treat perinatal brain injury in humans [155], we
characterized the effect of URB447 administered at this time point, focusing on the con-
sequences of HI and URB447 administration on the activation of glial cells and white
matter injury. Together with a reduction in astrogliosis and microglial activation, URB447
decreased white matter damage restoring myelin basic protein levels 7 days after HI,
confirming the important role played by the EC system in the neurodegenerative and
neuroreparative processes after HI.

As commented above, nowadays, the only clinical therapy against HI-induced NE
is moderate hypothermia, which exerts a number of neuroprotective responses through
the reduction in excitotoxicity, free radical exposure, blood–brain barrier dysfunction, and
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delayed cell death [156]. Leker et al. [157] observed that a single injection of the CB1
synthetic agonist HU-210 significantly reduced body temperature, conferring a strong
neuroprotective effect to the hypoxic–ischemic rats, a beneficial effect that was lost when
animals were treated with the selective CB1 antagonist SR141716. The enhancement of
hypothermia by stimulating the EC system or by the combined therapy EC system plus
hypothermia may have beneficial outcomes in neonates, so these responses are currently
under investigation in preclinical models [158,159].

4. Can Endocannabinoid System Interacting Drugs Modulate Neurogenesis after HI?

The discovery of stem cells in the postnatal and adult mammalian brain changed the
previously believed assertion that the adult brain is unable to replace lost neurons [160,161].
Although still unknown with certainty in other regions of the CNS, two neurogenic ar-
eas persist after birth: the subventricular zone (SVZ) of the lateral ventricles and the
subgranular zone (SGZ) of the dentate gyrus of the hippocampus [162–164].

The ability to generate new neurons and glial cells from these niches may contribute
to the plasticity of the newborn brain and tissue remodeling after damage [165–169]. Based
on their regenerative potential, cells from the SVZ of the ventricles can be molecularly ma-
nipulated in situ to induce their proliferation and migration to damaged sites or stimulated
in vitro for later transplantation [162,170–173]. However, the processes of proliferation,
migration, differentiation, and survival will depend on a wide range of factors, includ-
ing the type, intensity, duration, and/or location of the damage [174]. Thus, it is not yet
known whether these newly formed neurons are properly integrated into the existing
neural network and if they can represent a fully functional microenvironment after a brain
injury [175]. It has been estimated that 85% of the new neurons generated in response to
the insult do not survive after reaching maturation [176].

The global damage induced by perinatal HI may also affect the neurogenic niches
and their neuro-proliferative capacity. After 24–48 h from moderate/severe hypoxic–
ischemic damage, the SVZ may show extensive cell death, primarily affecting neuronal
stem cells and also oligodendrocyte progenitors [177,178]. Interestingly, the neurogenic
potential of this area can be affected independently from cell death [179]. Indeed, in a
preclinical model close to the human condition, i.e., newborn piglets, it has been shown that
a decreased cellularity is associated with a reduction in cell proliferation and neurogenesis
in the SVZ [179]. These effects occurred without necrotic or apoptotic cell death 48 h after
hypoxic–ischemic damage. Whether this discrepancy could be related to differences in the
severity/duration of the insult or the experimental model employed (rodent vs. piglet)
remains the subject of investigation. It should also be considered that the SVZ can present
sub-regional sensitivity, with areas and cell types showing selective vulnerability to the
insult. Higher rates of survival were observed in its medial zone [180] and in different
responses of pre-oligodendrocytes and neuroblasts to hypoxic–ischemic damage [181].

Whereas several works pointed toward HI leading to decreased cell proliferation in
the SVZ (for a review, see [182]), other authors have described that the injured ipsilateral
SVZ has the ability to increase its size after a longer recovery interval [176,178,183,184], a
phenomenon attributed to increased cell proliferation [176,185]. For its part, the undamaged
contralateral SVZ can also suffer an expansion after HI [176], with the most undifferentiated
precursors being responsible for this increase in its size [185].

The other neurogenic niche, the SGZ of the dentate gyrus of the hippocampus, also
revealed conflicting results. Bartley et al. [186] showed that neuronal (together with
microglial and endothelial) cell proliferation was significantly increased in the injured
ipsilateral hippocampus. The authors used a postnatal day 7 (P7) neonatal mice model
subjected to permanent unilateral carotid ligation plus 8% hypoxia for 75 min. Conversely,
early after the publication of that work, Kadam et al. [187] described that total counts of new
cells were significantly lower in both ipsilateral and contralateral hippocampi, which in
turn correlated with lesion-induced atrophy. They used, however, a neonatal stroke model
of unilateral carotid ligation alone to produce infarcts in P12 CD1 mice. In a more recent
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work by Ziemka-Nalecz et al. [188] using the HI permanent unilateral carotid ligation
plus hypoxia (7.6% O2 for 60 min) model of brain injury, the authors showed no signs of
increased or decreased cell proliferation in the dentate gyrus of the hippocampi, with no
differences between sham (non-operated), ipsilateral, or contralateral hippocampi, in none
of the five timepoints evaluated (3, 6, 9, 11, or 14 days after HI). This usage of different
experimental models of brain injury may add complexity to unraveling the neurogenic
response of the neonatal hippocampal SGZ.

To better understand the modulation in cellular populations after HI, experiments
have been carried out using flow cytometry with multi-markers in order to quantify the
proportion of each cell type. It seems that neuronal stem cells decrease while multipotential,
as well as the glial cell progenitors, increase [189]. The increase in the number of reactive
astrocytes can be translated into greater production of components of the extracellular
matrix, such as hyaluronic acid and chondroitin sulfate, which can, in turn, inhibit the
differentiation of oligodendrocytes and limit myelin synthesis [190,191]. This suggests that
hypoxia–ischemia may alter the cellular composition of the neurogenic niches [189].

As described, the effect of neonatal HI on the neurogenic response after brain injury
remains far from clear [179]. The modulation of the proliferative capacity of the neurogenic
niches might be enhanced by using CBs, as the EC system seems to play an important
role in processes, such as cell proliferation and differentiation of neural stem cells, during
normal brain development.

Aguado et al. [192] observed that stimulation of the EC system enhanced neurogenesis
after kainic acid-induced excitotoxicity in neural progenitor cell cultures. The effect was
revealed as increased expression of the progenitor markers nestin, Sox-2, and musashi-1,
and also as a higher proliferation rate. They also examined whether neural progenitor
cell division may result in effective neurogenesis. By immunostaining dividing cells with
the mature neuron marker NeuN, the authors described the presence of newly generated
neurons one month after injury, suggesting that long-term neurogenesis can be enhanced
by EC system modulation [192].

In a model of HI in rodents, Fernández-López et al. [193] stimulated the CB1 receptor
by exogenous administration of the synthetic cannabinoid (R)-(+)-WIN-55,212-2, show-
ing increased cell proliferation and doublecortin expression (a marker of neuroblasts)
after HI and cannabinoid administration. However, the long-lasting effect described by
Aguado et al. [192] here was lost. (R)-(+)-WIN-55,212-2 was able to promote neurogenesis
up to 7 days after HI (P14), but the survival of the new neurons decreased shortly after the
withdrawal of the treatment. It remains unclear whether prolonging the administration of
cannabinoids could be beneficial regarding neurogenesis [193].

Therapeutic hypothermia (the only clinical therapy against HI-induced neonatal
encephalopathy) is also able to modulate and enhance endogenous reparative processes.
Bregy et al. [194] showed an increase in doublecortin-positive cells in the hippocampal
dentate gyrus of cooled animals treated with therapeutic hypothermia after experimental
traumatic brain injury. Works using models of ischemic and hypoxic–ischemic brain injury
described similar results [195,196]. Rats treated with hypothermia increased their counts
of neurogenesis markers compared to normothermic animals. As the activation of the EC
system may decrease body temperature, it seems feasible that exogenous administration of
CBs may indirectly modulate the neurogenic response after neonatal brain damage.

In addition to neurogenesis, cannabinoids may be of great benefit in white matter
recovery after brain damage. The administration of the CB1 agonist ACEA resulted in
increased Olig2 (an oligodendrocyte progenitor marker) expressing cells in the SVZ and-
myelination in the subcortical white matter [197]. (R)-(+)-WIN-55,212-2 administration
after HI also promoted remyelination of the injured external capsule by increasing the
number of early oligodendrocyte progenitors and mature oligodendrocytes [193]. The
enhancement of oligodendrogenesis is of great interest when treating the developing brain,
as increased remyelination is linked with the improvement of sensorimotor functions after
hypoxic–ischemic injury [198].
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5. Concluding Remarks and Perspectives

The ubiquitous lipid signaling-based EC system is involved in outstanding regulatory
functions throughout the human body, including neural development under physiological
conditions and neuroprotection, and repair after pathophysiological processes.

In the context of neonatal brain injury, the administration of endogenous or exogenous
CBs, or the blockage of EC degradation, has revealed a strong neuroprotective response
in different preclinical models after HI. Similarly, the possibility of tissue repair in the
developing brain by enhancing the proliferative potential of the SVZ and SGZ neurogenic
niches is currently under active investigation. Selective modulation of the EC system in the
sites of damage by targeting the enzymes responsible for EC degradation may represent an
important therapeutic approach in order to avoid non-desired widespread effects.

Despite the clinical use of CB-related drugs that must be taken with caution, the
modulation of the EC system to ameliorate the neurological consequences after neonatal HI
is currently an exciting field of research with enormous possibilities for clinical translation.
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Abstract: Cannabis is a complex biosynthetic plant, with a long history of medicinal use. While
cannabinoids have received the majority of the attention for their psychoactive and pharmacological
activities, cannabis produces a diverse array of phytochemicals, such as terpenes. These compounds
are known to play a role in the aroma and flavor of cannabis but are potent biologically active
molecules that exert effects on infectious as well as chronic diseases. Furthermore, terpenes have the
potential to play important roles, such as synergistic and/or entourage compounds that modulate
the activity of the cannabinoids. This review highlights the diversity and bioactivities of terpenes in
cannabis, especially minor or secondary terpenes that are less concentrated in cannabis on a by-mass
basis. We also explore the question of the entourage effect in cannabis, which studies to date have
supported or refuted the concept of synergy in cannabis, and where synergy experimentation is
headed, to better understand the interplay between phytochemicals within Cannabis sativa L.

Keywords: cannabis; phytochemistry; cannabinoids; terpenes; synergy; entourage effect; biosynthesis

1. Introduction

Cannabis sativa L. is a dioecious plant of the Cannabaceae family and is perhaps
most famous for its production of the psychedelic metabolite delta-9 tetrahydrocannabinol
(D9-THC). Cannabis has been used in traditional medicine for millennia across several
continents; cannabis has been used in traditional Chinese medicine therapies for the
treatment of gout, pain, convulsions, insomnia, cough, headache, itching, and anemia [1],
while in traditional Aryuvedic practices, cannabis has been reported to stimulate digestion,
function as an analgesic and sedative, and have aphrodisiac, anti-parasitic, and anti-viral
properties [2]. Review articles covering the chemistry, pharmacology, botany, genomics, and
ethnology of cannabis are regularly published as the plant’s usage grows in prevalence [3–7].
In addition to THC, cannabis produces a number of other cannabinoid compounds with
potent activities. Cannabidiol (CBD) is one non-psychedelic cannabinoid that has emerged
as a popular botanical supplement ingredient [8]. A majority of Americans are aware of
CBD, and ca. 18% have tried or are regular users of CBD products [9]. The US hemp-
derived market in cannabidiol (CBD) topped $4.7 billion in 2021 and is expected to reach
$12.0 billion by 2026 [10]. However, while many bioactivities can be ascribed to the presence
of cannabinoids, cannabis is a prolific biosynthetic organism, producing over 750 known
phytochemicals, including flavonoids and terpenoids, many of which possess putative
medicinal properties [11], yet the majority of these phytochemical constituents and their
mechanisms of action have not been fully explored.

Terpenes (also termed isoprenoids) are the most diverse class of natural products and
are the most abundant by mass [12]; in cannabis, terpenes account for 3–5% of the dry mass
of the inflorescence [13]. Terpenes have incredible potential for bioactivity against both
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infectious and chronic health conditions [14–16] and have been employed for thousands of
years for therapeutic purposes, including in anti-inflammatory, anti-microbial, antioxidant,
antitumor, and antidiabetic capacities [17]. In addition, terpenes often provide the foun-
dation for the flavor and aroma of numerous plants and food products [18–20], including
cannabis [21], granting the plant earthy or herbal aromas that combine with hints of sweet,
citrusy, or piney scents. The terpene profile and content of cannabis has been reviewed pre-
viously [13,22,23]; however, analytical profiling studies, as well as cannabis phytochemistry
reviews, traditionally focus on the more prevalent, terpenes such as myrcene, α-pinene,
limonene, β-caryophyllene, linalool, humulene, ocimene, bisabolol, and terpinolene. The
presence of a vast array of terpenes highlights the additional complexity of cannabis, as
well as the further potential for bioactivity within this complex plant.

In botanical samples, mixtures of phytochemicals are often more effective than their
individual constituents in isolation due to additive or synergistic interactions among
compounds. Indeed, many chronic and infectious diseases are not regulated by a single
cellular target, but often have multiple regulating pathways [24,25]. As organisms in
a complex and dynamic ecological environment, plants have evolved to address this
multifactorial disease etiology through the synthesis of structurally and functionally diverse
phytochemicals. Thus, cannabis may also exert its bioactive effects via a combination of
multiple constituents. Originally hypothesized in the late 20th century and termed the
“entourage effect” [26], synergy between different cannabinoids has been documented
in several studies. However, the potential for synergy between cannabinoids and other
chemical classes, especially terpenes, has remained underreported.

This review aims to synthesize recent studies and information regarding the composi-
tional diversity of terpenes, especially ‘minor’ terpenoid structures (compounds that are
less prevalent in the plant on a by-mass basis) that have not been the focus of other reviews,
yet are found in diverse cultivars of cannabis and have unique and varied bioactivities
as well. This is a unique feature of this review. In addition, we will build on the body of
knowledge regarding how terpenes can potentially work in concert with cannabinoids to
enhance bioactivity, as this is a timely topic given the upswing in interest in cannabis and
potential synergy/entourage effects.

2. Terpene Biosynthesis

Terpenes originate from the 5-carbon precursor isopentenyl diphosphate (IPP), which
is biosynthesized from either pyruvate and glyceraldehyde (via the methylerythritol phos-
phate (MEP) pathway in plastids) [27] or from acetyl-coA (via the mevalonic acid (MEV)
pathway in the cytoplasm) [28] (Figure 1). One or more IPPs condense with dimethylallyl
diphosphate (DMAPP) in a 1′–4 fashion to form geranyl diphosphate (GPP, C10), farne-
syl diphosphate (FPP, C15), or geranylgeranyl diphosphate (GGPP, C20). GPP and FPP
serve as substrates for a multitude of synthetic reactions, condensing together to form the
precursors of carotenoids and steroids, or cyclizing to form a myriad of terpene natural
products (e.g., monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20)) [12,29].
GPP also condenses with a diphenol with an alkyl chain (e.g., olivetolic acid) to form the
cannabinoids [30]. In cannabis, over 200 terpenes have been published to date [31].

Terpenoid biosynthesis is governed by a family of homologous enzymes, the terpene
synthases (TPS) [29,32], which catalyze the formation of different types of terpenes, includ-
ing monoterpenes, diterpenes, hemiterpenes, and sesquiterpenes. These essential enzymes
are encoded in large gene families that have been broken down into seven subfamilies based
on phylogenetic analyses rendering, TPS-a, -b, -c, -d, -e/-f, -g, and -h, each based on amino
acid length and location of emergence, such as angiosperms or gymnosperms [29,33]. In an-
giosperms, the TPS-a subfamily contains sesquiterpene synthases (sesqui-TPSs); the TPS-b
subfamily contains monoterpenes synthases (mono-TPSs) and hemiterpene synthases [34].
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Figure 1. General scheme of terpene synthesis pathway in Cannabis sativa L.

Booth et al. analyzed the genome and transciptome of Purple Kush cannabis to identify
more than 30 cannabis terpene synthases (CsTPS genes) [35], which has been expanded to
over 14 cultivars, representing chemotypes I, II, and III [34,36,37]. The characterized TPS
genes of cannabis are documented as being a part of the TPS-a and TPS-b subfamilies [29].
Only nine of the 30 CsTPS genes have been fully characterized with respect to their catalytic
functions, eight of which are multi-product enzymes that can generate different terpene
structures from either GPP or FPP substrates [35,38]. Interestingly, genetic variation in
these CsTPS has been associated with differences in the Sativa-Indica scale of cannabis
labeling. Genotyping 100 cannabis samples for >100,000 single nucleotide polymorphisms
revealed that Sativa- and Indica-labelled samples were indistinguishable from a genome
perspective; however, variation in CsTPS genes translated to shifts in the terpene profile
and was correlated with the current dichotomous label system, suggesting terpenes (and
genetic markers associated with terpene biosynthesis) could have a large role in governing
the strain classification [39]. This biosynthetic plasticity could be one explanation for the
diversity of terpenes found in cannabis; however, it is important to keep in mind that the
CsTPS responsible for many cannabis terpenes remain unexplored. When considering
the incredible diversity of cannabis terpenes, it is unknown how the expression levels
of different CsTPS could vary with plant development stage, plant organ and cell-type,
and environmental factors. In addition, non-enzymatic modifications of terpenes, such
as cyclization and oxidation, can increase structural diversity independent of enzymatic
biochemical reactions. Even post-harvest considerations can change the terpene profile,
especially the smaller, more volatile hemiterpenes and monoterpenes [40]. More qualitative
and quantitative studies are needed to comprehensively profile the terpenes found in
cannabis and how those concentrations relate to expression levels and functionality of
the CsTPS.

3. Terpene Diversity in Cannabis

Over 20,000 terpenes have been identified in the Plantae kingdom, making these
highly volatile compounds one of the most structurally and functionally diverse groups
of natural products [41]. Cannabis is widely known for its assorted terpene profiles.
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To date, 200 terpenes/terpenoids have been detected in cannabis [42]. However, the
complete identification and quantification of the vast majority of terpenes/terpenoids
remains undetermined, blunting our knowledge of the impact of cannabis terpenes on
plant and human health [43]. Thus, the complete identification of terpenes in cannabis
may suggest a substantial assortment of cannabis terpenes unknown to current breeders
and researchers.

With the tremendous diversity of compounds in cannabis, researchers seek to cat-
egorize the main chemical constituents of cannabis cultivars or ‘strains’ by establishing
five classes of chemotypes based on cannabinoid ratios. These are classified as Chemotypes
(I): high THCA:CBDA ratio; (II) intermediate ratios of THCA:CBDA; (III) low THCA:CBDA
ratio; (IV) high CBGA content/low ratio of THCA:CBDA; and (V) containing almost no
cannabinoids [44]. This classification has drawn researchers to further categorize cannabis
chemical profiles by associating cannabinoid content with bioactive metabolites such as
terpenes. Table 1 illustrates the concentration range (mg/g) of terpenes and terpene deriva-
tives reported in published research articles investigating the terpene content of specific
cannabis chemotypes. Chemical profiles of common cannabis cultivars continue to show
that myrcene, β-caryophyllene, limonene, α-terpinene, and α-pinene are the most promi-
nent terpenes that can be found in the first three chemotype varieties [34,45–48]. Terpene
profiles of the remaining chemotypes are limited or have yet to be investigated. Con-
versely, the classification of secondary terpenes (terpenes found in lower concentrations)
in cannabis chemotypes is limited, as they are often disregarded or unreported due to a
lack of reference material. More studies on cannabis terpene chemotypes are required to
identify the relationships between specific terpenes and cannabinoid content.

Birenboim et al., 2022, were the first to demonstrate a highly accurate classification
of medicinal cannabis chemovars based on their cannabinoid and terpene profiles. Using
a partial least-square discriminant analysis multivariate (PLS-DA) technique, Birenboim
et al. were able to differentiate terpene content between the inflorescences of three major
chemovars (high-THCA, high-CBGA, and a hybrid). They concluded that the terpenes
of the three major classes were significantly different in their concentrations of different
terpenes [49], providing evidence of the high-THCA class having a higher abundance of
limonene, β-caryophyllene, β-pinene, α-humulene, γ-elemene, and seychellene. Within the
hybrid class, α-pinene and β-myrcene are more pronounced, followed by a high abundance
of γ-eudesmol, α-bisabolol, and guaiol in the high-CBGA class. However, these results
represent 14 different cannabis chemovars, including seven high THC chemovars, five
hybrid chemovars, and only two high-CBG chemovars. The plant material used was from
commercial breeding lines that could not be affiliated to a specific subspecies because of
crossings between different cultivars over many generations. Moreover, several factors
have been shown to influence terpene diversity, such as plant genetics, pest presence,
overall plant health, soil composition, proper drying, curing, and microbiology [34,50–55].

Variations in terpene expression can also be dependent upon the stage of growth. In
2016, Aizpurua-Olaizola et al. analyzed the terpene and cannabinoid content of the leaves
and flowers of cannabis chemotypes I, II, and III. For 23 weeks, a chemical profile was
generated on a weekly basis, providing the researchers with a total content of cannabinoids
and terpenes at different stages of growth. Researchers found that chemotypes II and
III required more time to reach their peak production of monoterpenes compared to
chemotype I. Major terpene differences were also observed between chemotypes I and
III. The distinct terpenes of chemotype I included γ-selinene, β-selinene, α-gurjunene,
γ-elemene, Selina-3.7 (11) diene, and β-curcumene, while chemotype III displayed β-
eudesmol, γ-eudesmol, guaiol, α-bisabolol, or eucalyptol. This suggests a chemotype-
dependent terpene distribution, as the investigators describe the more prominent terpenes
in chemotype III as having a higher correlation coefficient with CBDA and chemotype I
terpenes having a higher correlation coefficient with THCA [53]. Despite the differences
in terpene content at different stages of growth, limitations of terpenes and cannabinoid
expression may be observed based on light exposure and select spectra.
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A high abundance of terpenes and cannabinoids can be found on the surface of
cannabis inflorescence and leaves in the glandular appendages known as trichomes [56,57].
Trichomes are believed to be a defense mechanism against several different stresses, includ-
ing light stress [58,59]. This has led to the proposed ecological function of cannabinoids
and terpenes aiding in protection against high light exposure [58]. Additionally, research
has shown the altering effects LED light can have on THC and terpene concentrations,
but not CBD [57,58]. One study provided evidence of supplemental green light increasing
THC and terpene content in comparison to controls. However, quantification of IPP and
DMAPP were not conducted, leaving the mechanistic implications undetermined [52].
With the increasing application of LED lighting for indoor cultivation, the chemical profiles
of the desired chemotype may be susceptible based on light application. Nonetheless, with
the information surrounding the factors that influence terpene concentrations, terpene
biosynthesis, and genetic expression, new cultivars with desired cannabinoid and terpene
profiles may become attainable as the research surrounding terpenes in cannabis continues.

Table 1. Concentrations of terpenes found in cannabis. Concentration range is given by chemotype
where available; Tr—trace (<level of quantitation).

Compound Chemotypes
Rage of Average Concentrations Reported per

Chemotype (mg/g Dry Weight)
Reference

Agrospirol I I: Tr–0.50 [45]

Alloaromandrene I, II, III
I: 0.004–0.08

[53,60]II: 0.08–0.10
III: 0.05–0.10

Aromadendrene I I: 0.02–0.13 [61]

α-Bisabolol I, II, III
I: Tr–1.10

[34,45,46,53,60,62–64]II: 0.57–1.22
III: 0.07–2.31

α-Bisabolene I, II, III
I: 0.13–0.50

[53,61]II: 0.11–0.29
III: 0.03–0.50

β-Bisabolene I, II, III
I: 0.05–0.17

[53]II: 0.18–0.51
III: 0.12–0.71

Borneol I, II, III
I: 0.01–0.03

[34,61,63,64]II: 0.05
III: 0.009–0.02

α-bergamotene I, II, III
I: 0.024–1.18

[34,53]II: 0.45–0.81
III: 0.018–0.68

Cis-bergamotene I, III
I: 0.07–0.11

[61]III: 0.21

Trans-bergamotene I, III
I: 0.12–0.28

[61]III: 0.04

Bulnesol I, II, III
I: 0.10–0.50

[34,45,53]II: 0.090–0.19
III: 0.070–0.49

γ-cadinene I, III
I: 0.41–0.60

[61]III: 0.02

Camphene I, III
I: 0.002–0.09

[34,60,63,64]III: 0.001–0.48
Camphor I I: 0.001–0.01 [61,64]

P-Cimene I, III
I: 0.016

[64]III: 0.01

β-Caryophyllene I, II, III
I: 0.24–8.20

[34,45,46,60–65]II: 0.86–3.90
III: 0.16–3.17
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Table 1. Cont.

Compound Chemotypes
Rage of Average Concentrations Reported per

Chemotype (mg/g Dry Weight)
Reference

β-Caryophyllene oxide I, II, III
I: 0.005–0.06

[60,61,63]II: 0.02
III: 0.09

Trans-β-caryophyllene I, III
I: 0.02–0.06

[53,61]III: 0.06

δ-3-carene I, II, III
I: Tr–0.60

[45,46,61,64,65]II: Tr
III: 0.065–0.070

α-Cedrene I, III
I: 0.038

[64]III: 0.023

β-Citronellol I, III
I: 0.002

[60,64]III: 0.001–0.003

α-curcumene I, III
I: 0.008

[60]III: 0.017

β -Curcumene I, II, III
I: 0.014–0.61

[53,60]II: 0.061–0.16
III: 0.016–0.09

Cyclounatriene I, III
I: 0.02–0.13

[34]III: 0.086

Elemene I, II
I: Tr–2.70

[45,65]II: Tr

γ-elemene I, III
I: 0.104–1.89

[34,53,61]III: 0.04–0.068

δ-elemene I, III
I: Tr–0.392

[34]III: 0.005

Eucalyptol II, III
II: 0.010–0.07

[53,60,63]III: 0.052–0.14

Eudesma-3,7(11)-diene I, III
I: Tr–0.80

[34,61,65]III: 0.05

Eudesmane I, III
I: 0.33–0.55

[34]III: 0.04

A-eudesmol I, II
I: 0.02

[63]II: 0.26

β-Eudesmol I, II, III
I: Tr–0.92

[45,53,61,63,64]II: 0.23–0.65
III: 0.085–1.01

γ-Eudesmol I, III
I: Tr–0.80

[34,45,53,61]II: 0.30–0.78
III: 0.010–1.03

α-farnesene I, II, III
I: 0.02–0.06

[34,63]II: 0.24
III: 0.002

β-farnesene I, II, III
I: 0.019–1.96

[34,53,65]II: 0.73–1.6
III: 0.008–1.4

Trans-β-farnesene I, III
I: 0.31–1.06

[61,63]II: 0.35
III: 0.05

Fenchone I, II, III
I: 0.005–0.03

[60,63,64]II: 0.02
III: 0.007–0.008

Fenchol I, II, III
I: 0.047–1.09

[34,46,60–64]II: 0.09–0.31
III: 0.028–0.138

Germacrene B I, III
I: 0.25–1.27

[34]III: 0.34
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Table 1. Cont.

Compound Chemotypes
Rage of Average Concentrations Reported per

Chemotype (mg/g Dry Weight)
Reference

Geraniol I, III
I: 0.01

[63,64]III: 0.004
Geranyl Acetate I I: Tr–0.70 [46]

Guaiol I, II, III
I: Tr–1.09

[34,45,53,61,63,65]II: 0.27–0.87
III: 0.010–1.21

α-guaiene I, III
I: Tr–0.50

[45,65]II: Tr
III: Tr

δ-guaiene I, II
I: Tr–0.80

[45,61,65]II: 0.8
α-gurjunene I I: 0.1–0.46 [53]

Humulene I, II, III
I: Tr–4.00

[45,46,53,64]II: 0.64–1.11
III: 0.26–0.93

α-Humulene I, II, III
I: 0.09–1.93

[34,60,62,63,65]II: 0.32–0.36
III: 0.14–0.27

Isopulegol I, II
I: 0.02–0.04

[63]II: 0.02

Ledene I, II
I: 0.11–0.13

[63]II: 0.05

Limonene I, II, III
I: Tr–9.1

[34,45,46,53,60–64]II: 0.079–1.14
III: 0.022–1.44

Linalool I, II, III
I: Tr–3.10

[34,45,46,53,60–64]II: 0.27–0.35
III: Tr–0.36

Cis-linalool oxide I, III
I: 0.002

[60]III: 0.005

Trans-linalool oxide I, III
I: 0.002

[60]III: 0.002

Menthol I, III
I: 0.001

[60]III: 0.001

β-Myrcene I, II, III
I: 0.12–14.8

[34,45,46,53,60–65]II: 0.20–3.02
III: 0.18–7.60

Nerolidol I, II, III
I: 0.02

[61]III: 0.01

Trans-nerolidol I, III
I: 0.019–1.66

[60,63,64]II: 0.09
III: 0.005–0.07

β-Ocimene I, III
I: 0.21–1.38

[34,53,63]II: 0.02
III: 0.19

Cis-Ocimene I, II, III
I: 0.006–3.9

[45,60,61,64,65]II: 1
III: 1

Trans-Ocimene I, III
I: Tr–3.8

[46,60,64]III: 0.007–0.01

α-phellandrene I, II, III
I: Tr–0.60

[65]II: Tr
III: Tr

β-phellandrene I, III
I: Tr–2.1

[34,65]II: 0.7
III: 0.097–0.50
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Table 1. Cont.

Compound Chemotypes
Rage of Average Concentrations Reported per

Chemotype (mg/g Dry Weight)
Reference

α-pinene I, II, III
I: Tr–6.70

[34,45,46,53,60–65]II: 0.068–4.63
III: 0.004–1.40

β-pinene I, II, III
I: Tr–2.00

[34,45,46,53,60–65]II: 0.054–0.80
III: 0.001–0.50

α-phellandrene I, II, III
I: 0.003–0.7

[46,60,61]II: Tr
III: 0.001

2-pinanol I, III
I: 0.036–0.16

[34]III: 0.047

Sabinene I, III
I: 0.005

[60]III: 0.001

Cis-sabinene hydrate I, II
I: 0.015–0.08

[60,61,63]II: 0.003–0.03

α-selinene I, II, III
I: 0.04–1.36

[34,53,63]II: 0.26–0.65
III: 0.094–0.79

β-selinene I, II, III
I: 0.093–0.61

[53,63]II: 0.09–0.34
III: 0.10–0.22

γ-selinene I, II, III
I: 0.09–0.63

[53,61,65]II: 0.06–0.09
III: 0.03–0.14

δ-selinene I, III
I: 0.10–0.36

[34]III: 0.09

Selina-3.7 (11) diene I, II, III
I: 0.03–1.89

[53]II: 0.05–0.07
III: 0.06–0.092

β-Sesquiphellanderene I, II, III
I: 0.09–0.48

[53]II: 0.14–0.23
III: 0.074–0.19

α-Terpinene I, II, III
I: Tr–0.10

[45,60,64]II: Tr
III: Tr–0.068

γ-Terpinene I, III
I: 0.02–0.06

[46,60,61,64]III: 0.01–0.06

Terpineol I, II, III
I: Tr–0.70

[45]II: 0.6
III: Tr

Terpinen-4-ol I, III
I: 0.02

[60]III: 0.01

α-Terpineol I, III
I: 0.04–0.9

[34,46,60,62,64,65]II: 0.29
III: 0.11–0.22

Terpinolene I, II, III
I: Tr–13.9

[34,45,46,53,60,63–65]II: 0.010–3.70
III: 0.019–2.90

Valencene I, II
I: 0.001–0.06

[34,60,63]II: 0.01
III: 0.16

4. Potential Roles of Secondary Terpenes

The biological activity of cannabis terpenes is a growing topic that been extensively
covered in multiple reviews [13,23,66–71]. These reviews on the therapeutic properties of
cannabis terpenes primarily cover the commonly encountered mono- and sesquiterpenes
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(e.g., β-caryophyllene, β-myrcene, α- and β-pinene, α-humulene, limonene, terpenoline,
and linalool). For this reason, this review aims to further investigate nine secondary
terpenes of cannabis, based on their abundance in the plant and their therapeutic po-
tential (Figure 2). Regardless of their minor presence, the significant therapeutic value
could point towards stronger or novel synergistic effects. The following is a summary of
the more uncommon but notable secondary terpenes/terpenoids in cannabis and their
potential therapeutic value; it is impossible to describe all the pharmacological effects of ter-
penes/terpenoids in this paper, but we shall give some examples of how these compounds
possess multi-functional bioactivity. It is worth noting that the compounds often have
multiple potential activities, and there is overlap of activities between terpene compounds.

Figure 2. Structures of secondary terpenes present in Cannabis sativa L.

4.1. Borneol

Identified as a monoterpene, borneol is a terpene derivative that can be found in
several plant species, including Cannabis sativa L. [34,61,64]. The scent of this aromatic
compound has been equated to a woody balsam aroma. Traditional Chinese medicine has
employed the therapeutic properties of borneol for thousands of years as a resuscitation
drug due to its active orifice-opening effects [72,73]. These effects are hypothesized to
enhance blood–brain barrier (BBB) permeability [72–74], allowing for improved drug
delivery to the central nervous system [73]. On top of its enhancement of BBB permeability,
borneol also possesses anti-microbial, anti-inflammatory, anti-nociceptive, antithrombotic,
neuroprotective, and genoprotective effects [75–81].

4.2. Camphor

This cyclic monoterpene ketone has been described as producing a strong mothball-
like scent [82]. Like borneol, camphor has a long history of being used for its repellent and
biological effects [83,84]. The medicinal properties of camphor oil include antibacterial,
antiviral, antitussive, antimutagenic, anti-cancer, anti-inflammatory, antioxidant, and an-
tidiabetic activity [85–91]. Studies evaluating camphor’s biological effects typically involve
wood extracts of Cinnamomum camphora, the camphor laurel tree that primarily consists of
high levels of camphor and its derivatives [92].

4.3. Cedrene

Cedrene is a sesquiterpenoid that is classified as a secondary terpene of cannabis as
only small amounts of the terpenoid have been identified in select cultivars. This sesquiter-
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penoid is commonly found in cedar and juniper trees [93,94]. The aroma produced by
cedrene has been described as a woody, crisp scent. Like many aromatic compounds, the
biological activities of cedrene have been explored primarily through extracts of cedarwood
oil, which has been characterized as having copious amounts of the sesquiterpenoid [95].
Although many of the studies report the effects of full cedarwood oil, cedrene is a pri-
mary constituent of this oil and thus leads to speculation that the biological activity of
cedarwood oil is due to cedrene, with activities including antifungal, anti-microbial, and
anti-cancer [96–98]. A few studies have been performed on isolated α-cedrene, suggesting
potential anti-obesity properties [99,100].

4.4. Isopulegol

Identified as a monoterpene alcohol, isopulegol can be found at different concen-
trations in a variety of plants, including lemongrass, mint, eucalyptus, and several oth-
ers [101–103]. The scent of isopulegol has been described as a minty fragrance [104].
Because of its presence in a diversity of plants, researchers have described its potential
bioactivity, including antidepressant [105], antianxiety [105], anticonvulsant [106], gas-
troprotective [107], and anti-inflammatory activity [108]. Though isopulegol is said to
contain several diverse bioactive properties, more research is required to characterize the
mechanism in play.

4.5. Phytol

Phytol is a diterpenoid that has been described as having a grassy-fresh aroma [104].
Phytol is a common terpenoid of highly aromatic plants such as green tea, mint, tar-
ragon, basil, and cannabis cultivars [109,110]. This terpenoid has been speculated to
hold antioxidant [111,112], anti-inflammatory [113], analgesic [112], anti-cancer [111,114]
anti-anxiety [115], anti-convulsant [116], and sedative [117] properties. Phytol and its
derivatives have also been explored for toxicity in immune-compromised mice, suggesting
non-toxic effects [118–120].

4.6. Pulegone

As a monoterpene, pulegone can be found in various aromatic herbs, but is commonly
associated with the mint family, such as catnip and peppermint [121,122]. Known for its
minty fragrance, pulegone has been identified at low concentrations in cannabis [22,123].
Researchers have suggested that pulegone contains anti-microbial [124], anti-anxiety [125],
antipyretic [126], sedative [126,127], and anti-inflammatory [128] properties.

4.7. Sabinene

This bicyclic monoterpene can be found in a variety of different plant species and is
often associated with a spicy flavor and aroma. Cannabis cultivars typically contain small
concentrations of sabinene; however, some cultivars have been characterized as having
more sabinene than others, such as Super Silver Haze and Arjan’s Ultra Haze [104]. The
medical benefits of this monoterpene suggest anti-inflammatory [129], antioxidant [130],
and anti-microbial [131] properties. The known benefits of this terpene are limited, requir-
ing more research and exploration of the effects of sabinene in cannabis.

4.8. Thujene

Like many monoterpenes, thujene can be found in a variety of plant-derived essen-
tial oils such as eucalyptus [132], frankincense [133], and dill [134]. Similar to humu-
lene, α-thujene produces a woody, spicy aroma [135]. Researchers have tested the bioac-
tivity of essential oils that consist of high levels of thujene, such as the essential oil of
Boswellia serrata, which has been reported to consist of 61.36% α-thujene [136]. Investiga-
tions exploring the bioactivity of essential oils containing α-thujene suggest antioxidant [137],
anti-inflammatory [138], anti-microbial [139], and analgesic [140] properties. Although these
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studies provide insight into the bioactivity of essential oils containing this compound, more
research is required to delineate the therapeutic properties of isolated α-thujene.

4.9. Valencene

The sesquiterpene valencene produces an aroma that is often associated with cit-
rus fruits such as Valencia oranges [141]. In cannabis, valencene has been reported in
several different cultivars, but only at low concentrations [70]. Aside from its appealing
scent, valencene’s bioactivity has been explored through various essential oil profiles,
speculating anti-inflammatory [142], neuroprotective [143], anti-allergic [144], and anti-
microbial [145] properties.

While minor terpenes may not be the most abundant in cannabis, they have the poten-
tial to aid in the biological activities of cannabis. These terpenes demonstrate overlapping
activity with each other, often targeting the same biological function (even if mechanism of
action remains unknown) (Figure 3). Likewise, an overlap of therapeutic benefit between
cannabinoids and these secondary terpenes may be inferred based on current cannabinoid
research [60], suggesting a potential to increase the efficacy of these cannabinoids in an
additive or synergistic manner.

Figure 3. Bioactivities of the nine secondary terpenes covered in this review, along with cannabis’s
principal cannabinoids (CBD, cannabidiol; THC, tetrahydrocannabinol; CBG, cannabigerol; CBN,
cannabinol; CBC, cannabichromene). Bioactivity circles are color-coded to match the legend in the
middle; the presence of a particular shading in the circle is indicative that the terpene or cannabinoid
has been reported to possess that bioactivity. The figure demonstrates that not only do terpenes have
multiple potential bioactivities, but different compounds possess overlapping activities, suggesting
their potential to exert combination effects.
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5. Mechanism of Action for Terpenes—Pharmacologic Receptor Targets (TRPs)

Several studies have investigated the pharmacodynamics of the receptors for the major
terpenoids found in cannabis (e.g., β-caryophyllene, β-myrcene, β-pinene, α-humulene,
linalool). For instance, β-caryophyllene has been found to be an agonist at the cannabinoid
receptor 2 (CB2), peroxisome proliferator-activated receptor gamma (PPARγ), and the
toll-like receptor 4 (TLR4)/CD14/MD2 complex, while β-myrcene is an agonist at α2-
adrenergic receptors and transient receptor potential cation channel subfamily V member 1
(TRPV1) [13,146–149]. The information on the receptors modulated by the minor terpenes
found in cannabis is much more variable and will be the focus of the discussion below.

Borneol is an agonist of TRPM8. This activation of TRPM8 by borneol has been found
to be temperature sensitive and dose-dependent across a range of concentrations, from
10 μM to 2 mM; however, no EC50 was reported because the study failed to reach a maximal
response [150,151]. The activation of TRPM8 receptors by borneol has been found to activate
glutamatergic and GABAergic transmission in the spinal cord, leading to anti-nociceptive
activity [152,153]. The activation of TRPM8 by borneol has also been shown to enhance the
chemosensitivity of lung cancer cell lines to doxycycline [151]. Borneol is also an agonist
of TRPV3 (EC50 = 3.45 mM) channels [154]. Furthermore, borneol is an antagonist of the
TRPA1 channel, with an IC50 of 0.2–0.3 mM in cell-based assays [155,156]. The activation of
TRPV3 and inhibition of TRPA1 also likely contribute to the antinociceptive properties of
borneol. Of note, the antagonist/agonist profile of borneol at these receptors matches that
of several cannabinoids, including CBD, CBG, and THC; however, these effects occur at
relatively high levels.

Camphor is a major terpenoid constituent of cannabis but is best known as an isolate
from the camphor laurel (Cinnamomum camphora). This compound is FDA-approved as
an additive to soothing creams and ointments and as a component of over-the-counter
respiratory treatments. Camphor has been found to act as an agonist at TRPM8 and TRPV3
and an antagonist at TRPA1, which is perhaps not surprising considering the structural
similarity of camphor to borneol. Despite this structural similarity, camphor is less potent at
both TRPV3 (EC50 = 6.03 mM) and TRPA1 (IC50 = 1.26 mM) compared to borneol [154,156].
At TRPM8, camphor has an EC50 of approximately 4.5 mM [157]. Additionally, camphor
has been shown to be a partial agonist at TRPV1, with similar potency as at TRPV3 and
TRPA1 (EC50 > 3 mM) [158,159]. The action of camphor at these receptors likely accounts
for its analgesic activities. In addition, activation of the TRPV family of receptors has been
linked to the ability of camphor to relax the trachea in rats, which may help explain its
anti-congestive activities [160].

Cedrene has been identified as a potent agonist of the olfactory receptor 10J5 (OR10J5),
a GPCR that is also found in liver and muscle tissue [161]. In human hepatocytes, cedrane
has been shown to lower lipid levels through OR10J5. Furthermore, cedrane has been
shown to reduce muscle atrophy induced by a high fat diet in mice, this action is mediated
through the mouse ortholog of OR10J5, MOR23 [162]. This study also found that cedrane
increased muscle mass and strength, possibly through increasing expression of IGF1.

Isopulegol has been identified as an agonist of the most abundant GABAAR in the
brain, α1β2γ2, with an EC50 of approximately 3.25 μM. Activation of the GABAR produces
sedative effects, and these receptors are targets for both analgesics and anticonvulsant
medications [163]. Isopulegol is also an agonist at TRPM8 and may also antagonize the
TRPV1 receptor [164,165]. Either of these actions may account for the anti-nociceptive
properties of isopulegol that have been described in mice [165].

Phytol and its metabolites can act as natural ligands for a variety of transcription
factor receptors. This list includes the peroxisome proliferator-activated receptor (PPAR)
α and γ; however, an EC50 was not reported because the assay did not reach a plateau at
100 μM, the highest concentration tested [166,167]. Additionally, phytol has been shown
to be an agonist of retinoid X receptors (RXR), with EC50 estimates ranging from 41.9 to
67.2 μM, depending upon the isotype [168]. Through activation of these receptors, phytol
has been shown to reduce cancer cell viability in a number of cancer cell lines. Indeed,
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it has been found to have a lower IC50 in the lung adenocarcinoma cell line, A549, than
the chemotherapeutic agent methotrexate [169]. Phytol induced apoptosis in this system
through the activation of the TNF receptor, TRAIL, and FAS. Additionally, the authors used
molecular docking to suggest that phytol may bind to glucose-6-phosphate dehydrogenase
to inhibit tumor progression. In vitro, phytol has also been shown to increase the release of
CA2+ reserves via activation of GPR40, a G-protein-coupled receptor that normally binds
to free fatty acids, with an EC50 of 34.5 μM [170]. The activation of PPARs, RXRs, and
GPR40 by phytol may also be of potential therapeutic benefit for the treatment of diabetes,
and because of the ability to activate RXR receptors, phytol is also being pursued by the
cosmeceutical industry as an anti-aging treatment in lieu of retinol (which is not well
tolerated by all individuals due to its activation of TRPV1) [171,172].

Using a recently developed in vitro receptor binding assay, pulegone was shown
to be the component in Ziziphora clinopodioides that binds and potentially activates β1-
adrenoceptors [173]. Pulegone has been found to be an agonist of avian TRPM8 at low
concentrations; however, it antagonizes this receptor at higher concentrations [174]. This
study also found that pulegone is an antagonist of TRPA1 at both low and high concen-
trations. Taken together, these data suggest that pulegone may have anti-nociceptive and
analgesic utility.

Computer-based molecular docking research predicted that sabinene may be a potent
interactor with L-asparginase from the bacterial pathogen, Salmonella typhimurium [175].
This study found that sabinene had a higher docking score than the antibiotic ciprofloxacin,
suggesting that sabinene may have antibacterial properties and may be a good candidate
for antibiotic development. Additionally, sabinene has been found to reduce levels of the
inflammatory marker nitric oxide in cells exposed to lipopolysaccharide [129]. Another
molecular docking study suggested that sabinene may interact with the spike protein on the
SARS-CoV2 (COVID-19) virus along with three cell membrane proteins (transmembrane
serine protease 2, cathepsin B, and cathepsin L) that play a role in mediating viral entry into
cells [176]. Additional studies will be needed to determine if any of these interactions occur
in vivo, as well as which receptors might mediate the decrease in nitric oxide production
caused by sabinene. An in silico study suggested that thujene may have a modest binding
affinity for the SARS-CoV2 main protease and papain-like protease, but further work will
be needed to confirm these findings [177]. Additionally, no studies could be located that
identified potential human receptors for this terpene.

Valencene has been reported to be cardioprotective following myocardial infarction in
rats, and this protection is mediated through the inhibition of the NF-κB pathway, oxidative
stress, and cardiac hypertrophy; however, the receptors that mediate this inhibition were not
examined [178]. Valencene has been found to be an antagonist of the calcium ion channel
TRPV1 and the slow release calcium release-activated calcium channel protein 1 (ORAI1),
which inhibited the melanin content in UVB exposed melanoma cells, and may therefore
be useful for treating photo-aging of the skin [179]. This inhibition, may also mediate the
ability of valencene to potentially treat atopic dermatitis [180].

6. Synergy and the Entourage Effect: Beyond Cannabinoids

Natural product discovery efforts are traditionally reductionist in nature, devoted
to condensing a complex botanical extract down to a single bioactive agent for drug
development purposes. This is true for cannabis research and development, where the
single molecule approach remains the dominant approach [181]. However, botanical
medicines, including cannabis, are in fact complex diverse concoctions of phytochemicals
that have the potential of exerting differing and potentially complementary biological
effects. Indeed, it is often observed that these mixtures work in concert to achieve a specific
physiological effect [182]. Compounds can work in a synergistic manner, in which each
active compound potentiates the other to achieve a greater than expected benefit when
combined (i.e., 1 + 1 > 2). If one compound, having no activity of its own, impacts the
efficacy of an active molecule to increase activity (i.e., 1 + 0 > 1), this is known as an
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entourage effect [26]. As cannabis research has evolved, there has been a growing body
of evidence that cannabinoids beyond THC demonstrate efficacy in humans [183,184] and
that synergy/entourage could potentially play a large role in the bioactivity of cannabis
extracts and products [22,185].

Botanical synergy and entourage have been demonstrated in cannabis, first in the
combination of THC with other, “minor”, cannabinoids. Johnson et al. (2010) tested
a cannabis-based extract for patients with intractable pain and found that, while the
THC dominant extract did not improve patient outcome versus the placebo (the mean
pain Numerical Rating Scale (NRS) was a nonsignificant change of −1.01 vs. −0.69),
a whole plant extract (the only difference being the presence of CBD) demonstrated a
significant improvement in pain outcome (mean NRS of −1.37 vs. −0.69) compared to
the placebo [186]. Animal studies focusing on analgesia also evidenced greater response
from a full-spectrum cannabis extract as compared to pure CBD dosing [187]. Recently,
experiments with a seizure mouse model looked at the effects of different strains of cannabis
that all contained an equivalent CBD concentration. While all were effective, there were
noticeable differences between the strains, and profiling 94 phytocannabinoids across
36 of the most commonly used Cannabis plants prescribed to patients in Israel led to the
conclusion that these other cannabinoids have an impact on the overall efficacy of cannabis
plant extracts [188]. In one in vitro study, one study of breast cancer cell lines revealed
that the extract of the whole cannabis was more effective than a preparation featuring
THC by itself; the boost in activity was attributed to the presence of “minor” cannabinoids
cannabigerol (CBG) and tetrahydrocannabinolic acid (THCA) [189]. Complex fractions from
cannabis extracts demonstrated synergistic interactions on colorectal cancer cell lines [190].

Cannabinoids have been widely studied for the treatment of epilepsy [191,192]; com-
plex extracts containing multiple cannabinoids were found to treat severe epilepsy, such as
Dravet and Lennox-Gastaut syndromes, at lower doses than trials using purer preparations
(e.g., Epidiolex, which contains 97% CBD) [66,193]. A 2018 meta-analysis by Pamplona
et al. of 11 studies demonstrated that the response rate at 50% improvement of seizure
frequency was similar between the two groups, but the average daily doses were signifi-
cantly different: 27.1 mg/kg/d for purified CBD as opposed to 6.1 mg/kg/d. for cannabis
extracts [194]. Moreover, the incidence of adverse events was discernably higher in the CBD
versus complex extract treatments (p < 0.0001), a result that the authors attributed to the
lower dose utilized, which was achieved in their opinion by the synergistic contributions
of other entourage compounds.

Most synergy studies have focused primarily on the interactions between cannabinoid
structures, despite the fact that the original definition of the entourage effect arose from
the interaction of 2-acyl-glycerol esters with cannabinoids [26]. As terpenes are a large and
diverse family of phytochemicals found in cannabis, they have the potential to serve as
potentiating agents working in concert with cannabinoids. Terpenes, broadly speaking,
have been found to be broadly synergistic, helping modulate the activity of a number
of other botanicals, pharmaceuticals, and compounds. The terpenes highlighted in this
review also have a strong history of synergistic activity with other compounds. Borneol
was shown to synergize with curcumin to induce apoptosis in human melanoma cells [195],
potentiate the activity of berberine and baicalein in inhibiting in vitro and in vivo fungal
growth [196], and function as a potentiating agent to sensitize cancer cells to doxoru-
bicin treatment [151]. Sabinene [197] and pulegone [198] each indicated the potential for
synergistic interactions with prescription antibiotics in treating bacterial infections, and
β-caryophyllene and phytol demonstrated combination effects inducing apoptosis in skin
epidermoid cancer cells [199]. Terpenes have also demonstrated efficacy in the treatment
of mood and anxiety disorders, suggesting the possibility of combination effects with
cannabinoids for more effective treatments [200]. Thus, while the potential of cannabis
terpenes to possess additive or synergistic properties was originally posited as hypothetical
based upon similar bioactivities [23], more recent studies have explored this possibility
in earnest.

262



Biomedicines 2022, 10, 3142

A 2021 study by LaVigne et al. found that α-humulene, geraniol, linalool, and β-pinene
were cannabimimetic at the CB1 receptor and produced cannabinoid-like behaviors in a
mouse model. Furthermore, the terpenes potentiated the effects of a cannabinoid agonist,
suggesting synergistic activity [201]. Di Giacomo et al. treated triple negative breast cancer
cells (MDA-MB-468) with hemp inflorescences and pure compounds of CBD, caryophyllene
and cannabichromene. The presence of these other compounds induced the potentiating
effects of CBD, likely mediated through CB2 activation [202]. However, separate studies
observed that none of the terpenes α-pinene, β-pinene, β-caryophyllene, linalool, limonene,
and β-myrcene were found to alter potassium channel signaling in AtT20 cells expressing
CB1 and CB2 receptors, and did not interact with THC at the receptor [203], nor did they
affect changes in intracellular calcium at the human transient receptor potential ankyrin
1 (hTRPA1) or human transient receptor potential vanilloid 1 (hTRPV1) channels [204].
Using a radioligand ([3H]-CP55,940) to measure binding at the CB1 and CB2 receptors,
none of the tested terpenes (myrcene, α-pinene, β-pinene, β-caryophyllene, and limonene)
had interactions with receptors, nor did they modulate the binding of THC or CBD [205].
Similarly, no synergy was detected between myrcene and CBD in modulating inflammation
and analgesic properties in a rat adjuvant monoarthritis model [206]. Research on colorectal
cancer cells did not detect any enhancement of activity when terpenes were included as
part of a complex CBD oil compared to the effect of CBD alone [207].

The divergence of results involving potential synergy or entourage effects has led to
doubt surrounding the entourage effect in cannabis and whether it really holds pharma-
ceutical potential. Cogan (2020) references several studies where individual cannabinoids
did not improve the clinical performance of THC or CBD [208]. However, the intellectual
leap to label cannabis potential synergistic interactions as “questionable” is perhaps pre-
mature. Botanicals or combinations exhibiting synergy or entourage does not necessitate
that the effects take place at the same target to elicit a heightened response; compounds
can exhibit “pharmacodynamic synergism” by acting at multiple cellular targets (seen in
both antibiotic and cancer synergistic therapies) [209,210] and “pharmacokinetic syner-
gism” by increasing the solubility or disposition (absorption, distribution, metabolism) of
active constituents [211,212], and can limit side effects of the active constituent [213,214] or
disrupt resistance mechanisms [215,216]. Indeed, the study Santiago et al. that purported
the “absence of entourage” nevertheless suggested that synergy could still be taking place
at a different molecular target than the CB receptors [203]. Therefore, as further studies are
developed, it would be prudent to also employ phenotypic assays that encompass more
than a single receptor/enzyme/target and can better deduce the combination effects at
complementary sites and pathways to deliver heightened results. Thus, the heightened
skepticism or dismissal of synergism in cannabis is perhaps unwarranted at this time, as
there exists a growing body of evidence suggestive that not only do multiple cannabinoids
work in concert to produce heightened effects (or potentially lower deleterious side effects),
as seen in the prescription drugs that utilize multi-component cannabis extracts (Sativex®

and Epidolex®) [186], but that terpenes/terpenoids can also potentially function as syner-
gists with cannabinoids to deliver amplified results. Furthermore, studies from our own
group, using an animal model of chemotherapeutic induced peripheral neuropathy, demon-
strated an enhanced effect at reducing mechanical hypersensitivity by an extract containing
equal parts CBG and CBD, in addition to other cannabinoids and terpenes, compared to
pure CBG [217]. Additionally, in the same animal model we found that pure CBD was
without an effect; however, when animals were treated with a complex hemp extract at the
same CBD concentration, a reduction in mechanical sensitivity was observed [218]. These
studies suggest that there is a potential interaction between cannabinoids and terpenes that
can enhance the effect of pure cannabinoids alone. Moreover, the lack of synergy in vitro
may not hold true for results in intact organisms, and the entourage effect does not have to
be present or absent in all systems or biomedical indications. The search for synergy and
entourage effects within the diverse phytochemical landscape of cannabis remains in its
infancy; to better understand these combination effects, further research on the potential
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combination effects of cannabis’s polypharmacy is essential to establish mechanisms of
interaction, cellular targets of interest, and adverse events.

7. Conclusions and Future Directions

While commonly thought of as a psychoactive plant producing one of the most
famous mind-altering chemicals discovered by humans, cannabis is a biosynthetic engine,
producing hundreds of diverse phytochemicals that have the potential to impact a wide
variety of human health conditions. In particular, cannabis produces 200 terpene structures
that are of interest, both as independently bioactive molecules as well as by modulating or
potentiating the effects of cannabinoids or other phytochemicals from cannabis. Terpenes
are already widely implemented in traditional medicines and pharmaceuticals, as well as in
industrial processes, perfumery, cosmetics, and food additives. They demonstrate generally
low toxic profiles and high bioavailability and are highly selective to TRP channels, among
other targets. There are known cannabimimetic activities of some terpenes, and they
already have shown synergy amongst each other in other in vitro and in vivo studies.
Thus, there is a firm foundation for cannabis synergy and the involvement of terpenes in
the flavor, aroma, and bioactivity of cannabis. Investigations into potential combination
effects in cannabis is a growing field, one which requires rigorous experimental design
and execution but has the possibility to evolve our understanding of cannabis’s diverse
pharmaceutical effects.
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Abstract: The endocannabinoid system (ECS) dynamically regulates many aspects of mammalian
physiology. ECS has gained substantial interest since growing evidence suggests that it also plays
a major role in several pathophysiological conditions due to its ability to modulate various under-
lying mechanisms. Furthermore, cannabinoids, as components of the cannabinoid system (CS),
have proven beneficial effects such as anti-inflammatory, immunomodulatory, neuromodulatory,
antioxidative, and cardioprotective effects. In this comprehensive review, we aimed to describe the
complex interaction between CS and most common age-related diseases such as neuro-degenerative,
oncological, skeletal, and cardiovascular disorders, together with the potential of various cannabi-
noids to ameliorate the progression of these disorders. Since chronic inflammation is postulated as
the pillar of all the above-mentioned medical conditions, we also discuss in this paper the potential
of CS to ameliorate aging-associated immune system dysregulation.

Keywords: cannabinoids; aging; endocannabinoid system; cannabinoid receptors; age-related diseases

1. Introduction

It is well established that the endocannabinoid system (ECS) is involved in the modula-
tion of various physiological processes such as memory, pain, cognition, temperature, mood,
feeding, and pregnancy [1,2]. In the past decades, ECS has gained substantial interest since
growing evidence suggests that ECS also plays a major role in several physiopathological
conditions due to its ability to modulate various underlying mechanisms [3]. For example,
a neuromodulatory effect induced by ECS was recently described in neurodegenerative
disorders such as Alzheimer’s and Parkinson’s disease. Additionally, ECS has been shown
to play a significant role in inflammation associated with these medical conditions [4–6].

The ECS is comprised of endocannabinoids, cannabinoid receptors, and the proteins
that are involved in the transport, degradation, and synthesis of cannabinoids, such as
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diacylglycerol (DAG) lipase isozymes α and β, fatty acid amide hydrolase (FAAH), monoa-
cylglycerol lipase (MAGL), and N-acylphosphatidylethanolamine-selective phospholipase D
(NAPE-PLD) [3,7]. Recent studies focusing on the modulation of the ECS have demonstrated
that multiple signaling pathways are involved in its modulation. This particular feature
is proven by the multifunctionality of its components [7]. It is well known that cannabi-
noids interact mainly, but without excluding other classes, with three classes of receptors:
(1) G-Coupled Protein Receptors (GPCRs)—Cannabinoid receptors 1 and 2 (rCB1 and rCB2),
(2) Ligand-sensitive ion channels (e.g., Transient Receptor Potential Vanilloid 1—TRPV1),
and (3) nuclear receptors (e.g., nuclear receptor peroxisome proliferator-activated receptor
gamma (PPAR-γ)) [3]. CB1 receptor was initially discovered and characterized in rat brain
and thereafter in the human central nervous system [8,9]. Unlike rCB1, the second cannabi-
noid receptor (CB2) was initially cloned and characterized in two type of cells: in a human
promyelocytic leukemic cell line and in rodent spleen cells [10]. In the past years, the main
structural features of cannabinoid receptors CB1 and CB2 were clarified by using X-ray
crystallography [11,12]. These modern methods paved the way for the synthetization of
agonists and/or antagonists with a high selectivity for cannabinoid receptors leading thus to
a complete description of various underlying rCB-related pathways [13]. The most important
modulators of cannabinoid receptors, their mechanism of action, and the main findings in
various experimental models are summarized in Table 1.

Table 1. The most important modulators of cannabinoid receptors, their mechanism of action, and
the main findings in various experimental models.

Cannabinoids Cannabinoid Origin
Mechanism of

Action on Cannabinoids
Receptors

Experimental Model Main Findings Ref.

CP 55.940 → synthetic → rCB1 and
CB2 agonist

→ acute pain models in mice;
→ neuropathic pain models

induced by paclitaxel in CB1,
CB2 knockout and
wild-type mice.

→ CP 55.940 combined with a
μ opioid agonist displayed
synergism in two
experimental pain test;

→ antiallodynic dose-
dependent effects.

[14,15]

Rimonabant
(SR-141716A)

→ synthetic → rCB1 selective
→ antagonist

→ obese Zucker (fa/fa)
rats model;

→ non-obese Wistar rats.

→ reduction of
hyperinsulinemia;

→ dose-dependent reduction
of both food intake and
body weight.

[16,17]

AM251 → synthetic → neutral antagonist

→ acute foot-shock stress
in mice;

→ neurodevelopmental animal
model based on a social
isolation procedure;

→ 129/SVE and C57BL/6
male mice.

→ antidepressant-like effect
through interaction of
opioid and
cannabinoid pathways;

→ long-lasting effect on
psychotic-like symptoms;

→ reduction in neuronal
activity induced
by isolation;

→ antidepressant-like and
anorectic effect.

[18–20]

WIN 55212-2 → synthetic

→ rCB1/CB2
→ agonist with a

slightly higher
CB2R selectivity

→ neuropathic pain models;
→ autoimmune

encephalomyelitis model;
→ behavioral changes induced

by trauma exposure;
→ post-traumatic stress

disorder models;
→ animal model of

hypoxia-ischemia in
fetal lambs.

→ analgesic effect;
→ reduction of the increased

leukocyte rolling and firm
adhesion in the brain;

→ restoring normal social
behavior by modulating
the stress response;

→ reduction of anxiety-like
behavior;

→ reduction of the
pro-inflammatory
cytokines tumor necrosis
factor (TNF)-α and
interleukin (IL)-1β and
IL-6 (interleukin 6).

[21–25]
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Table 1. Cont.

Cannabinoids Cannabinoid Origin
Mechanism of

Action on Cannabinoids
Receptors

Experimental Model Main Findings Ref.

Δ9-THC (Δ9-
tetrahydrocannabinol)

→ natural → rCB1/ CB2
→ partial agonist

→ male Sprague–Dawley rats
exposed to chronic treatment
with Δ9-THC.

→ neuroadaptive responses
to cannabinoids via the
increased expression of
brain-derived
neurotrophic factor.

[26,27]

CBD
(cannabidiol)

→ natural
→ rCB1 antagonist/

inverse agonist;
CB2 partial agonist

→ Alzheimer’s disease mouse
model;

→ rat model of neuropathic
pain;

→ epilepsy mice model;
→ Parkinson’s disease rat

model.

→ reversed cognitive deficits
in object recognition
memory and social
recognition memory;

→ modulates chronic
neuropathic pain and
depression-specific
behavior;

→ reduces seizures and
associated behavioral
comorbidities;

→ neuroprotective and
symptomatic effects.

[28–31]

JWH-015 → synthetic → rCB2 selective
→ agonist

→ mice model of induced
neuropathic pain;

→ rat model of induced
arthritis;

→ acute and persistent
inflammatory pain model.

→ antiallodynic effect;
→ anti-inflammatory effect;
→ antinociceptive effects.

[32–34]

JWH-133 → synthetic → rCB2 selective
→ agonist

→ rat model of spinal cord
ischemia reperfusion injury;

→ wild-type and knockout
mice lacking CB2 in neurons,
monocytes or constitutively,
exploring spontaneous
neuropathic pain.

→ attenuated neurological
deficit and blood-spinal
cord barrier disruption via
toll-like receptors 4
(TLR4)/matrix
metalloproteinase 9
(MMP9) signal pathway;

→ alleviates spontaneous
pain and
anxiety-associated
behavior.

[35,36]

The cannabinoid receptors 1 and 2 are found in a variety of tissues and organs and
are the pillar of the ECS signaling complexity. Both rCB1 and rCB2 are G protein coupled
receptors but they are characterized by structural differences and thus, the affinity for
various endogenous or exogenous ligands vary accordingly. rCB1 is mainly found in the
central nervous system into axons and presynaptic terminals in the amygdala and cortex,
in GABAergic interneurons in the hippocampus, glial cells (astrocytes, oligodendrocytes),
and microglia [37–39]. Interestingly, rCB1 are also involved in neurotransmission since
they were found in glutamatergic, cholinergic, dopaminergic, and serotonergic systems.
Remarkably, significant differences in receptor density were reported in these regions
depending on physiological or pathological conditions [40]. rCB2 are found in different
populations of circulating immune cells and cellular elements in the spleen and thymus and
are mainly involved in the immune reactions [41,42]. Moreover, recent evidence advocates
that rCB2 play a pivotal role in the reduction of progression of neurodegenerative disorders
such as multiple sclerosis, Alzheimer’s, and Parkinson’s disease [43–45].

All the compounds which have either a natural or synthetic source, as well as an
endogenous origin and are able to interact with abovementioned cannabinoid receptors
are generally known as cannabinoids. The recent advances in the field of spectrometric
methods made possible the isolation and extraction of Δ9-tetrahydrocannabinol (Δ9-THC)
and cannabidiol (CBD)—the 2 main phytocannabinoids found in highest concentration
in the Cannabis sativa [40,46]. Given the vast history of empirical use of Cannabis sp. due
to its analgesic, anti-inflammatory, and anxiolytic properties, experimental studies have
focused on identifying new potential therapeutic effects of Δ9-THC and CBD. For example,
in animal models of multiple sclerosis, CBD has been shown to have a significant anti-
inflammatory effect since it was able to decrease the concentration of proinflammatory
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cytokines interleukin 6 (IL-6), interleukin 12 (IL-12), tumor necrosis factor α (TNF-α), and
interleukin 1 (IL-1) [47]. Moreover, recent evidence has shown additional benefits such as
analgesic effects in rheumatoid arthritis, fibromyalgia, and oncological conditions [40].

The extensive research on phytocannabinoids have led to the discovery of two endo-
cannabinoids: anandamide or N-arachidonoyl ethanolamine (AEA) and 2-arachidonoylglyc-
erol (2-AG) [48]. Together with the enzymes involved in their metabolism such as FAAH,
monoacylglycerol lipase, and NAPE-PLD, they represent the basis of the well-known
ECS [49]. AEA and 2-AG represent the main signaling lipids for cannabinoid recep-
tors and share many features such as structural similarity and synthesis mechanism.
Interestingly, both of them are synthesized “on demand” as a result of increased intra-
cellular Ca2+ concentration. The enzymes involved in the synthesis and degradation
of AEA and 2-AG are sensitive to both intra- and extracellular calcium ions [50]. The
biosynthesis of AEA is carried out under the action of NAPE-PLD, from the precursor N-
arachidonoylphosphatidylethanolamine (NAPE) [51]. The enzyme involved in AEA degra-
dation is FAAH which transforms AEA into arachidonic acid and ethanolamine. Some au-
thors suggest the possibility that FAAH also metabolize 2-AG [52,53]. 2-Arachidonoylglycerol
is generated into a two-step synthesis pathway by removal of inositol triphosphate (IP3)
from arachidonoyl-containing phosphatidyl inositol biphosphate (PIP2), followed by re-
moval of the acyl group at position 1 by a diacylglycerol (DAG) lipase [54]. 2-AG degrada-
tion is primarily carried out by MAGL and secondary by serine hydrolase α-β-hydrolase
domain 6 (ABHD6) [7,55].

Endocannabinoids are implicated in various physiological and pathological processes.
Changes in endocannabinoids concentration, as well as dysregulation of the ECS have
been associated with pathological conditions, including, but not limited to: cancer, os-
teoporosis, neuromotor, neuropsychological, and neurodegenerative diseases, respiratory
diseases such as asthma, cardiovascular diseases such as stroke, atherosclerosis, myocardial
infarction, metabolic disorders, arrhythmias, and hypertension [3,56].

Synthetic cannabinoids (SC) were synthetized to overcome the undesirable effects
of phytocannabinoids by optimizing and/or improving the pharmacological profile. For
example, current research is focusing on obtaining new classes of analgesics based on
SC. As we have previously concluded, replacing opioids with SC for pain management
will present not only mechanistic benefits, but it will also reduce health costs and deaths
associated with excessive opioid use [57].

Aging is a complex physiological process which is under the influence of different
genetic and biological factors and is generally characterized by a progressive loss of func-
tional integrity. Epidemiological studies predict that 1 out of 6 individuals will be over the
age of 65 in 2050 and the number of the elderlies is likely to double in the next 3 decades
with the biggest increase among the population of east and southeast Asia. In these regions,
the number of people is expected to increase from 261 million to >570 million in 2050.
Furthermore, the least developed countries will host an average of about 2/3 of the world’s
population [58]. It is well known that population aging will significantly increase the inci-
dence and prevalence of the disorders that associate an increased mortality and morbidity.
Neurodegenerative and cardiovascular diseases, cancer, and diabetes are the most common
aging-associated disorders which significantly increase the risk of death [59,60]. At the same
time, aging is one of the most significant risk factors for the aforementioned pathologies.

Growing evidence suggests that CS may represent a promising therapeutic approach
for these disorders. Moreover, all the encouraging results from experimental studies focus-
ing on the role of both classical and newly described cannabinoid receptors pave the way for
the use of cannabinoids in a variety of medical conditions. The most representative clinical
studies focusing on cannabinoids effect in various age related-diseases are summarized in
Table 2.
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Table 2. The most representative clinical studies focusing on cannabinoids effect in various age
related-diseases.

Cannabinoid
Specific

Cannabinoid
Studied

Disease
Number of

Patients
Enrolled

Inclusion Criteria Main Findings Ref.

Synthetic
Δ9-tetrahy-

drocanna-binol
Dronabinol Multiple

Sclerosis 240

→ McDonald criteria [61];
→ age: 18–70 years old;
→ stable multiple sclerosis (MS)

symptoms;
→ moderate to severe central

neuropathic pain (CNP).

→ clinically significant
reduction of mean pain
intensities but without
reaching a statistical
significant difference
between treatment and
placebo groups;

→ dronabinol is safe over the
long term;

→ positive influence on
patients’ overall Quality of
Life (QoF).

[62]

Synthetic
Δ9-tetrahy-

drocanna-binol

ECP002A
(oral

formulation of
Δ9- tetrahydro-

cannabinol)

Multiple
Sclerosis 24

→ age: ≥18 years old
→ progressive MS according to the

revised McDonald criteria;
→ disease >1 year
→ clinically stable for at least

30 days before the inclusion;
→ moderate spasticity as defined

by an Ashworth score of ≥2
(range, 0–4) and a Kurtzke
Expanded Disability Status
Scale score between 4.5 and 7.5
at baseline (range, 0–10).

→ ECP002A is well tolerated
with a stable
pharmacokinetic profile;

→ significant reduction of
pain after ECP002A
administration;

→ subjective MS related
spasticity improved after 2
and 4 weeks of treatment.

[63]

Synthetic
Tetrahydro-canna-

binol:Canna-bidiol
spray

Nabiximols Multiple
Sclerosis 106

→ age: ≥18 years old;
→ moderate to severe MS

spasticity defined as a score of
≥4 on the MS spasticity
0–10 numerical rating scale;

→ spasticity symptoms for at least
12 months;

→ resistant MS spasticity.

→ THC:CBD spray
significantly improved
resistant MS spasticity
when compared with
first-line medication alone;

→ THC:CBD spray was
significantly superior to
placebo for spasms severity,
sleep disruption and
modified Ashworth scale
(MAS) score.

[64]

Synthetic
Cannabidiol

ZYN002
(transdermal

synthetic
cannabidiol

gel)

Osteoarthritis 320

→ fulfil of American College of
Rheumatology criteria for knee
osteoarthritis;

→ 7 days wash-out of current
anti-inflammatory and
analgesic drugs, except
paracetamol.

→ although ZYN002 was not
statistically different from
placebo, post-hoc analyses
showed that men treated
with ZYN002 had
statistically significant
reductions from baseline in
average worst knee pain
scores when compared
with placebo group.

[65]

Synthetic
Δ9-tetrahy-

drocanna-binol
Nabilone Alzheimer

disease 38

→ patients with moderate to
severe Alzheimer disease (AD);

→ age ≥55 years old;
→ fulfil of Diagnostic and

Statistical Manual of Mental
Disorders (DSM)-5 criteria for
Major Neurocognitive Disorder
due to AD, or met both Major
Neurocognitive Disorder due to
AD and Major Vascular
Neurocognitive Disorder;

→ patients with a score of ≤24 on
the standardized Mini-Mental
Status Examination (sMMSE)
and clinically significant
agitation/aggression
(Neuropsychiatric Inventory
(NPI)-agitation/aggression
subscore ≥3).

→ nabilone administration
significantly reduced
agitation over 6 weeks;

→ nabilone as associated with
improvements on overall
neuropsychiatric symptom;

→ nabilone showed greater
improvements in agitation
when compared to other
cannabinoids;

→ nabilone was associated
with significant

→ improvements on the
short-form mini-nutritional
assessment (MNA-SF),
suggesting potential
benefits on nutritional
status.

[66]
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Table 2. Cont.

Cannabinoid
Specific

Cannabinoid
Studied

Disease
Number of

Patients
Enrolled

Inclusion Criteria Main Findings Ref.

Synthetic
Δ9-

tetrahydrocannabinol
Donabinol Pancreatic

cancer
104

estimated

→ patients ≥55 years od
→ locally advanced, inoperable or

metastatic pancreatic cancer,
eligible for first-line
chemotherapy;

→ life expectancy of >4 months at
screening;

→ female patients must either be
post-menopausal or surgically
sterilized or use a highly
effective method of birth control
(hormonal contraceptives,
intra-uterine devices, or
diaphragms with spermicide).

→ ongoing phase III clinical
trial assessing the efficacy
and safety of dronabinol in
the improvement of
chemotherapy-induced
and tumor-related
symptoms in advanced
pancreatic cancer;

→ estimated completion date
later in 2023
(NCT03984214).

However, to narrow the scope of the present paper we aimed to describe only the
interaction between CS and most common age-related diseases such as neurodegenerative,
oncological, skeletal, and cardiovascular disorders, together with the potential of various
cannabinoids to ameliorate the progression of these disorders, as summarized in Figure 1.
Since chronic inflammation is postulated as the pillar of all the above-mentioned conditions,
we will also discuss in this paper the potential of CS to ameliorate aging-associated immune
system dysregulation.

Slows down or prevents  
the occurrence of… 

Figure 1. Schematic representation of the potential positive influence of cannabinoids use in various
aging-related diseases.

The Physiology of Aging

The remarkable achievements of modern civilization in terms of living conditions
together with the development of modern medicine have generated a considerable increase
in humans’ lifespan. It is predicted that the abolition of pathological factors that are
responsible for the main causes of death will increase the life expectancy from 50 to
about 95 years [67]. It is clear now that the population aging will lead to a significant
increase of the incidence and prevalence of chronic diseases that associate the highest
mortality and morbidity rates. Among them, ischemic cerebro-cardiovascular diseases,
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neurodegenerative, oncological, and respiratory pathologies associate a continuously rising
mortality rate and also have the biggest impact on overall prognosis and survival rate [68].
Thus, the abovementioned diseases clearly represent a challenge for the research community
to improve the interrelation between chronic diseases and the increase in lifespan and aging.

Aging involves degenerative processes and functional changes at molecular, cellular,
tissue, and whole body levels [69,70]. Understanding both the physiological and patho-
physiological alterations that contribute to aging will provide a solid basis not only for the
treatment, but also for the development of novel biomarkers which may reflect the risk of
developing these age-related diseases.

The etiology of aging is complex and multifactorial. Experimental and clinical studies
have failed to reveal until now the main mechanisms of aging and a plethora of theories
have emerged in the past years [71]. We will discuss the most postulated theories of aging
together with the potential of the CS to ameliorate various underlying mechanisms of
the progression of aging-related diseases. One of the hypotheses proposed as the basic
mechanism of aging is known as the telomeres theory of aging [72]. Telomeres have
specialized deoxyribonucleic acid (DNA) protein structures that are found at the ends of all
mammalian chromosomes and play a major role in covering the ends of the chromosomes
to reduce DNA loss during cell replication. Telomere shortening may cause end-to-end
fusion and chromosomal instability. The shortening phenomenon of telomeres to a critically
short length during cell division has been associated with the finite replication capacity
of somatic cells up to a certain critical point named the Hayflick limit, which precedes
cellular senescence and apoptosis. Interestingly, telomere length decreases with age in
somatic cells leading thus to the loss of the cell ability to divide [73]. On the other hand,
this mechanism represents also a physiological response of the organism that prevents
genomic instability due to the accumulation of damaged DNA [73–77]. Taken together, the
length of the telomers may be considered as a key biomarker of the onset of senescence
in human cell [78]. However, the telomere-dependent replicative senescence mechanism
may differ between species and cell types leading to multiple limitations in translating the
results from animals to humans [79,80]. Among the phenomenon of progressive shortening
of telomers, other factors such as telomere dysfunction, genetic mutations, radiation and
the presence of alkylating agents lead to the development and accumulation of senescent
cells at different organism’s levels [81].

Emerging evidence indicates that senescent cells are characterized by a state of irre-
versible cell-cycle arrest together with a series of progressive and phenotypically diverse
cellular states acquired after the initial growth arrest [82]. In addition, senescent cells
release proinflammatory cytokines, chemokines, growth factors and proteases. This pheno-
type is known as the senescence-associated secretory phenotype (SASP) which generates
both positive and negative effects [69]. For example, SASP may be effective in liver fi-
brosis and wound healing by interfering with remodeling processes of fibrous tissue. On
the other hand, SASP may stimulate tumorigenesis by promoting angiogenesis or tumor
growth [70,77,82]. Additionally, due to its paracrine mechanism of action, SASP may
negatively impact adjacent cells by locally promoting a chronic state of inflammation,
i.e., inflammaging, which is closely linked to several aging associated diseases such as
rheumatoid arthritis, cancer, atherosclerosis, and neurodegenerative diseases [83,84]. Re-
cent studies have shown that senescent cells may also induce a progressive functional
deterioration in the tissues in which they accumulate contributing thus to the development
of several age-related pathologies such as osteoarthritis, fibrosis, Alzheimer’s disease,
pancreatitis, metabolic disorders, and atherosclerosis [70,71,77,83].

Additionally, cellular senescence is induced by high levels of reactive oxygen and
nitrogen species (RONS) that further influence various components of SASP. The accumula-
tion of altered macromolecules induced by RONS during oxidative processes that trigger
the initiation of cellular senescence led to the elaboration of another theory of aging called
the oxidative stress theory [84,85]. Although reactive oxygen species (ROS) are the products
of endogenous aerobic metabolism, RONS result from both endogenous (nicotinamide
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adenine dinucleotide phosphate oxidase, myeloperoxidase, lipoxygenase and angiotensin
II) and exogenous sources (pollution, tobacco, alcohol, heavy metals) [86–88]. As in the
case of ROS, RONS resulting from cellular metabolism due to the alteration of the balance
between their generation and removal may aggravate the oxidative stress [84,85].

Experimental and observational studies have shown that an increase in both ROS and
RONS levels is associated with various age-related diseases. For example, it is clear now
that physiopathological alterations of the cardiovascular system may also occur due to
a decreased tolerance to reactive oxygen species. Moreover, the aged organism carries a
high risk of atherogenicity due to a significant increase in oxidized low-density lipoprotein
(LDL) levels [89,90]. ROS also modulate the activation of transcription factors that further
influence the release of proinflammatory biomolecules. Moreover, the transcription of nu-
clear factor kappa-light-chain-enhancer of activated B cells (NF-kB) activated by TNF-α and
RONS stimulates the genes involved in cell proliferation and carcinogenesis [84,91]. Thus,
oxidative stress may activate immune cells and further exacerbate inflammation [84,92].
Recent studies have also shown that oxidative stress has detrimental effects on the normal
function of neuronal cells [93]. The presence of active redox metals such as copper and iron,
together with high concentrations of polyunsaturated fatty acids (PUFA) that are prone to
lipid peroxidation, as well as low levels of antioxidant glutathione (GSH) may represent
the main mechanisms involved in the development of neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, and Huntington’s disease [86].

Taken together, the telomers shortening, cellular senescence, and oxidative stress may
represent the main mechanisms responsible for the development of aging-related diseases.
Moreover, all these mechanisms are also capable of inducing various functional alterations
of the immune system which further promote and maintain a prolonged status of chronic
inflammation that aggravates the progression of aging-associated diseases.

2. Chronic Inflammation and Immunosenescence in Aging

It is now generally accepted that ECS dynamically regulates many aspects of mam-
malian physiology [94]. Recent evidence indicates that ECS may play a pivotal role in
aging-related diseases such as neurodegenerative, inflammatory, and immune-related
diseases, neoplasia, and cardiovascular disorders [95,96]. In contrast, the relationship
between ECS, inflammatory and immune-related diseases, and aging is still under debate.
Recently, a beneficial influence of the cannabinoids on the abovementioned relationship
was described and ongoing studies are focusing on the hypothesis that cannabinoids may
improve the pathophysiological mechanisms associated with inflammation and immune
system dysfunction [97]. In the next paragraphs, we focused on the description of the
ECS alterations and the therapeutic potential of the natural, synthetic and endogenous
cannabinoids in all the before mentioned disorders.

2.1. Cannabinoids in Chronic Inflammation

Chronic inflammation and subsequent alterations of the immune system that occur
with advancing age, i.e., immunosenescence, are strongly related [98,99]. The majority of
the studies focusing on the concept of immunosenescence points toward the conclusion that
this represents the leading cause of most biological changes related to aging and associated
pathologies. Although many features of immunosenescence may be considered harmful,
there are also adaptive or remodeling characteristics which are necessary to ensure survival
and longevity, as long as they are kept within normal limits [98]. We will further describe
the harmful consequences of the immunosenescence-induced inflammation and also the
potential beneficial role of cannabinoid use to improve this relationship.

As mentioned above, aging involves a nonspecific state of chronic inflammation, a par-
ticular condition that is usually characterized by increased levels of multiple inflammatory
biomarkers such as C-reactive protein (CRP), TNF-α, IL-6, and interleukin 8 (IL-8) [100,101].
Experimental studies have shown that cannabinoids may have anti-inflammatory effects
since their administration in various age-related diseases led to positive outcomes on vari-
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ous subpopulations of inflammatory cells. For example, in an in vivo experiment, Kaplan
et collaborators have demonstrated in an animal model of inflammation that CBD has
a significant anti-inflammatory effect since it was able to decrease the circulating levels
of IL-6 [102]. In another in vitro experimental study focusing on allergic contact dermati-
tis, CBD was shown to suppress the inflammatory state by the inhibition of synthesis of
proinflammatory cytokines such as IL-6, IL-8, and TNF-α [103]. Furthermore, in an animal
model of myocardial ischemia, CBD demonstrated notable cardioprotective effects due to
its ability to significantly reduce IL-6 levels [104]. In all these experimental studies, the
anti-inflammatory effects of CBD were mediated through the cannabinoid receptors CB1
and CB2 [102]. In addition, activation of G protein coupled receptor 55 (GPR55), inhibi-
tion of FAAH, activation of TRPV1 receptors, and gamma receptor activated by PPAR-γ
peroxisome proliferator, as well as CB2/5HT1A heterodimerization represents additional
pathways through which CBD exerts its anti-inflammatory effects [105,106].

Another component of the cannabinoid system is Δ9-THC which also showed various
anti-inflammatory effects in both in vivo and in vitro studies. Interestingly, unlike CBD,
Δ9-THC exerts its anti-inflammatory action by inhibiting T-helper (Th)-1 lymphocytes and
promoting the activity of Th-2 lymphocytes [106]. Moreover, THC plays an important
role in modulating the inflammatory response by suppressing proliferation, chemotaxis,
phagocytosis and cytokine production. In a study on human monocytes and astrocytes,
Δ9-THC was shown to suppresses inflammatory responses through the suppression of
the IL-1b monocyte synthesis and subsequent IL-6 astrocytes production [107]. Thus, like
CBD, Δ9-THC is also able to reduce the pro-inflammatory state mediated by IL-6. This is of
paramount importance given that the majority of experimental and clinical studies have
shown that an increased concentration of IL-6 is strongly correlated with high morbidity
and mortality in the elderly [108]. Moreover, the inflammatory pathways encompassing pro-
inflammatory cytokines such as IL-6, IL-8, and IL-1α have also been shown to play a critical
role in the expression of cardiovascular risk factors such as hypertension, atherosclerosis,
diabetes, and obesity which increases the risk for cardiovascular disease with age [84,109].
Taken together, these experimental results suggest that the modulation of pro-inflammatory
cytokines such as IL-6 by ECS may have beneficial effects on aging-related diseases.

Experimental studies have shown that ECS is also involved in the modulation of TNF-α
levels, a cytokine which is known to play a key role in the proinflammatory status associ-
ated with aging [101,110]. Interestingly, in an in vitro study on the wild murine glial cells,
abnormal cannabidiol (an atypical synthetic cannabinoid) developed anti-inflammatory
effects by reducing lipopolysaccharide (LPS)-induced TNF-α production. Furthermore,
abnormal cannabidiol significantly attenuated lipopolysaccharide-induced TNF-α expres-
sion in astrocytes [111]. In addition, in a murine model of chronic liver failure due to
excessive alcohol consumption, CBD suppressed the expression of several proinflammatory
cytokines including TNF-α [112]. In another murine study on a model of anti-CD40 colitis,
THC was also able to reduce the circulating levels of TNF-α, interleukin 17A (IL-17A),
interleukin 22 (IL-22), and interferon-γ (IFN-γ), leading to a significant reduction in both
systemic and local inflammation [113]. Granja et al. have shown in an in vitro study on
murine neuronal cultures that a synthetic cannabinoid (VCE-003) is able to significantly
reduce the secretion of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β. Inter-
estingly, the mechanism of action is mediated by the activation of PPAR-γ receptors and
the anti-inflammatory effect may be enhanced by various phytocannabinoids with high
affinity for this receptors [114]. Taken together, the abovementioned results suggest that
the inhibition of pro-inflammatory pathways through ECS may be a promising approach
to ameliorate various aging-related pathologies and to improve thus the prognostic and
quality of life of these patients.

It Is well known that the inflammation plays a key role not only in the onset, but
also in the progression of age-related diseases. CRP is an inflammatory marker which has
predictive roles in morbidity and mortality in the elderlies since its increased circulating
level is usually associated with the development and progression of various cardiovascular,
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metabolic and neurodegenerative diseases [100,115,116]. Although the cannabinoids in-
duced anti-inflammatory effects have also been studied in the CRP-mediated inflammatory
pathways, their role still remains controversial. For example, the results from a study on
1115 recently active cannabis smokers and 8041 non-smokers showed that recent and active
cannabis smokers have lower serum CRP levels when compared to non-smokers [117].
Although this effect may be explained by gender differences, body mass index (BMI) dis-
parities, and anti-inflammatory medication use, a retrospective analysis from Population
Assessment of Tobacco Health (PATH) study found that recent cannabis use is associated
with reduced levels of systemic inflammation biomarkers, including CRP [115,118]. Taken
together, the abovementioned results indicate that cannabinoids present anti-inflammatory
effects that may have additional benefits to classical drugs in reducing the progression of
chronic inflammation associated with aging.

2.2. Immunosenescence and Cannabinoid System

It is clear now that a pro-inflammatory state is a hallmark of aging. The elderly popu-
lation is characterized by an inability to develop a proper anti-inflammatory response to
various exogenous and/or endogenous aggressors due to a particular state of immunose-
nescence [101]. Immunosenescence emerges due to a reduction in both qualitative and
quantitative response of naive peripheral T and B lymphocytes as we age. Since elderly
individuals have a reduced ability to respond to non-self structures and an increased sus-
ceptibility to infections, they have a higher probability to develop a chronic inflammatory
state which further promote the development of various age-related diseases [119]. For
example, longitudinal studies have shown that severe reduction in B cell count, reversal
of CD4/CD8 T cell ratio, and reduced proliferative response lead to a decreased survival
rates among the octogenarians and nonagenarians [120]. Recent studies in human and
rodents have shown that both T and B lymphocytes express cannabinoid receptors on
the surface of their membranes [121]. Although CBD demonstrated immunosuppressive
and immunomodulatory effects in some experimental studies, there are still controversies
among authors regarding the ability of this cannabinoid to reduce the pro-inflammatory
status. Methodological conditions such as the concentration of the CBD used, cell culture
parameters, the presence or the absence of the serum, and the modality of the immune
system stimulation may explain in part these differences [102]. Although many of these con-
flicting results may be explained in part by the differences of methodological approaches,
there is a continuous need for further studies focusing on the involvement of ECS on
inflammatory state in general and on immunosenescence in particular [121].

The influence of cannabinoids on B lymphocytes has also been extensively studied. For
example, in a study on mice investigating the role of 2-AG on B lymphocytes, the authors
showed that this cannabinoid is able to induce the migration of B220 + CD19 + B cells
through the chemoattraction of I B cells mediated by CB2 receptors [122]. 2-AG appears to
modulate the differentiation of B cell populations and promote their migration during the
development of the immune response [121].

The changes that occur with age influence both the adaptive and innate immune cells.
For example, an increase in the number of Natural Killer (NK) cells in healthy aging has
been reported as physiological. NK cells are considered the main subgroup of lympho-
cytes involved not only in antimicrobial defense, but also in removal of senescent cells,
modulation of inflammation, and initiation of the adaptive immune response [119,123].
Additionally, both NK cell subpopulations express rCB1 and rCB2 and release considerable
amounts of endocannabinoids [121]. Interestingly, the ECS is also involved in the modu-
lation of the activity of this cell sub-population. In a study of CB−/− deficient mice, the
authors showed that endocannabinoids with affinity for rCB2 play a key role in suppressing
cytokine production by lung NK cells. Moreover, these endocannabinoids were able to
decrease the inflammation associated with allergic asthma [124].

Other components of the immune system that undergo functional changes with aging
are neutrophils and macrophages. It is known that the alteration of the functions of these
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cells will alter the phagocytic response to a bacterial invasion. Moreover, macrophages are
characterized by a reduced chemotaxis in the elderly [119]. Interestingly, both macrophages
and neutrophils express rCB1 and rCB2, and the activation of CB2 receptors in neutrophils
reduce the release of metalloproteases which reduce the vulnerability of atherosclerotic
plaque [56,125]. In addition, in vivo studies have shown that 2-AG is a potent regulator of
the host defense and is involved in activating human neutrophils by stimulating the release
of kinases, myeloperoxidases, B4 leukotrienes, and by mobilizing cellular calcium [121].

Macrophages are mainly involved in the clearance of apoptotic cells and pathogens
and interactions with other immune cells. Studies on murine macrophages have shown
that 2-AG inhibits TNF-α and IL-6 production and promotes the anti-inflammatory effects
of macrophages. Conversely, in the same study, 2-AG increased inducible nitric oxide
synthase-dependent nitric oxide production based on arachidonic acid pathway [121].
Moreover, studies involving cancer patients have shown that targeting cannabinoid recep-
tors from macrophages membrane may be helpful in reducing disease progression [126].

It is clear now that the ECS is involved in the regulation of the immune system at
many levels. The cannabinoid system–immunosenescence–aging relationship remains
provocative. However, encouraging results from experimental studies support the use of
cannabinoids in various immune disorders which are associated with various aging-related
neurodegenerative, autoimmune, cardiovascular, and cancer diseases [56].

Changes of Cannabinoid System in Immune Dysregulation Associated with an Increased
Risk of Infections in Elderly Patients

Observational studies have reported that elderly patients present an overall higher
risk of infection usually associated with an increased severity and poor prognosis. Im-
munosenescence, define as the state of dysregulated immune function that occurs as people
age, is among of the main risk factors which increase the susceptibility of the elderly to in-
fection [127]. It is well known that the immune system cells undergoes age-related changes
through both intrinsic and extrinsic aging pathways leading to immunosenescence [128].
Dysregulated immune cell production and altered peripheral selection processes related
to precursor cell’s differentiation are related to intrinsic aging pathways. In contrast, the
immune cells’ lifelong exposure to antigenic and other stressors from the internal and
external environment are usually related to extrinsic aging pathways [128]. Interestingly,
recent evidence has reported that the ECS is involved in the modulation of the immune
homeostasis as it may play the role of a gate-keeper for different immune cells [121,129–131].
As shown in Figure 2, all the immune cells also present cannabinoid receptors and per-
form various roles such as inhibition, modulation, or promotion of different inflammatory
pathways [132]. For example, different immune cells interactions which contribute to the
host defense mechanisms are also signaled through cannabinoid receptors [127]. Among a
variety of alterations of physiological systems, aging is also linked to the immune system
dysregulation which is known to be associated with an increased susceptibility to infectious
diseases. Despite the increased number of studies focusing on CS, the knowledge regarding
the age-related-changes of cannabinoid system and how immune dysregulation are linked
to the ECS cannabinoid receptors in elderly patients is still fragmented, missing, or reduced
to a few organs. Therefore, additional studies are required in order to achieve promising
therapeutic benefits of the cannabinoids in aging therapy.
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Figure 2. Schematic representation of main effects of the cannabinoid receptors on cells of innate and
adaptive immune system; = inhibition of; = promotion of; = induction of;  = modulation of.

3. The Interplay between Cannabinoid System and Age-Related Diseases

3.1. Cannabinoids Potential in Age-Related Neurodegenerative Diseases: Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative condition characterized by a gradual
cognitive decline and behavioral impairment that interfere with professional and social
functioning [133]. According to the Alzheimer’s Association, the disease accounts for
around 60 to 80% of dementia in elderly individuals, with advancing age being the strongest
risk factor [134]. Currently, it is estimated that 50 million people worldwide suffer from
AD and the prevalence is expected to double every two decades due to the increase of life
expectancy and the rapidly aging population [134,135].

The continuous discovery of new signaling pathways in AD reflects the multifactorial
pathophysiology of the disease, which is not yet fully understood [136]. Neuropatholog-
ical hallmarks of AD include deposition of amyloid-β (Aβ) plaques and the presence of
neurofibrillary tangles. These are strongly correlated with neuronal loss and neurodegen-
eration [137]. In the progression of the disease, it is believed that different physiological
pathways play major roles, such as apolipoprotein E-mediated metabolism and cholesterol
transportation, energy utilization, neuroinflammatory response, and vascular burden [138].
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Despite the efforts made in the field of pharmacological research, acetylcholinesterase
inhibitors remain the mainstay treatment option which provide only symptomatic relief
without reducing the progression of the disease [133,139]. A plethora of factors contribute
to the difficulty of developing effective therapies for AD such as gaps in knowledge
regarding the molecular alterations and biological mechanisms in the brain that lead to the
development of the disease. Furthermore, an inadequate number of patients enrolled into
clinical trials and a prolonged time required to complete interventional studies represent
additional factors which contribute to the inability to develop effective therapies [140]. For
example, in the last 20 years, only Aducanumab, which represents a significant milestone
for the treatment of AD, was approved for use in humans by the US Food and Drug
Administration (FDA) in June 2021—on the condition of further successful trials [141]. The
drug is an antibody that targets Aβ which decrease the number of Aβ plaques present
in the brain and has the theoretical potential to ameliorate the cognitive deterioration
typical for AD. Because the only target of aducanumab is Aβ plaques, the other features
of the disease such as brain cell death or neuroinflammation remain unaddressed. Thus,
the concept “one molecule–one target–one disease” fails to provide a comprehensive
solution for AD treatment due to the complex and multilayered nature of the disease [142].
As a result, the ideal treatment for AD should be able to modulate the disease through
multiple mechanisms rather than targeting a single dysregulated pathway. In this context,
exogenous and endogenous cannabinoids are an attractive and promising target against
this condition, supported by growing evidence of improved Alzheimer’s symptoms in
various disease models after exposure to these compounds. This improvement may result
from the modulation of the endocannabinoid system, as well from their positive effects
on neuroinflammation, Aβ and tau processing, microglial activation, oxidative stress,
mitochondrial dysfunction, glucose uptake in the brain, and excitotoxicity [143–145].

The Link between the Cannabinoid Systems and Alzheimer’s Disease through Its Effects
on Inflammation, on the Immune System and on Oxidative Stress

Early scientific evidence that cannabinoid compounds may be effective therapeutic
tools for treating AD was obtained from the study of the ECS [44]. As mentioned before,
the ECS contains at least two well-described receptors (rCB1 and rCB2). CB1 receptors are
widely expressed in the central nervous system where they are involved in the regulation
of the main functions of the brain [146]. In addition, CB1 receptors play a significant
role in protecting against neurotoxicity and promoting repair mechanisms in response to
neuronal injury [147,148]. Although CB2 receptors are mainly expressed in the immune
system with relatively low expression in neuronal cells, specific CB2 receptor agonists
have gained major attention in AD due to their lack of psychoactive properties [44,149].
Interestingly, it has been shown that CB2 receptors are selectively overexpressed in cells
associated with Aβ enriched neuritic plaques in AD samples from postmortem human
brains [150]. The growing interest in cannabinoids as a promising neuroprotective therapy
in AD is based on their ability to decrease neuroinflammation through the activation
of the CB1 and CB2 receptors. Moreover, they are also able to reduce the pathological
action of Aβ and promote brain repair mechanisms [151–154]. In this regard, recent
studies have shown that CB1 receptor activation maintains the viability of neurons by
suppressing pro-apoptotic signaling pathways and by decreasing Aβ-mediated lysosomal
membrane permeabilization [155,156]. CB2 receptors, expressed mainly in microglia,
may suppress the AD neuroinflammatory processes by their immunomodulatory effect.
Thus, in vitro studies have suggested that the release of pro-inflammatory cytokines in
microglial cell cultures exposed to Aβ peptide can by reduced by selective agonists JWH-
133, JWH-015, HU-308, and CB1 + CB2 agonists HU-210 and WIN55,212-2 [151,157]. These
results were confirmed in animal models of AD, in which chronic administration of these
compounds resulted in reduced microglial reactivity and decreased levels of various
proinflammatory cytokines [151,153]. Moreover, in transgenic mice models of AD an
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improved cognitive performance was obtained after CB1 and CB2 targeting, as summarized
in Figure 3 [158,159].

Figure 3. Schematic representation of the involvement of cannabinoids therapy in Alzheimer’s disease.

Another significant effect of the CS in AD is on oxidative stress. Two studies have
shown that CB2 agonists may decrease the production of free radical nitric oxide induced
by exposure to Aβ in microglial cell culture [151,157]. However, these results could not
be replicated in a glioma cell line [160]. A series of in vivo studies have also shown that
activation of CB2 receptors decreases oxidative stress injury and stimulates anti-oxidative
stress responses; long-term treatment with low-dose of JWH-133 reduces the expression of
hydroxynonenal adducts and increases the levels of both superoxide dismutase 1 and 2
around plaques in APP/PS1 transgenic mice [159]. The underlying mechanisms by which
CB2 receptors mediate these antioxidant effects are not completely elucidated. Although
it has been suggested that the CB1–CB2 agonist THC improves mitochondrial function
leading thus to a reduction in free radicals, additional studies are needed to support this
hypothesis [161].

Cannabinoids can also modulate both peripheral and cerebral immune system by
influencing the expression of cytokine and T cell subpopulations, ameliorating thus the bal-
ance between neurodegeneration and neuroinflammation [162]. Interestingly, immune cells
may produce endocannabinoids and may be influenced by cannabinoid analogues [163].
The use of cell and animal models that reproduce some of the cerebral abnormalities that
occur in AD has led to the discovery of the therapeutic potential of cannabinoids (Table 3).
It is particularly noteworthy that the few clinical trials to date also support the use of these
compounds to alleviate some of the behavioral alterations associated with AD.

Table 3. Preclinical and clinical findings in cannabinoids use in Alzheimer’s disease.

Compound and
Endocannabinoid

System
Targets

Experimental Model Main Findings

Cannabidiol
mixed rCB1 and CB2 agonist

→ treatment of PC12 cells with cannabidiol
(10−7−10−4 m) prior to Aβ- peptide exposure

→ increased cell survival while it reduced lipid
peroxidation, ROS production, caspase 3
levels, DNA fragmentation, and intracellular
calcium [164]

→ neuronal (SH-SY5Y) and microglial (BV-2) cell
culture, 10 μM compound → neuroprotection against Aβ1–42 [165]
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Table 3. Cont.

Compound and
Endocannabinoid

System
Targets

Experimental Model Main Findings

Cannabidiol
mixed rCB1 and CB2 agonist

→ primary mixed glial cells treated with 100 nM
compound and 20 mg/kg of cannabidiol for 3
weeks delivered to Aβ-inoculated C57/Bl6
mice

→ reduce microglial activation and prevent
Aβ-induced cognitive impairment and
cytokine gene expression [151]

→ 10 mg/kg of compound administered ip every
other day for 2 weeks in 5xFAD mice → ameliorates cognitive function [166]

→ daily administration of 0.75 mg/kg, ip
compound for 5 weeks in AβPP/PS1 mice

→ improves cognitive performance, reduce Aβ
deposition-related astrogliosis, and cytokine
expression [167]

ACEA
rCB1 agonist

→ a non-amnesic dose (1.5 mg/kg) of the
compound for 5 weeks, administered ip to
AβPP/PS1 transgenic mice

→ reduces the cognitive impairment [147]

THC
mixed rCB1 and CB2

agonist

→ N2a/AβPPswe cells treated with 100 μL THC → decrease Aβ levels [161]

→ neuronal (SH-SY5Y) and microglial (BV-2) cell
culture, 10 μM compound → neuroprotection against Aβ1–42 [165]

→ THC was administered ip in 3 different doses
(0.75, 1.5 and 3.0 mg/ kg) for 7 days (acute
therapy) and 21 days (chronic treatment) in
Spraque–Dawley rats

→ induce neurogenesis and improve cognitive
performances of animals [168]

→ 1.5 mg/kg/day of compound in ip delivery for
7 days in Sprague–Dawley rats

→ increases the expression, at both protein
levels of BDNF and mRNA [27]

→ daily administration of 0.75 mg/kg, ip
compound for 5 weeks in AβPP/PS1 mice

→ reduces Aβ deposition-related astrogliosis
and cytokine expression, improves cognitive
performance [167]

→ double-blind, randomized, placebo-controlled,
crossover trial (10 old individuals with
dementia), 12 weeks oral THC therapy (weeks
1–6, 0.75 mg; weeks 7–12, 1.5 mg)

→ encourages amyloidogenesis [169]

→ an-open label 4 weeks pilot study in ten AD
patients treated with different doses of THC
(2.5 mg, 5 mg or 7.5 mg twice a day)

→ positive effects on mental state, dementia
severity; and behavioral symptoms such as
irritability, delusions, sleep [170]

→ a double-blind study in mixed dementia and
vascular patients and the administered dose
was low (1.5 mg three times daily)

→ no improvement in neuropsychiatric
symptoms score [171]

WIN 55,212-2
mixed rCB1 and CB2

agonist

→ 0.2 mg/kg/day of WIN 55,212-2 in the
drinking water during 4 months in Tg APP
2576 mice

→ prevents neuroinflammation, increase Aβ
clearance [158]

→ human fetal astrocytes treated with 10 μM of
compound for 72 h

→ inhibition of the production of inflammatory
mediators (nitric oxide, cytokines, and
chemokines) [172]

HU210
mixed rCB1 and CB2

agonist

→ 25 or 100 μg/kg of HU210 in ip administration
for 10 days in Long-Evans, Wistar, and Fischer
344 rats

→ promote hippocampal neurogenesis and
improves cognitive performance [173]
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Table 3. Cont.

Compound and
Endocannabinoid

System
Targets

Experimental Model Main Findings

JWH-133
selective rCB2 agonist

→ 0.2 mg/kg/day of JWH-133 in the drinking
water during 4 months in Tg APP 2576 mice

→ improves cognitive performance and lowers
β-amyloid levels [158]

→ acute JWH133 injection of 0.2 mg/kg in Tg
APP 2576 mice → enhances glucose uptake [174]

CB1 agonist ACEA, cannabinoid receptor type 1 (CB1) agonist arachidonyl-2-chloroethylamide (ACEA); ip,
intraperitoneally; ROS, reactive oxygen species; 5xFAD mice, expressing human APP and PSEN1 transgenes
with a total of five AD-linked mutations; THC, Δ9-tetrahydrocannabinol; N2a/AβPPswe cells, N2a cells stably
expressing 184 human AβPP carrying the K670N/M671L Swedish 185 mutation (APPswe); BDNF, brain-derived
neurotrophic factor.

Although a plethora of scientific advances on the functional relevance of cannabinoids
in AD were achieved in the past decades, a series of outstanding research questions still
remain. For example, the beneficial effects of cannabinoids in neurodegenerative diseases
such as dementia is still controversial as reported by Krishnan et al. [175]. Thus, a more
detailed knowledge of the mechanisms of action of these cannabinoid compounds on
animal models of Alzheimer’s and other neurodegenerative diseases is required for a better
optimization of future therapies.

3.2. Cannabinoids Potential in Age-Related Neurodegenerative Diseases: Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by basal gan-
glia (BG) dysfunction due to the loss of dopaminergic neurons in substantia nigra pars
compacta (SNc) [176]. Growing evidence supports the hypothesis that neuroinflamma-
tion and oxidative stress are the main contributors to the neurodegenerative processes in
PD [177]. It has also been suggested that the alteration in α-synuclein proteostasis may
be an epiphenomenon mediated by inflammation [178]. There are also theories regarding
the ability of extracellular α-synuclein to activate glial cells and induce neuroinflamma-
tion [179]. Higher concentrations of proapoptotic proteins have been found in the BG
and the cerebrospinal fluid of PD patients. Striatal activated microglia that synthetize
proinflammatory cytokines, such as transforming growth factor-β (TGF-β), interleukin 1β
(IL-1β), IL-6, IFN-γ, and IL-1, have been detected as well [180,181]. Activated glial cells
also seem to produce ROS and RONS in the substantia nigra (SN) [182,183].

Several alterations of the ECS in PD have been described [45,184]. Whether these
modifications are compensatory and meant to limit the effects of dopamine loss in the
BG or whether they contribute to the development of the motor symptoms in PD is still
a matter of extensive debate, but the use of cannabinoids as a therapeutic option for this
condition has become of interest [45,185].

The cannabinoid receptors expressed in the BG are rCB1, rCB2, GPR55, and TRPV1.
Their presence is indicative for their role in the modulation of various signaling pathways
present at this level [186–188]. rCB1 is found in gamma-aminobutyric acid (GABA)ergic
and glutamatergic neurons projecting to globus pallidus pars interna (GPi), globus pallidus
pars externa (GPe) and substantia nigra pars reticulata (SNr). Even though this receptor
has not been discovered in dopaminergic neurons, it seems to modulate dopamine release
through the GABAergic and glutamatergic neurons nearby and the formation of heteromers
with the D1 and D2 dopamine receptors [45,188,189]. rCB1 seems to have different effects
depending on where it is expressed [188]. The activation of this receptor in the GPi and
SNr inhibits glutamate release from the afferent neurons of the subthalamic nucleus and
seems to alleviate the symptoms and signs of PD. Conversely, enhanced transmission in
the GPe may exacerbate the disease by reducing GABA reuptake at this level [188,190,191].
rCB2 is expressed in the striatum, globus pallidus, dopaminergic neurons in the ventral
tegmental area, SNr, and basal thalamus [192–196]. Several studies have demonstrated the
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presence of this receptor in the cytosol and axon terminals of nigrostriatal dopaminergic
neurons. However, rCB2 is mainly found in astrocytes and microglia and involved in the
regulation of neuroinflammation [197,198]. TRPV1 is expressed by glial cells, nigrostriatal
dopaminergic neurons in the BG, and the tyrosine hydroxylase-positive neurons of SNc.
Through their presence in dopaminergic neurons, TRPV1 and rCB2 seem to be directly
involved in the regulation of dopamine release [188,199–201].

In idiopathic and experimental PD, the ECS seems to reorganize at the level of the
BG. An increase in the activity of rCB1 and AEA levels and a decrease in cannabinoid
clearance have been described [45]. Another important finding is that rCB2 expression
is upregulated in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treated mice and
this seems to be a part of a neuroprotective mechanism which prevents the activation of
microglia, the expression of astroglial myeloperoxidase and the disruption of the blood-
brain barrier [182,183].

Because of the modifications in the ECS that have been identified in PD patients and PD
models and the involvement of the cannabinoid receptors in the regulation of circuits within
the BG, rCB1 and rCB2 have become new potential therapeutic targets. Most rCB1 agonists
that have been tested had an inhibitory effect on dopamine release in the BG and therefore
they are not expected to show any improvement in PD patients [45]. However, rCB1
agonists may prove useful in the attenuation of tremor and L-3,4-dihydroxyphenylalanine
(L-DOPA)-induced dyskinesia [202–204]. A study by Song et al. also revealed that the
chronic use of WIN 55,212-2, a rCB1 agonist, reduced the abnormal behavioral changes
caused by L-DOPA in rat models of 6-hydroxydopamine (6-OHDA)-induced PD [205].
WIN 55,212-2 had been shown to inhibit the accumulation of α-synuclein and parkin as
well [206]. A study on rats with 6-OHDA-induced lesions compared the effects of L-DOPA
with those of an rCB1 antagonist called rimonabant and demonstrated that both L-DOPA
and rimonabant improved stepping and the combined administration of L-DOPA and
rimonabant had a better effect than either drug alone [207]. Moghaddam et al. conducted a
study using both an rCB1 antagonist, AM251, and an agonist, ACPA, and measured the
catalepsy in PD models of reserpinized rats and normal controls. AM251 alleviated the
catalepsy in a dose dependent manner. In contrast, the administration of ACPA increased
the catalepsy [208]. Such studies prove that rCB1 antagonist could be the next step as drug
of choice in the alleviation of motor symptoms in PD. Cannabinoids may also improve
non-motor symptoms in PD. An experimental study on rodents has shown that the systemic
administration of CBD led to an increase in total sleep time by increasing AEA levels and
having a modulatory effect in regions expressing rCB1 and involved in the sleep–wake
cycle [209,210].

In regard to rCB2, preclinical trials have shown that the activation of this receptor
suppresses microglial activation, therefore reducing neuroinflammation [211]. JWH-015,
an rCB2 agonist, had a protective effect against MPTP-induced degeneration in mice by
reducing the activation of microglia by MPTP. The same study also demonstrated that
there was an exacerbation in MPTP toxicity following the genetic ablation of rCB2 [183].
The fact that rCB2 stimulation is involved in neuroprotection was also suggested in a
study on tetrahydrocannabivarin (Δ9-THCV). Both the acute and chronic administration of
Δ9-THCV led to a preservation of tyrosine hydroxylase-positive neurons in the SN of rats
with 6-OHDA-induced lesions [212]. In support of these findings, another study using the
same animal model showed that rats treated with GW842166x, a selective rCB2 agonist,
scored better in balance beam walking, pole, grip strength, rotarod, and amphetamine-
induced rotation tests [213]. In rotenone-induced animal models of PD, there is clear
evidence of oxidative stress, loss of antioxidant enzymes, and enhanced production of
proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α. Treatment with the selective
rCB2 agonist β-caryophyllene reduced the levels of these cytokines, prevented glutathione
depletion, decreased lipid peroxidation, and increased the concentration of antioxidant
enzymes [214].
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Data on the neuroprotective effect of Δ9-THC and CBD were also provided by several
studies [31,215–217]. Δ9-THC provided direct neuroprotection in PD-induced SH-SY5Y
cell cultures and marmoset models of PD which were treated with Δ9-THC had a major
improvement in locomotion. It has been hypothesized that rCB1 stimulation by THC
in the striatum is able to overrule the inhibitory effects upon movement determined by
the activation of rCB1 in the GPe [218–220]. Regarding CBD, its administration led to
a downregulation of glycogen synthase kinase-3, which seems to be a major inhibitor
of the WNT/β-catenin pathway. The WNT/β-catenin pathway is a signaling system
that amplifies oxidative stress and inflammation and has been shown to be part of the
metabolic reprogramming that characterizes PD [216]. CBD also seems to upregulate
Cu/Zn-superoxide dismutase and, therefore, increases the endogenous mechanisms of
defense against oxidative stress [215]. Through a preferential action on the astrocytes
and the stimulation of the TRPV1 receptor, CBD also enhances the endogenous neuropro-
tection provided by the ciliary neurotrophic factor and, thus, maintains the viability of
dopaminergic neurons [31].

Given the growing evidence for the benefits of administering cannabinoids in PD
animal models, interest for studying their effects in PD patients has risen [221]. A survey of
339 patients showed that 25% had taken cannabis and 45.9% of these reported some benefit
in regard to general improvement, tremor, bradykinesia, rigidity, and L-DOPA induced
dyskinesia [222]. The improvement of motor symptoms was also described in a smaller
study on 22 patients. In addition, some patients reported an improvement in the quality of
sleep and a decrease in the visual analog scale of pain score could also be identified [223].
Several other uncontrolled trials have found improvement in the motor symptoms and
also non-motor symptoms, such as pain, mood, and sleep [224–226]. An open-label study
focusing on CBD administration in 6 PD patients described lower Unified Parkinson’s
Disease Rating Scale (UPDRS) score with CBD use. The psychotic symptoms were also
significantly decreased in these patients [227].

Only a few randomized controlled trials (RCTs) testing the use of cannabinoids in
PD have been conducted and they provided contradictory results [221]. Two RCTs, one
studying the effects of rimonabant, and the other Cannador®, a plant extract with a Δ9-
THC to CBD ratio of 2:1 and standardized Δ9-THC content, failed to show significant
improvement of the UPDRS scores [220,228]. In contrast, a RCT evaluating the effects of
nabilone, a rCB1 and rCB2 agonist, on the L-DOPA induced dyskinesia showed significant
improvement at a total dose of 0.03 mg/kg body weight when half of the dose was
administered 12 h before and the rest 1 h before an acute L-DOPA challenge [229]. A dose of
75 mg/day or 300 mg/day of CBD did not provide a statistically significant improvement
in the UPDRS, but it increased the quality of life [210]. An acute dose of 300 mg of CBD
also provided a significant anxiolytic effect and a decrease in tremor amplitude [230].

The involvement of the ECS in the regulation of movement and the complex alterations
within this system that become apparent in PD are far from being deciphered. Preclinical
data show promising results regarding the use of cannabinoids in PD. Nevertheless, the
clinical data is very lacking. More evidence is needed before cannabinoids become a viable
option in the treatment of PD.

3.3. Cannabinoids Potential in Age-Related Neurodegenerative Diseases: Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease which involves
complex interactions and underlying mechanisms which are not yet fully understood.
Although many clinical and experimental studies focus on discovering new treatment
strategies to improve the symptoms, quality of life, and overall prognosis of MS, no sig-
nificant progress was achieved in the past decade. Thus, the cannabinoid approach in MS
has evolved as a promising alternative not only for the improvement of symptomatology,
but also for their potential to increase the efficacy of existing drugs since recent clinical
evidence has shown that cannabinoids may ameliorate the symptomatology of pain, fa-
tigue, depression, tremor, or sleep disorders [231]. For example, approval of Nabiximols
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(Sativex®), a 1:1 mixture Δ9-THC and CBD for MS related spasticity was a real progress for
the management of this disease. From the first studies of Collin et al., it was recognizable
that the improvement was significantly higher in subjective patient-reported measures than
in objective parameters [232]. A plethora of further observational and randomized studies
have confirmed the efficacy of Nabiximols, cannabis, and other cannabinoids to control
spasticity, pain, sfincterian problems, and sleep disturbances in MS patients [64,233–238].

In patients with an advanced stage of MS, pain is a common symptom and may
have various forms such as neuropathic pain, headache, trigeminal neuralgia, joint and
muscle pain due to motor deficits, and walk abnormalities or spasticity. The antalgic
effect induced by cannabinoids may be partially explained by a central mechanism which
involves the restoration of cortical pain gating mechanisms, most likely through the mod-
ulation of sensory–motor cortical integration [239]. In a systematic review published by
Longoria et al., pain reduction was found at −3.42 points after cannabinoids administra-
tion when compared to a control group [240]. In another paper focusing on the effects
of cannabinoids on MS neuropathic pain, Jones and collaborators identified a clinically
relevant difference between placebo and treatment groups but without reaching statistical
significance [241]. Although modest evidence for the use of cannabinoids in MS for allevi-
ating pain was reported by Jones et al., the aforementioned results pave the way for further
experimental studies focusing on finding promising cannabinoids compounds which may
have a more pronounced antalgic effects.

Although case reports and nonrandomized trials found evidence that cannabinoids
may provide some benefits in MS-related tremor, none of the placebo-controlled trials
reviewed by Pourmohamaddi and collaborators found any significant differences [242]. In
a recent survey, cannabis consumption in the past 3 months in MS patients was associated
with an improvement of bladder symptoms such as urinary frequency, urinary urgency,
bladder leakage and wetness, pad use, and bladder emptying [243]. The same results were
reported in a systematic review focusing on efficacy and tolerability of cannabinoids in MS
which showed that bladder symptoms are significantly improved by the use of cannabis or
cannabinoids [43].

Data from experimental studies using animal models of MS show a favorable effect of
cannabinoids on clinical and biological parameters. For example, significant improvement
in disability and behavior was described in experimental autoimmune encephalomyelitis
(EAE) after administration of cannabinoid oil extract formulations. These results were
based on complex biological mechanisms and included the reduction of TNF-α production
and the enhancement of brain-derived neurotrophic factor (BDNF) synthesis [244].

Cannabinoids may play an important role in modulating the complex physiopathol-
ogy of MS and may be used as immune modulators, neuroprotectors, or remyelination
promoters. Although current MS treatment approaches are focused on the modulation
of the immune system by using substances such as cladribine, alemtuzumab, or even
bone marrow transplant, significant results were not yet obtained. Recent evidence has
suggested that endocannabinoid system dysregulation contributes to the progression of
inflammatory and degenerative processes associated with MS. For example, in MS patients,
the ECS’s components were found altered not only in cerebrospinal fluid (CSF), but also
in plasma and peripheral lymphocytes in different patterns depending on MS type and
severity class [245–248]. Moreover, the involvement of cannabinoid systems in various MS
related pathological mechanisms was confirmed not only by pharmacological modulation
of receptors and enzymes, but also by their genetic deletion [249]. Interestingly, both neuro-
protective (usually obtained through the activation of CB1 receptors) and anti-inflammatory
(usually linked to CB2 activation) cannabinoids-induced effects are abolished by specific
receptor blockade. Additionally, experimental studies have shown that neuroprotection is
at least in part explained by the modulation of glutamate release which is dependent on
CB1 receptors [250,251].

Other pathways may also contribute to the neuroprotective and anti-inflammatory
cannabinoids dependent effects. VCE-004.8, a derivative of CBD, has a dual PPAR-γ
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and CB2 agonist action and also activates the HIF pathway in oligodendrocytes and mi-
croglia cells. In EAE and Theiler’s virus-induced encephalopathy (TMEV), VCE-004.8
enhanced migration of oligodendrocytes, prevented demyelination, axonal damage, im-
mune cells infiltration, and downregulated the expression of several genes associated with
MS physiopathology [252]. Hydroxy CBD enantiomers (HU-446, Hu465) prevented myelin
oligodendrocyte glycoprotein (MOG) stimulated T cells to produce interleukin 17 (IL-17)
via a CB1/CB2 independent mechanism [253].

Autoimmunity was postulated as another mechanism involved in the physiopathology
of MS. Briefly, autoimmunity in MS comprises persistent activation of local astrocytes,
microglial cells, recurrent and persistent infiltration of both peripheral leukocytes, and
soluble inflammatory mediators. The immune aggression involves mainly cells of adaptive
immunity such as CD8 and CD4 Th1 and Th17 lymphocytes. B-cells function as APCs and
also produce autoantibodies that have been shown to contribute to neurodegeneration and
cortical demyelination, particularly in the case of meningeal ectopic B cell follicles [254].
Intriguingly, in Theiler’s murine encephalomyelitis virus-induced demyelinating disease
(TMEV-IDD), activation of PPAR-γ nuclear receptors by a CB agonist (WIN55,212-2) led to
downregulation of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) in brain endothelium. Moreover, a reduced infiltration of CD4 T
lymphocytes and microglial activation was also reported [255]. Similarly, anandamide-
reduced VCAM-1 expression in brain endothelial cell cultures through a CB1-dependent
mechanism and possibly A2A receptors [256,257].

The complex action of cannabinoids in MS is also demonstrated in a study focused
on the effect of THC+CBD combination in murine EAE. The improvement of clinical
manifestations in this model was based on the reduction of neuroinflammatory processes
mediated by CB1 and CB2 activation. Authors found reduced levels of Th1 and Th17 cells,
decreased CD4+ T infiltrative cells into the brain, decreased pro-inflammatory molecules
(IL-17, INF-γ, TNF-α, IL-1β, IL-6, and TBX21), and increased FoxP3, STAT5b, interleukin 4
(IL-4), interleukin 10 (IL-10), and TGF-β, and apoptosis. The effects were also mirrored by
changes in miRNA profile in brain-infiltrating cells [258].

Growing evidence indicates that epigenetic regulation is involved in CBD immune
modulation. In MOG-sensitized lymphocytes, different histone methylation levels in binding
sites of certain transcription factors suggest that these may play important roles in CBD-
mediated immune modulation. Abnormal expression patterns of various miRNAs with pro-
and anti-inflammatory properties was counteracted by CBD. In transcriptome expression
analysis, CBD suppressed 876 MOG-induced transcripts and induced 396 MOG-suppressed
transcripts. These changes are known to be involved in cell cycle and immune response and
are in line with previous results showing that CBD inhibits T cell proliferation [259].

Recent data from experimental studies focusing on innate immunity might provide
new insights into MS physiopathology and may reveal new evidence of a potential causal
relationship between MS and viral infection [260]. O’Brien and collaborators postulated
that this relationship may represent the pillar of the progression of MS [261]. Furthermore,
experimental studies have shown that signaling pathways involving the family of the
toll-like receptors (TLR) may influence the progression of MS in animal models [262]. For
example, the expression of the TLR3 and TLR 4 receptors is increased in active lesions [263].
A study in MS patients focused on the effects of cannabidiol and Δ9-THC on TLR3 and
TLR4 from peripheral blood mononuclear cells revealed anti-inflammatory responses since
reduced expression of IFN-β was documented in both groups. Additionally, a pronounced
favorable effect was reported if cells were pretreated with a 1:1 association of THC:CBD
compared to the effect of each of them alone [264].

Microglia fulfill the role of resident mononuclear phagocytes in the brain parenchyma.
They are essential players in local homeostasis and defense. Microglia is maintained in a
stable surveillant phenotype by various signals from healthy neurons and astrocytes [265].
Once stimulated, microglia switch to either the M1 proinflammatory state producing pro-
inflammatory cytokines such as IL-1β, IL-12, IL-18, IL-6, TNF-α, or to an alternative M2
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state which is associated with regeneration and repairing (subtype M2a), immunoregula-
tion (M2b) or an acquired-deactivating phenotype (M2c) [266]. M2 state microglia release
anti-inflammatory factors such as IL-10 and IL-4 and express higher levels of receptors as-
sociated with phagocytosis [265]. Activated M1 microglia produce endocannabinoids [267]
which promote the M2 phenotypes mainly through CB2 receptors [266]. In human brain
samples from MS patients, CB2 receptors were present in T-lymphocytes, astrocytes, and
perivascular and reactive microglia while CB1 receptors were found mostly on cortical
neurons, oligodendrocytes, oligodendrocyte precursor cells, macrophages, and infiltrated
T-lymphocytes. Interestingly, CB2-positive microglial cells were found into active plaques
while in the case of chronic plaques, they were identified at the periphery [268].

In vitro studies have shown that cannabinoids activate the phosphoinositide 3 ki-
nase/protein kinase B/mechanistic target of rapamycine (PI3K/Akt/mTOR) pathway
which is known to play a central role in the regulation of inflammation, cell survival and
differentiation. This is mainly achieved through CB1 receptors leading to a protective effect
on astrocytes [269] and oligodendrocyte progenitor cells [270]. Interestingly, in EAE mice
study, cannabidiol was able to restore PI3K/Akt/mTOR function. Moreover, a reduction of
pro-inflammatory cytokines such as IFN-γ and IL-17, an increased level of BNDF together
with up-regulation of PPAR-γ and inhibition of c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinase (MAP) kinases were reported in the same study [271].

The dysfunction of the oligodendrocyte plays a major role in the physiopathology
of MS and pharmacological interventions that specifically target their protection or re-
generation may provide a promising approach towards their remyelination. It is clear
now that oligodendrogenesis is not restricted only to developmental periods. In contrast,
recent evidence showed that this process is a permanent part of brain activity [272,273].
Oligodendrocyte progenitor cells (OPC) differentiate into oligodendrocytes under the influ-
ence of a plethora of intrinsic and extrinsic factors [274]. Among them, the cannabinoid
system may play an essential role in the modulation of this process. Both CB1 and CB2
receptors are found on oligodendrocytes and their precursors and cannabinoids have been
shown to exert a protective effect that involves the activation of the PI3K/Akt signaling
pathway [270]. Additionally, other endocannabinoid-dependent protective mechanisms
are stimulated during inflammation such as the reduction of endoplasmic reticulum stress
pathways-related apoptosis and the inhibition of LPS/IFN-γ induced phosphorylation
of eiF2α and protein kinase R (PKR) [275]. Intriguingly, a dose-dependent relationship
was documented since different doses of a cannabinoid drug may induce opposite effects.
For example, exposure of cuprizone fed mice to CB1 agonist WIN-55,212-2 at a dose of
1 mg/kg aggravated demyelination and prevented OPC proliferation while a lower dose
of 0.5 mg/kg had a protective and anti-inflammatory effect [276].

Unfortunately, the promising results from in vitro and in vivo studies are not yet fully
paralleled by the results from observational studies or clinical trials and controversies
still exist. For example, in a sub-study of CAMS (Cannabinoids in MS), no evidence for a
benefic cannabinoid influence on serum levels of IFN-γ, IL-10, IL-12, or C-reactive protein
was found. Moreover, mitogenic stimulation experiments also failed to demonstrate any
significant reduction of CD3+ and IFN-γ production [277]. In contrast, a recent prospective
case control study showed that the levels of pro-inflammatory cytokines such as IL-1, IL-2,
IL-6, IL-17, IL-22, TNF-α, and IFN-γ were significantly increased in the MS group when
compared to the MS/cannabis and control groups. Moreover, the same study showed that
in the MS population, anti-inflammatory cytokines such as IL-4, IL-10, and interferon-β1
(IFN-β1) had significantly lower values [278].

Although MS is still challenging and is not completely understood in terms of causality
and pathogeny, the ECS may represent a promising approach not only for the treatment,
but also for the alleviation of MS-associated symptoms and/or for increasing the efficacy of
existing drugs. Recent and growing evidence has shown that CS may have the potential to
modulate virtually all the major processes in MS involving genetic expression, inflammatory
reactions, cell survival and interaction. Moreover, the beneficial effects of cannabinoids in
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neurodegenerative diseases such as multiple sclerosis may result from their antioxidant
properties, as well as their regulatory functions in the inflammatory responses mediated by
ECS [279]. Though promising, further studies involving the ECS in MS are necessary to
overcome the potential adverse effects, lack of specificity, and/or methodological issues.

4. The Endocannabinoid System and Aging-Related Musculoskeletal Changes

Aging is a physiological process associated with changes in bone density, decreased
muscle mass and function, and joint degradation [280–282]. Whereas various risk factors
and pathological mechanisms have been identified and described with respect to aging-
related musculoskeletal changes, the potential role of endocannabinoid signaling is yet to
be fully understood. Nevertheless, recent studies highlight the active involvement of ECS
in bone metabolism, sarcopenia, and degenerative joint disease [283–285].

4.1. The Endocannabinoid System and Bone Changes

Older adults experience a marked decrease in bone density mainly due to a disruption
in bone metabolism. In this respect, the imbalance between bone formation and resorption
favoring the latter in aging individuals has been linked to endocrine factors, comorbidities,
inflammaging, medications, low physical activity or bedrest, sarcopenia, increased bone
marrow adipogenesis, and poor diet [286–289]. While osteopenia and osteoporosis are
more frequently found in postmenopausal women, a notable aging-related decrease in
bone density has also been described in men and some authors suggest that this is a largely
underestimated issue in the older male population [290].

Studies have indicated that bone metabolism is significantly impacted by the activity
of the ECS. The connection between ECS activity and bone mass is supported by recent
findings describing the presence in bone tissue of ECS-related molecules such as the recep-
tors CB1 and CB2, together with AEA, 2-AG, as well as the enzymatic equipment involved
in endogenous cannabinoid metabolism. Moreover, the cannabinoid receptors CB1 and
CB2 have been described as potential future therapeutic targets for osteoporosis [289,291].

The release of norepinephrine by sympathetic fibers leads to an enhancement in bone
resorption and a decrease in bone formation. Through its effect on the sympathetic nervous
system which includes the interruption of noradrenaline release, rCB1 stimulation by 2-AG
has been shown to decelerate the process of bone resorption in mice [291]. The deterring
effect of skeletal rCB1 on norepinephrine release followed by temporary stimulation of
bone formation has been previously demonstrated in acute conditions. However, Deis et al.
aimed to examine the potential feedback loop between sympathetic nerve fiber activity
and bone-forming osteoblasts in chronic conditions. The evaluation included bone mass
changes at the level of the distal femoral metaphysis and vertebrae of young rCB1 deficient
(12 weeks old) and older male mice (35 weeks old) compared to age-matched controls.
Although in young rCB1 null mice, there was no difference in bone mass compared to
wild-type controls, in the aging CB1r-deficient animals, the authors noted an unexpected
increase in bone mass. rCB1 deficiency at the level of sympathetic neurons was linked to
an upregulation of bone formation and a decreased osteoclast genesis, indicating that rCB1
deletion interfere with the feedback circuit between ECS and sympathetic nerve activity
with regard to bone formation [292]. The relationship between endocannabinoid system
and bone changes is summarized in Figure 4.

The activity of renal proximal tubule cells (RPTC) impacts bone metabolism. These
cells express rCB1 (RPTC-CB1r), the latter influencing the regulation of bone mass.
Baraghithy et al. found that rRPTC-CB1 deficient mice led to an increased bone mass
phenotype (higher trabecular bone volume ratio in the distal femoral metaphysis—BV/TV,
with an augmented trabecular thickness and number) and greater bone mineral density
compared to the control group. In rRPTC-CB1-/- mice, the authors noted an enhancement
of osteoblast activity linked to an increased bone formation. Interestingly, a higher number
of osteoclasts per trabecular perimeter was also identified in null mice, yet without a
corresponding augmentation of osteoclast activity [293].
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Figure 4. Schematic representation of the relationship between endocannabinoid system and
bone changes.

According to a number of animal studies, rCB2 signaling has the ability to sustain
bone anabolism. rCB2-deficient mice may exhibit age-related trabecular and cortical bone
changes similar to postmenopausal osteoporosis. Additionally, decreased bone strength
and lower bone mineral density were linked to polymorphisms in the coding region of
rCB2 in human subjects, suggesting that ECS-related genetic factors may contribute to the
risk of osteopenia or osteoporosis [291].

rCB2 signaling was shown to either promote new bone formation and mineralization
or decrease osteoclastogenesis [294]. However, in cultured murine macrophages, Li and
Sun found that the rCB2-selective agonist AM1241 boosted receptor activator of nuclear
factor kappa-B ligand (RANKL) dependent osteoclast differentiation, whereas the selective
antagonist AM630 hampered this process [295].

Bone marrow-derived mesenchymal stem cells (BMSCs) are multipotent cells which
have the ability to differentiate into osteoblasts. Moreover, these cells express rCB2 [296].
rCB2 is believed to be involved in the osteogenic differentiation of BMSCs. Cultured BMSCs
isolated from the bone marrow samples of healthy donors and patients with osteoporosis
revealed a decreased expression of CB2r in osteoporotic subjects compared to the control
group. The study conducted by Wang et al. focused on analyzing the potential role of
rCB2 signaling in the restoration of osteogenic differentiation of BMSCs sampled from
human subjects with osteoporosis. The overexpression of rCB2 in human osteoporotic
BMSCs boosted alkaline phosphatase (ALP) activity, favored osteogenic gene expression
and increased mineralized extracellular matrix deposition [297].

Sophocleous et al. examined the effects of double rCB deficiency (rCB1 and rCB2)
on bone development (from birth to aging mice) and studied its impact on ovariectomy-
induced bone loss in female mice. rCB1/CB2 deficiency in mice led to an osteoclast
defect and a subsequent protective effect on ovariectomy-induced and age-related bone
loss in experimental animals. Moreover, the positive effect of reduced osteoclast number
surpassed the negative impact of the observed reduction in bone formation leading thus
to the preservation of bone mass. These findings were not paralleled by those obtained
from the distinct inactivation of rCB1 and rCB2, suggesting that the two receptors have
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coinciding (but not redundant) effects on bone mass in aging experimental animals and
ovariectomized female mice [298].

AEA and 2-AG may be produced at the level of trabecular bone, as shown in animal
studies. Additionally, AEA and 2-AG were found to be produced by human osteoclasts.
Moreover, experimental studies have shown that 2-AG treatment of rodent BMSCs resulted
in an increase of ALP which is known as a marker of osteoblast differentiation. However,
other research studies did not report an increase of ALP in murine osteoblast cell lines [294].
Smith et al. examined the effects of endocannabinoids AEA and 2-AG on cultured human
osteoblast activity. At four days, AEA and 2-AG prevent osteoblast differentiation with
a concentration-related augmentation of ALP levels. Overall, AEA was linked to early
osteoblast differentiation, while 2-AG was associated with an early increase and a late
decrease in the levels of osteoblast differentiation biomarkers [299].

Two endocannabinoid-like molecules, palmitoylethanolamide (PEA) and oleoylethano-
lamide (OEA), were studied with respect to a variety of processes including endocannabi-
noid tone during osteoblastic differentiation. Kostrzewa et al. analyzed this relationship in
a murine osteoblast cell line MC3T3-E1 and found that during osteoblastic differentiation,
the levels of OEA increased while AEA and 2-AG declined in maturing and mineralized
cells. In the femurs of male mice, there was a notable age-related reduction in PEA, OEA
and 2-AG expression [294].

Monoacylglycerol lipase, a lipolytic enzyme which is known to degrade the endogenous
cannabinoid 2-AG, has been described as a potential therapeutic target for osteoporosis
due to its presumed impact on osteoclast differentiation. Interestingly, during osteoclast
differentiation the monoacylglycerol lipase protein expression may be augmented. Moreover,
Liu et al. found that monoacylglycerol lipase deletion in bone marrow-derived macrophages
was linked with the inhibition of both bone resorption and osteoclast genesis [300].

4.2. The Endocannabinoid System and Osteoarthritis

Osteoarthritis (OA) is the most prevalent joint disease in aging individuals and is
mainly characterized by a progressive degeneration of articular structures. Whereas other
changes such as bone remodeling and synovial inflammation have also been described in
osteoarthritic joints, cartilage degradation plays a central role in the pathogenic process [301].

A large number of studies focusing on analgesia have described the pain as the most
prominent symptom of the disease and also the ability of the ECS to modulate pain in
OA [302]. Mlost et al. found that β-caryophyllene (a natural low-efficacy agonist of CB2r
that is present in human diet) had both antinociceptive and chondroprotective effects in
animals with experimentally induced osteoarthritis. Additionally, chronic administration of
β-caryophyllene reduced cartilage degradation without inducing tolerance to its analgesic
properties [303].

In wild-type mice, the selective rCB2 agonist HU308 developed beneficial effects on
knee osteoarthritis secondary to a surgically-induced destabilization of the medial menis-
cus [304]. The examination of cultured chondrocytes from rCB2-deficient experimental
animals revealed that these cells produced lower amounts of proteoglycans compared to
chondrocytes obtained from wild-type mice, indicating a role for rCB2 signaling in the
development and progression of OA in mice [305].

Bryk et al. conducted a study on rodents with monoiodoacetate-induced knee OA and
investigated the gene expression of ECS constituents at the level of the spine and knees of
the experimental animals during the early and late stages of osteoarthritis development.
The authors found an enhancement of AEA synthesis and degradation enzymes in the early
phases of OA. There was no upregulation of rCB1 and rCB2 gene expression in the rats’
cartilage. Also, the transcript levels of AEA synthesis and degradation enzymes did not
vary significantly in the animals’ cartilage. However, in the synovial membrane samples,
Cnr2 gene expression started to increase from day 2 after monoiodoacetate injection and
was significantly upregulated after 2 weeks up to the end of the study (14 to 28 days after
injection). N-arachidonoyl phosphatidylethanolamine phospholipase D (Nape-plD) gene
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expression was augmented from the second day of the experiment. Both the cartilage and
synovial membrane samples exhibited modifications in the transcript levels of the AEA
alternative synthesis and degradation pathways. Nonetheless, more changes were seen in
the synovial membrane [306].

Gaisberger et al. recruited elderly patients with knee OA who underwent spa treat-
ment with or without low-dose radon therapy for 2 weeks. Plasma AEA levels were
measured at baseline and after 2 weeks. AEA values were significantly decreased post-
treatment and were paralleled by pain reduction in both study groups. No relationship
between AEA and the tested potential serum and urinary markers of cartilage degradation
was described [307].

4.3. The Endocannabinoid System and Skeletal Muscle Changes

Aging-related sarcopenia includes a marked decrease in both muscle mass and func-
tion compared to young adults and is frequently accompanied by different degrees of
disability [308]. Whereas particular ECS constituents have been associated with age-
dependent muscle changes, the impact of endocannabinoids on muscle mass and function
over time requires further investigations.

Le Bacquer et al. aimed to describe the relationship between endocannabinoids and
muscle-related parameters in young adult versus older male Wistar rats. The authors
evaluated the levels of endocannabinoids AEA and 2-AG, and endocannabinoid-related
N-acylethanolamines PEA and OEA in the animals’ plasma, skeletal muscles (oxidative
and glycolytic), and adipose tissue. While the subjects’ weight did not differ, the body
composition of the older rats revealed a higher fat mass and a lower lean mass. Sarcopenic
animals demonstrated impaired motor activity and significantly lower plasma levels of
PEA and AEA. In rats with sarcopenia, the authors found a marked augmentation of 2-AG
levels in the soleus muscle (oxidative) and a low OEA expression in the extensor digitorum
longus muscle (glycolytic). Elevated levels of AEA, PEA, and OEA were described in
the sarcopenic animals’ subcutaneous fat. Moreover, the abovementioned changes were
accompanied by altered ECS-linked gene expression in both the skeletal muscles and the
adipose tissue of older rats compared to young adults [284].

Dalle and Koppo examined the expression of cannabinoid receptors in young men
(20–27 years of age) versus old non-sarcopenic males (65–84 years of age) and found that
rCB1 expression in the vastus lateralis muscle was bigger in aging individuals while rCB2
expression did not significantly differ. In healthy older adults (physically active, non-
sarcopenic participants over 65 years of age, males and females), a 12-week resistance
exercise program increased both rCB1 and rCB2 expression at the level of the vastus
lateralis muscle but without statistical significance. Intriguingly, in older participants of
both sexes, the authors identified statistically significant correlations between the difference
in rCB2 expression post- versus pre-resistance training and the levels of muscle maintenance
markers (FOXO3a and the myogenic markers MyoD and Pax7) [309].

In the past decade, a growing body of evidence has paved the way for ascertaining
a relationship between ECS constituents and endocannabinoid-like molecules in various
aging-associated musculoskeletal changes [301,303,306,309]. Most scientific evidence per-
taining to this relationship derives from in vitro and in vivo studies and the potential
applicability of these findings to the management of osteoporosis, osteoarthritis or sarcope-
nia in human subjects require further studies. Nevertheless, recent and encouraging studies
provide valuable insight into the involvement of ECS in the musculo-skeletal changes
associated with aging.

5. Cannabinoid Implications in Age-Related Oncological Diseases

Since the median age of cancer diagnosis is around 66 years, this disorder is now
considered the disease of aging [310]. The advances in oncological disease prevention
strategies together with the improvements in healthcare systems will shift towards a
greater incidence and prevalence the neoplasic conditions in the elderly. According to the
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World Health Organization (WHO), in the majority of developed countries in which life
expectancy is now exceeding 80 years, the prevalence of cancer is projected to increase by
45% until 2030 [311,312]. Thus, various strategies of the healthcare systems focusing on
the improvement of the prevention and treatment effectiveness to cure or ameliorate the
quality of life of oncological patients are mandatory.

Among many molecular pathological pathways involved in the development of cancer
disease, recent evidence has shown that the cellular senescence may play an important
role. As mentioned before, senescent cells have the ability to secrete pro-inflammatory
cytokines and growth factors (the SASP phenotype) which are known to induce and
maintain a chronic inflammatory state. Together with their ability to provide a supportive
environment for the development and progression of cancer cells, senescent cell targeting
may be a promising approach to improve the management of cancer conditions [313,314].

Recent experimental and clinical studies focusing on identifying novel and promising
therapeutic approaches addressed to both oncological conditions and cancer-related disor-
ders have described a potential benefit of the endocannabinoid system. It is already known
that cannabinoids are indicated to ameliorate cancer related pain, chemotherapy-induced
nausea and vomiting, cachexia, or anorexia [315]. However, recent studies suggested that
dysregulation of the ECS may also promote cancer development by fostering physiological
conditions which allow cancer cells to proliferate and migrate. Clearly, targeting this mech-
anism with various natural or synthetic compounds may have the theoretical potential
of an improved control of cancer progression. Moreover, in the past years many authors
proposed the hypothesis that the endocannabinoid system may be used not only as a
prognosis marker, but also as a marker of carcinogenesis.

5.1. The Relationship between the Endocannabinoid System, Carcinogenesis, and Tumor Progression

Experimental studies have shown that both rCB1 and rCB2 agonists induce anti-
proliferative and pro-apoptotic effects most likely through the downregulation of gene tran-
scription and the increase of intracellular ceramide [316]. The mechanisms responsible for
cannabinoid-induced autophagy are still under debate, some authors proposing the inhibi-
tion of protein kinase B/the target of rapamycin kinase complex 1 (Akt/mTORC1) axis [317],
while others suggest that upregulation of cyclooxygenase 2 (Cox-2) and prostaglandin E-2
(PGE2) are more probably involved [318].

Several studies have focused on evaluating the antineoplastic effects of cannabinoids
in geriatric patients. For example, in vitro studies using prostatic cancer cells sampled
from patients, cannabinoids administration in various concentrations caused a decrease of
the tumoral volume by the induction of apoptosis, decrease in cell viability or interfering
with different cell signaling pathways which counteract oncogenesis [319–324]. Interest-
ingly, further in vivo studies have confirmed the antitumoral effect of cannabinoids since
encouraging results such as reduction in the rate of growth and size of the tumors were
reported [321,322]. The same antiproliferative effects were also reported in breast cancer
together with the reduction of cell viability, alteration of signaling pathways and impeding
cell cycle and promoting apoptosis [325–330]. Reduction of both tumoral volume and
metastases have been also reported in in vivo studies [330]. Moreover, in a recent paper
aiming to evaluate the cancer risk in cannabis users, Clark et al. reported that several types
of head and neck cancer occur less frequently in this population suggesting that the ECS
may represent a promising approach for the management of cancer [331]. The main effects
of cannabinoids in prostatic and breast cancer are summarized in Figure 5.

The ECS has also been linked to essential events in the cascade of cancer progression
such as invasion, metastasis and angiogenesis [318]. For example, in various types of
solid tumors such as glioblastoma, prostate cancer, endometrial sarcoma, and colon cancer,
increased concentrations of AEA and 2-AG have been reported when compared to non-
cancerous tissues suggesting thus a possible endocannabinoid control mechanism of cancer
growth [332]. Furthermore, in animal models of breast cancer, peritumoral administration
of CBD induced a decrease in the recruitment of tumor-associated M2 pro-tumorigenic
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macrophages type [333]. This suggests that cannabinoids may have the ability to modulate
tumoral microenvironment by lowering the CC chemokine ligand 3 (CCL3) levels reducing,
and thus the macrophage chemotactic activity and metastasis induction [334–336].

Figure 5. Schematic representation of the effects of cannabinoids in prostatic and breast cancer.

Recent evidence has shown that the variance of CB1 and CB2 receptors expression
may impact the prognosis of the disease, as summarized in Table 4. For example, in tissular
hepatocarcinoma samples, overexpression of both CB1 and CB2 receptors was correlated
with a decreased likelihood of portal vein invasion and a subsequent improvement in
disease-free survival rate [337]. An inverse correlation between rCB2 expression and tumor
aggressiveness was also reported for gliomas [338]. Moreover, in non-small cell lung cancer
patients, a statistically significant positive correlation was described between an increased
CB1 and CB2 receptor expression and survival rate [339]. The association between rCB1 and
disease severity and outcome has been also documented in prostatic cancer. Specifically,
a higher expression of the cannabinoid receptor in tumoral tissue was correlated with an
increased Gleason score and the presence of metastases at diagnosis [340]. Furthermore,
patients with a high CB1-immunoreactivity (CB1-IR) score had shorter disease-specific
survival rate [341]. In another study focusing on malignant and non-malignant thyroid
cells, an increased rCB2 expression was correlated with a high recurrence rate, lymphatic
and vascular invasion, and lymph node metastasis [342]. Similarly, a study on human
pancreatic ductal carcinoma samples suggested that there is an inverse correlation between
rCB1 levels and survival rate [343]. The impact of cannabinoids receptor expression on
cancer development and their implication on the disease prognosis is summarized in
Table 4.
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Table 4. The impact of cannabinoids receptor expression on cancer development and their implication
on the disease prognosis.

Cancer Type
Receptor

Expression
Effects Ref.

Colorectal cancer
↑ CB2
↑ CB1

↓ disease-free survival, ↓ overall
survival, ↑ tumor growth

↓ disease outcome
[344,345]

Prostate cancer ↑ CB1

↑ Gleason score, ↑ incidence of
metastases at diagnosis, ↑ tumor size,

↑ rate of proliferation, ↓
disease-specific survival

[340,341]

Pancreatic cancer ↓ CB1 ↓ survival [343]

Head and neck squamos cell carcinoma ↑ CB2 ↓ survival [346]

Hepatocellular carcinoma
↑ CB1
↑ CB2 ↑ disease-free survival [337]

Glioma ↑ CB2 ↑ tumor aggressivity [338]

Glioblastoma ↑ CB2 ↑ histologic grade [347]

Non-small cell lung cancer ↑ CB1, ↑ CB2 ↑ survival [339]

↑ = increase of; ↓ = decrease of.

5.2. Cannabinoid Usage for the Management of Pain-Associated Cancer

Various aging-associated comorbidities such as dementia, arthritis, and osteoporosis
may challenge the proper management of pain in the elderly oncological population and
often such patients may receive an inadequate antalgic treatment [348,349]. Recent evidence
has shown that ECS may be considered a promising approach since encouraging results
from clinical and experimental studies were reported. Several molecular mechanisms for
the analgesic effect of CBD have been proposed and studied in animal models. For example,
in neuropathic and taxol-induced pain animal models, CBD showed favorable analgesic
effects [350]. Although some experimental studies stated exciting results, clinical trials
still report conflicting effects. In a randomized, double-blind study focusing on the effects
of topical CBD on neuropathic pain, the authors reported more beneficial effects when
compared to placebo [351]. Moreover, two randomized, placebo-controlled trials have
shown that in patients with an inadequate analgesia control despite the use of opioids,
Nabiximols significantly reduces cancer-related pain when compared to placebo [352,353].
On the other hand, a randomized study investigating the potential antalgic effect of Nabixi-
mols for chemotherapy-induced neuropathic pain reported no significant benefits when
compared to placebo [354]. Clearly, further experimental and clinical studies are required
to find novel ECS-related molecules which may interact with various pathways involved
in cancer-associated pain to improve the quality of life of oncological patients.

5.3. Cannabinoid Usage to Ameliorate Chemotherapy-Induced Nausea and Vomiting

In the cancer population, observational studies have reported an increased frailty
index which is a predictor of mortality and morbidity related to chemotoxicity [355,356].
Additionally, in such patients, an increased incidence of chemotherapy-induced organ
toxicity was also described which frequently requires the lowering of the chemotherapeutic
doses to ameliorate this undesirable effect.

Chemotherapy-induced emesis significantly influences the quality of life leading usu-
ally to anorexia and metabolic disorders which may negatively impact the administration
of anticancer drugs. Currently, two cannabinoid drugs are approved for the usage in
clinical practice, while dronabinol is indicated as a first line drug for the treatment of
chemotherapy-induced emesis, nabilone is recommended in patients who have failed to
respond to conventional antiemetic treatments [357]. Interestingly, cannabinoid adminis-
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tration in such patients reduced the emetic reflex by inhibiting the release of excitatory
neurotransmitters, mainly through rCB1 dependent mechanisms [358]. Furthermore, in
a large multicenter randomized placebo-controlled trial, oral THC:CBD cannabis extract
successfully ameliorated symptoms induced-chemotherapy such as nausea and vomiting
when compared to standard antiemetic therapy, although more side effects were reported in
THC:CBD group [359]. Moreover, in a phase II clinical trial including 16 patients, 4.8 sprays
of Nabiximols were more effective than placebo in further reducing chemotherapy-induced
nausea and vomiting in patients on standard antiemetics [360].

5.4. Cannabinoid Usage to Ameliorate Cancer—Associated Cachexia and Anorexia

As before mentioned, a common feature of aging is sarcopenia, which represents the
physiological loss of both muscle mass and function [361]. In cancer patients, the muscle loss
is usually accelerated leading to cachexia which is associated with a functional impairment,
reduced physical performance and a decreased survival rate. Particularly, if cachexia occurs
in patients that are already sarcopenic, an increase of the risk of malnutrition and deleterious
side effects is commonly reported [362]. The ECS may have an important role to ameliorate
cancer associated cachexia since cannabinoids are known to modulate eating behavior. Early
reports showed a benefit of Dronabinol on the appetite and weight stability of HIV/AIDS
patients [363]. However, the data supporting cannabinoids for cancer cachexia are limited.
In a clinical study, Jatoi et al. showed that Megestrol acetate provided superior anorexia
palliation among advanced cancer patients when compared to dronabinol alone (75%
versus 49% for appetite and 11% versus 10% for baseline weight gain). Unfortunately, the
administration of both drugs did not show additional benefits [364]. Although cannabinoids
must be used with caution in the geriatric population due to the risk of delirium, growing
evidence supports the hypothesis that these drugs may be considered for use in daily
clinical practice to ameliorate cachexia-associated cancer in patients with life expectancy of
days to months.

5.5. Cannabinoid Usage to Ameliorate Cancer—Associated Anxiety and Depression

Observational studies have reported poorer treatment outcomes, decreased compli-
ance, prolonged hospitalization, and suicide in cancer patients in which the rate of both
anxiety and depression is up to 23% and 26%, respectively [365–369]. It is clear now that
the treatment against anxiety and depression is mandatory in such patients to improve
not only the quality of life but also the overall prognosis. Although the role of CBD as an
anxiolytic agent has been intensively studied in a variety of diseases such as generalized
anxiety disorder, social phobia, and schizophrenia, a limited number of studies assessed the
effects of cannabinoids on cancer associated anxiety or depression. Good et al. investigated
the effects of cannabinoids in palliative care and reported a significant reduction of anxiety
and depression. Moreover, the same study reported a decrease in the median depression,
anxiety, and stress scale (DASS 21) scores, with the biggest reduction of depression and
stress [370].

The modulation of the ECS which may counteract the processes involved in cancer
development such as the promotion of cell autophagy and apoptosis, antiproliferative
effects, or reduction of metastasis outgrowth is an attractive and promising pharmaco-
logical intervention. Although encouraging results are reported from both experimental
and clinical studies, further investigations are required to confirm all these benefits of
cannabinoids on ameliorating or even cure cancer associated various symptoms such as
nausea, vomiting, anxiety, or depression.

6. Cardiovascular Aging and Cannabinoid System

Cardiovascular diseases (CVDs) represent the leading cause of mortality globally with
recent epidemiological studies showing an increasing trend of prevalence and incidence.
Since in the next decade it is estimated that one-fifth of the world’s population will be over
65 years and giving that aging has the greatest impact on cardiovascular homeostasis, it is
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a certainty that the global burden of cardiovascular diseases will increase [371,372]. Thus,
emerging non-pharmacological and pharmacological therapies are mandatory to reduce
the burden of CVDs.

Growing evidence suggests that ECS may play an important role in the modulation of
cardiovascular parameters such as blood pressure, vasomotor tone, cardiac contractility,
vascular inflammation, and angiogenesis [373]. Interestingly, in various aging associated
cardiovascular diseases such as obesity, diabetes, and hypertension, dysregulation of the
ECS signaling was shown to play pivotal roles. Moreover, a decreased plasma levels of
2-AG and AEA is associated with the alteration of cannabinoid receptor expression in the
vasculature, suggesting that the ECS may represent a promising complementary therapeutic
approach for the treatment of aging associated cardiovascular diseases [374–378]. We
will further focus on describing the relationship between the ECS modulation and the
physiopathology of the two most prevalent risk factor for CVDs associated with aging:
arterial hypertension and atherosclerosis.

6.1. The Endocannabinoid System and Aging—Associated Hypertension

Among the risk factors for CVDs, arterial hypertension has the highest prevalence and
is the major cause for heart failure, atrial fibrillation, coronary heart disease, stroke, chronic
kidney disease, and dementia. Since aging is strongly correlated with an increase in arterial
blood pressure values, it is expected that the prevention of age-related increase in blood
pressure would decrease the vascular consequences commonly attributed to aging [379].

Although a plethora of antihypertensive drugs are currently available, a proper man-
agement of arterial hypertension is still challenging to be achieved. For example, obser-
vational studies reported a prevalence of resistant hypertension between 10 and 25% in
the general population and up to 12% in elderly patients [380]. Interestingly, the ECS
may play a major role in the physiopathology of arterial hypertension since significant
antihypertensive effects of cannabinoids, their endogenous and synthetic analogs were re-
ported. Among the mechanisms of action, NO-related pathways, CB1, and TRPV1 receptors
were postulated to be involved [381,382]. Moreover, one of the endogenous cannabinoids’
metabolism is arachidonic acid which is further converted in vasoactive products and
modulate the regulation of vascular tone, local blood flow, and blood pressure [383].

Experimental studies have suggested that AEA may play a pivotal role in the phys-
iopathology of arterial hypertension since AEA treatment has been shown to induce various
antihypertensive effects in in vivo [382,384,385]. For example, AEA administration led to a
transient decrease of blood pressure and heart rate due to the activation of the vanilloid
TRPV1 receptors from sensory vagal neurons in the heart. Moreover, through rCB1 found
in heart and blood vessels which are involved in counteracting the production of nora-
drenaline, AEA is able to reduce the cardiac contractility and peripheral resistance [386].
Intriguingly, AEA is also able to modulate vascular tone through the release of nitric
oxide (NO) and endothelium-derived hyperpolarizing factor (EDHF) from the vascular
endothelium [387]. Furthermore, ECS is also postulated to be involved in the long-term
control of blood pressure since antihypertensive effects were linked to AEA and COX-2
metabolites from renal medulla. For example, AEA infusion into renal medulla promotes
diuresis and natriuresis due to NO generation and inhibition of Na+/H+ and Na+/K+/2Cl
cotransporters through the rCB1 [388–390]. These findings suggest that an increased AEA
concentration at various levels which may be achieved by the inhibition of the enzymatic
breakdown or cellular uptake may represent a promising therapeutic approach for the
treatment of arterial hypertension. Thus, the development of active drugs targeting AEA
pathways may complement the traditional lowering blood pressure therapy.

6.2. The ECS and Aging—Associated Atherosclerosis

Atherosclerosis is a chronic arterial disease and represent the leading cause of vascular
death globally due to cardiovascular and neurological complications such as ischemic heart
and peripheral disease and stroke [391]. Recent evidence has shown that atherosclerosis
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is a systemic inflammatory disease in which the accumulation of lipids into arterial wall
is mirrored by a pro-inflammatory state driven by chemokines and leukocytes leading to
the formation of atherosclerotic plaque [392]. Atherosclerosis is also known as a disease of
aging and the interplay between increasing age and atherosclerosis is still under research. It
is clear now that aging is an independent risk factor for the development of atherosclerosis
and the cellular senescence is the main factor which promote atherosclerosis [393].

Clinical and experimental evidence has reported high levels of both local and systemic
endocannabinoid levels paralleling local atherogenic lesions or systemic atherosclerosis. For
example, in patients with coronary artery disease, increased levels of systemic endocannabi-
noids were reported [394]. Montecucco et al. also found high levels of endocannabinoids
and an increased expression of both rCB1 and rCB2 in human carotid plaque samples [125].
Moreover, in an animal model of atherosclerosis, Steffens et al. have reported lower dimen-
sions of atherosclerotic plaques and reduced local inflammation in mice treated with THC.
Interestingly, these favorable effects were mitigated by the administration of rCB2-selective
antagonists, suggesting that the anti-atherosclerotic effects induced by THC are modulated
through rCB2 pathways [395].These findings are in line with another experimental study
on LDL receptor knockout mice (LDLr−/−) which demonstrated that rCB2-deletion in-
creased macrophage infiltration in atherosclerotic lesions [396]. Furthermore, Chiurchiu
et al. demonstrated that the treatment of human-derived foam cells with rCB2 agonist have
anti-inflammatory effects since it was able to significantly lower TNF- α, IL-10, and IL-12
levels. They also reported a reduced expression of the CD36 scavenger receptor which is
known to be involved in the uptake of oxidized LDL during foam cell production [397].
Although the CB2 receptor pathway clearly has favorable effects in the physiopathology
of atherosclerosis, rCB1 seems to have opposite mechanisms of action since their activa-
tion led to ROS generation and induction of apoptosis in primary human coronary artery
endothelial cells [398]. Interestingly, an increased expression of rCB1 was also reported in
vulnerable atherosclerotic plaques in which a high level of activated immune cells is usually
found, suggesting that CB1 pathway may be involved in the modulation of inflammatory
processes during plaque development [399]. This hypothesis is supported by the experi-
mental results showing that CB1 pathway inhibition improved endothelial dysfunction,
prevented cell proliferation, and foam-cells development and induced arterial vasodilata-
tion [399,400]. The main effects of cannabinoids in hypertension and atherosclerosis are
summarized in Figure 6.

Taken together, these findings suggest that selective rCB2 activation and rCB1 inhi-
bition may have promising anti-atherosclerotic effects. Additionally, these encouraging
results pave the way for further experimental and clinical studies to develop novel thera-
peutic agents which may have additional benefits to those of classical therapy currently
used for the treatment of atherosclerosis.
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Figure 6. Schematic representation of the main effects of cannabinoids in hypertension and atheroscle-
rosis (NO—Nitric Oxide; EDHF—endothelium-derived hyperpolarizing factor; TRVP1—transient
receptor potential vanilloid 1; CB1—cannabinoids receptor 1; CB2—cannabinoids receptor 2;
TNF-α—Tumor Necrosis Factor Alpha; IL-10—Interleukin 10; IL-12—Interleukin12; ROS—Reactive
Oxygen Species; CD-36—Cluster of Differentiation 36; LDL—Low Density Lipoproteins).

7. Study Limitations

Although we have tried to emphasize the beneficial effects of ECS on various patho-
logical mechanisms involved in multiple aging-related diseases, a series of limitations of
this comprehensive review must be also discussed. For example, the contribution of genetic
factors, as well as various influences from living environment which definitely influence
the physiology of aging were not sufficiently take into account in this review [401,402]. In
addition, various drug formulation and dosage as well as multiple adverse psychiatric
reactions may also be considered as limitations of this study [403,404]. Therefore, from a
pharmacokinetic point of view, cannabinoids are difficult to be managed in both animal
and human studies since their absorption may vary. Furthermore, during chronic adminis-
tration, cannabinoids may lead to drug tolerance which usually requires the increase of
daily dosage with subsequent rise of psychiatric secondary effects [405]. These limitations
hamper the translation of the results from experimental studies to daily clinical practice.

8. Conclusions and Perspectives

The cannabinoid system has the potential to ameliorate different underlying mecha-
nism involved in the progression of aging-related diseases. Additionally, ECS may represent
a promising approach not only for the treatment, but also for the alleviation of age-related
disorder-associated symptoms and/or for increasing the efficacy of existing drugs. More-
over, our findings show that cannabinoids may be able to modulate various mechanisms
rather than targeting a single dysregulated pathway in age-related diseases. Natural as
well as synthetic cannabinoids ameliorate the balance between neurodegeneration and
neuroinflammation in neurodegenerative diseases. In addition, they may play an important
role in modulating the complex physio-pathology of MS and may be used as immune mod-
ulators, neuroprotectors, or remyelination promoters. The modulation of pro-inflammatory
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cytokines through the endogenous cannabinoid system may have beneficial effects on MS,
AD, PD, aging-related musculoskeletal changes, and CVDs. On the other hand, it is clearly
now that targeting the ECS with various natural or synthetic compounds may have the
theoretical potential of an improved control of cancer progression.

Although a plethora of scientific advances on the functional relevance of cannabinoids
in age-related diseases was recently achieved, a series of outstanding research questions
still remain. We strongly believe that further experimental studies are mandatory to
encourage the translational approach to clinical trials assessing the therapeutic potential of
cannabinoids in various aging-related diseases.
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13. Hryhorowicz, S.; Kaczmarek-Ryś, M.; Andrzejewska, A.; Staszak, K.; Hryhorowicz, M.; Korcz, A.; Słomski, R. Allosteric

Modulation of Cannabinoid Receptor 1-Current Challenges and Future Opportunities. Int. J. Mol. Sci. 2019, 20, 5874. [CrossRef]
[PubMed]

14. Deng, L.; Cornett, B.L.; Mackie, K.; Hohmann, A.G. CB1 Knockout Mice Unveil Sustained CB2-Mediated Antiallodynic Effects
of the Mixed CB1/CB2 Agonist CP55,940 in a Mouse Model of Paclitaxel-Induced Neuropathic Pain. Mol. Pharmacol. 2015, 88,
64–74. [CrossRef]

305



Biomedicines 2022, 10, 2492

15. Tham, S.M.; Angus, J.A.; Tudor, E.M.; Wright, C.E. Synergistic and additive interactions of the cannabinoid agonist CP55,940
with mu opioid receptor and alpha2-adrenoceptor agonists in acute pain models in mice. Br. J. Pharmacol. 2005, 144, 875–884.
[CrossRef] [PubMed]

16. Colombo, G.; Agabio, R.; Diaz, G.; Lobina, C.; Reali, R.; Gessa, G.L. Appetite suppression and weight loss after the cannabinoid
antagonist SR 141716. Life Sci. 1998, 63, PL113–PL117. [CrossRef]

17. Bensaid, M.; Gary-Bobo, M.; Esclangon, A.; Maffrand, J.P.; Le Fur, G.; Oury-Donat, F.; Soubrié, P. The cannabinoid CB1 receptor
antagonist SR141716 increases Acrp30 mRNA expression in adipose tissue of obese fa/fa rats and in cultured adipocyte cells.
Mol. Pharmacol. 2003, 63, 908–914. [CrossRef]

18. Shearman, L.P.; Rosko, K.M.; Fleischer, R.; Wang, J.; Xu, S.; Tong, X.S.; Rocha, B.A. Antidepressant-like and anorectic effects of the
cannabinoid CB1 receptor inverse agonist AM251 in mice. Behav. Pharmacol. 2003, 14, 573–582. [CrossRef]

19. Zamberletti, E.; Viganò, D.; Guidali, C.; Rubino, T.; Parolaro, D. Long-lasting recovery of psychotic-like symptoms in isolation-
reared rats after chronic but not acute treatment with the cannabinoid antagonist AM251. Int. J. Neuropsychopharmacol. 2012, 15,
267–280. [CrossRef] [PubMed]

20. Ostadhadi, S.; Haj-Mirzaian, A.; Nikoui, V.; Kordjazy, N.; Dehpour, A.-R. Involvement of opioid system in antidepressant-like
effect of the cannabinoid CB1 receptor inverse agonist AM-251 after physical stress in mice. Clin. Exp. Pharmacol. Physiol. 2016, 43,
203–212. [CrossRef]

21. Vimalanathan, A.; Gidyk, D.C.; Diwan, M.; Gouveia, F.V.; Lipsman, N.; Giacobbe, P.; Nobrega, J.N.; Hamani, C. Endocannabinoid
modulating drugs improve anxiety but not the expression of conditioned fear in a rodent model of post-traumatic stress disorder.
Neuropharmacology 2020, 166, 107965. [CrossRef]

22. Morena, M.; Berardi, A.; Colucci, P.; Palmery, M.; Trezza, V.; Hill, M.N.; Campolongo, P. Enhancing Endocannabinoid Neurotrans-
mission Augments the Efficacy of Extinction Training and Ameliorates Traumatic Stress-Induced Behavioral Alterations in Rats.
Neuropsychopharmacology 2018, 43, 1284–1296. [CrossRef]

23. Ni, X.; Geller, E.B.; Eppihimer, M.J.; Eisenstein, T.K.; Adler, M.W.; Tuma, R.F. Win 55212-2, a cannabinoid receptor agonist,
attenuates leukocyte/endothelial interactions in an experimental autoimmune encephalomyelitis model. Mult. Scler. 2004, 10,
158–164. [CrossRef] [PubMed]

24. Herzberg, U.; Eliav, E.; Bennett, G.J.; Kopin, I.J. The analgesic effects of R(+)-WIN 55,212-2 mesylate, a high affinity cannabinoid
agonist, in a rat model of neuropathic pain. Neurosci. Lett. 1997, 221, 157–160. [CrossRef]

25. Alonso-Alconada, D.; Álvarez, F.J.; Goñi-de-Cerio, F.; Hilario, E.; Álvarez, A. Cannabinoid-mediated Modulation of Oxidative
Stress and Early Inflammatory Response after Hypoxia-Ischemia. Int. J. Mol. Sci. 2020, 21, 1283. [CrossRef] [PubMed]

26. Paronis, C.A.; Nikas, S.P.; Shukla, V.G.; Makriyannis, A. Δ(9)-Tetrahydrocannabinol acts as a partial agonist/antagonist in mice.
Behav. Pharmacol. 2012, 23, 802–805. [CrossRef] [PubMed]

27. Butovsky, E.; Juknat, A.; Goncharov, I.; Elbaz, J.; Eilam, R.; Zangen, A.; Vogel, Z. In vivo up-regulation of brain-derived
neurotrophic factor in specific brain areas by chronic exposure to Delta-tetrahydrocannabinol. J. Neurochem. 2005, 93, 802–811.
[CrossRef]

28. Patra, P.H.; Barker-Haliski, M.; White, H.S.; Whalley, B.J.; Glyn, S.; Sandhu, H.; Jones, N.; Bazelot, M.; Williams, C.M.; McNeish,
A.J. Cannabidiol reduces seizures and associated behavioral comorbidities in a range of animal seizure and epilepsy models.
Epilepsia 2019, 60, 303–314. [CrossRef]

29. Malvestio, R.B.; Medeiros, P.; Negrini-Ferrari, S.E.; Oliveira-Silva, M.; Medeiros, A.C.; Padovan, C.M.; Luongo, L.; Maione,
S.; Coimbra, N.; de Freitas, R. Cannabidiol in the prelimbic cortex modulates the comorbid condition between the chronic
neuropathic pain and depression-like behaviour in rats: The role of medial prefrontal cortex 5-HT1A and CB1 receptors. Brain
Res. Bull. 2021, 174, 323–338. [CrossRef]

30. McAllister, S.D.; Christian, R.T.; Horowitz, M.P.; Garcia, A.; Desprez, P.-Y. Cannabidiol as a novel inhibitor of Id-1 gene expression
in aggressive breast cancer cells. Mol. Cancer Ther. 2007, 6, 2921–2927. [CrossRef] [PubMed]

31. Giuliano, C.; Francavilla, M.; Ongari, G.; Petese, A.; Ghezzi, C.; Rossini, N.; Blandini, F.; Cerri, S. Neuroprotective and symptomatic
effects of cannabidiol in an animal model of parkinson’s disease. Int. J. Mol. Sci. 2021, 22, 8920. [CrossRef]

32. Craft, R.M.; Greene, N.Z.; Wakley, A.A. Antinociceptive effects of JWH015 in female and male rats. Behav. Pharmacol. 2018, 29,
280–289. [CrossRef]

33. Fechtner, S.; Singh, A.K.; Srivastava, I.; Szlenk, C.T.; Muench, T.R.; Natesan, S.; Ahmed, S. Cannabinoid Receptor 2 Agonist
JWH-015 Inhibits Interleukin-1β-Induced Inflammation in Rheumatoid Arthritis Synovial Fibroblasts and in Adjuvant Induced
Arthritis Rat via Glucocorticoid Receptor. Front. Immunol. 2019, 10, 1027. [CrossRef] [PubMed]

34. Sheng, W.S.; Chauhan, P.; Hu, S.; Prasad, S.; Lokensgard, J.R. Antiallodynic Effects of Cannabinoid Receptor 2 (CB2R) Agonists
on Retrovirus Infection-Induced Neuropathic Pain. Pain Res. Manag. 2019, 2019, 1260353. [CrossRef]

35. Cabañero, D.; Ramírez-López, A.; Drews, E.; Schmöle, A.; Otte, D.M.; Wawrzczak-Bargiela, A.; Encabo, H.H.; Kummer, S.;
Ferrer-Montiel, A.; Przewlocki, R.; et al. Protective role of neuronal and lymphoid cannabinoid CB2 receptors in neuropathic pain.
eLife 2020, 9, e55582. [CrossRef]

36. Jing, N.; Fang, B.; Li, Z.; Tian, A. Exogenous activation of cannabinoid-2 receptor modulates TLR4/MMP9 expression in a spinal
cord ischemia reperfusion rat model. J. Neuroinflammation 2020, 17, 101. [CrossRef] [PubMed]

37. Ilyasov, A.A.; Milligan, C.E.; Pharr, E.P.; Howlett, A.C. The endocannabinoid system and oligodendrocytes in health and disease.
Front. Neurosci. 2018, 12, 733. [CrossRef]

306



Biomedicines 2022, 10, 2492

38. Araujo, D.J.; Tjoa, K.; Saijo, K. The endocannabinoid system as a window into microglial biology and its relationship to autism.
Front. Cell Neurosci. 2019, 13, 424. [CrossRef]

39. Komorowska-Müller, J.A.; Schmöle, A.-C. CB2 Receptor in Microglia: The Guardian of Self-Control. Int. J. Mol. Sci. 2020, 22, 19.
[CrossRef] [PubMed]

40. Schurman, L.D.; Lu, D.; Kendall, D.A.; Howlett, A.C.; Lichtman, A.H. Molecular mechanism and cannabinoid pharmacology.
Handb. Exp. Pharmacol. 2020, 258, 323–353. [CrossRef]

41. Jordà, M.A.; Verbakel, S.E.; Valk, P.J.M.; Vankan-Berkhoudt, Y.V.; Maccarrone, M.; Finazzi-Agrò, A.; Löwenberg, B.; Del-
wel, R. Hematopoietic cells expressing the peripheral cannabinoid receptor migrate in response to the endocannabinoid 2-
arachidonoylglycerol. Blood 2002, 99, 2786–2793. [CrossRef] [PubMed]

42. Spigelman, I. Therapeutic targeting of peripheral cannabinoid receptors in inflammatory and neuropathic pain states. In Translational
Pain Research: From Mouse to Man; Kruger, L., Light, A.R., Eds.; CRC Press; Taylor & Francis: Boca Raton, FL, USA, 2010.

43. Torres-Moreno, M.C.; Papaseit, E.; Torrens, M.; Farré, M. Assessment of Efficacy and Tolerability of Medicinal Cannabinoids in
Patients with Multiple Sclerosis: A Systematic Review and Meta-analysis. JAMA Netw. Open 2018, 1, e183485. [CrossRef]

44. Abate, G.; Uberti, D.; Tambaro, S. Potential and limits of cannabinoids in alzheimer’s disease therapy. Biology 2021, 10, 542.
[CrossRef]

45. Stampanoni Bassi, M.; Sancesario, A.; Morace, R.; Centonze, D.; Iezzi, E. Cannabinoids in parkinson’s disease. Cannabis
Cannabinoid Res. 2017, 2, 21–29. [CrossRef] [PubMed]

46. Gómez-Ruiz, M.; Hernández, M.; de Miguel, R.; Ramos, J.A. An overview on the biochemistry of the cannabinoid system. Mol.
Neurobiol. 2007, 36, 3–14. [CrossRef]

47. Zuardi, A.W. History of cannabis as a medicine: A review. Rev. Bras. Psiquiatr. 2006, 28, 153–157. [CrossRef]
48. Zou, S.; Kumar, U. Cannabinoid receptors and the endocannabinoid system: Signaling and function in the central nervous system.

Int. J. Mol. Sci. 2018, 19, 833. [CrossRef]
49. Fagundo, A.B.; de la Torre, R.; Jiménez-Murcia, S.; Agüera, Z.; Pastor, A.; Casanueva, F.F.; Granero, R.; Baños, R.; Botella, C.; Del

Pino-Gutierrez, A.; et al. Modulation of the Endocannabinoids N-Arachidonoylethanolamine (AEA) and 2-Arachidonoylglycerol
(2-AG) on Executive Functions in Humans. PLoS ONE 2013, 8, e66387. [CrossRef]

50. Di Marzo, V. Endocannabinoids: Synthesis and degradation. In Reviews of Physiology, Biochemistry and Pharmacology; Springer:
Berlin/Heidelberg, Germany, 2008; Volume 160, pp. 1–24. [CrossRef]

51. Finn, D.P.; Haroutounian, S.; Hohmann, A.G.; Krane, E.; Soliman, N.; Rice, A.S.C. Cannabinoids, the endocannabinoid system,
and pain: A review of preclinical studies. Pain 2021, 162, S5–S25. [CrossRef]

52. de Lago, E.; Petrosino, S.; Valenti, M.; Morera, E.; Ortega-Gutierrez, S.; Fernandez-Ruiz, J.; Di Marzo, V. Effect of repeated systemic
administration of selective inhibitors of endocannabinoid inactivation on rat brain endocannabinoid levels. Biochem. Pharmacol.
2005, 70, 446–452. [CrossRef]

53. Goparaju, S.K.; Ueda, N.; Yamaguchi, H.; Yamamoto, S. Anandamide amidohydrolase reacting with 2-arachidonoylglycerol,
another cannabinoid receptor ligand. FEBS Lett. 1998, 422, 69–73. [CrossRef]

54. Kohnz, R.A.; Nomura, D.K. Chemical approaches to therapeutically target the metabolism and signaling of the endocannabinoid
2-AG and eicosanoids. Chem. Soc. Rev. 2014, 43, 6859–6869. [CrossRef]

55. Marrs, W.R.; Blankman, J.L.; Horne, E.A.; Thomazeau, A.; Lin, Y.H.; Coy, J.; Bodor, A.L.; Muccioli, G.; Hu, S.S.-J.; Woodruff, G.;
et al. The serine hydrolase ABHD6 controls the accumulation and efficacy of 2-AG at cannabinoid receptors. Nat. Neurosci. 2010,
13, 951–957. [CrossRef] [PubMed]

56. Almogi-Hazan, O.; Or, R. Cannabis, the Endocannabinoid System and Immunity-the Journey from the Bedside to the Bench and
Back. Int. J. Mol. Sci. 2020, 21, 4448. [CrossRef]

57. Sholler, D.J.; Huestis, M.A.; Amendolara, B.; Vandrey, R.; Cooper, Z.D. Therapeutic potential and safety considerations for the
clinical use of synthetic cannabinoids. Pharmacol. Biochem. Behav. 2020, 199, 173059. [CrossRef]

58. Chand, M.; Tung, R.L. The Aging of the World’s Population and Its Effects on Global Business. JSTOR. Available online:
https://www.jstor.org/stable/43822378 (accessed on 12 August 2022).

59. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194–1217. [CrossRef]
60. Li, Z.; Zhang, Z.; Ren, Y.; Wang, Y.; Fang, J.; Yue, H.; Ma, S.; Guan, F. Aging and age-related diseases: From mechanisms to

therapeutic strategies. Biogerontology 2021, 22, 165–187. [CrossRef]
61. McDonald, W.I.; Compston, A.; Edan, G.; Goodkin, D.; Hartung, H.P.; Lublin, F.D.; McFarland, H.F.; Paty, D.W.; Polman, C.H.;

Reingold, S.C.; et al. Recommended diagnostic criteria for multiple sclerosis: Guidelines from the International Panel on the
diagnosis of multiple sclerosis. Ann. Neurol. 2001, 50, 121–127. [CrossRef]

62. Schimrigk, S.; Marziniak, M.; Neubauer, C.; Kugler, E.M.; Werner, G.; Abramov-Sommariva, D. Dronabinol Is a Safe Long-Term
Treatment Option for Neuropathic Pain Patients. Eur. Neurol. 2017, 78, 320–329. [CrossRef]

63. van Amerongen, G.; Kanhai, K.; Baakman, A.C.; Heuberger, J.; Klaassen, E.; Beumer, T.L.; Strijers, R.L.; Killestein, J.; Van Gerven,
J.; Cohen, A.; et al. Effects on Spasticity and Neuropathic Pain of an Oral Formulation of Δ9-tetrahydrocannabinol in Patients
WithProgressive Multiple Sclerosis. Clin. Ther. 2018, 40, 1467–1482. [CrossRef]

64. Markovà, J.; Essner, U.; Akmaz, B.; Marinelli, M.; Trompke, C.; Lentschat, A.; Vila, C. Sativex®as add-on therapy vs. further
optimized first-line ANTispastics (SAVANT) in resistant multiple sclerosis spasticity: A double-blind, placebo-controlled
randomised clinical trial. Int. J. Neurosci. 2019, 129, 119–128. [CrossRef]

307



Biomedicines 2022, 10, 2492

65. Hunter, D.; Oldfield, G.; Tich, N.; Messenheimer, J.; Sebree, T. Synthetic transdermal cannabidiol for the treatment of knee pain
due to osteoarthritis. Osteoarthr. Cartil. 2018, 26, S26. [CrossRef]

66. Herrmann, N.; Ruthirakuhan, M.; Gallagher, D.; Verhoeff, N.P.L.G.; Kiss, A.; Black, S.E.; Lanctôt, K.L. Randomized Placebo-
Controlled Trial of Nabilone for Agitation in Alzheimer’s Disease. Am. J. Geriatr. Psychiatry 2019, 27, 1161–1173. [CrossRef]

67. Eisenstein, M. Does the human lifespan have a limit? Nature 2022, 601, S2–S4. [CrossRef]
68. Partridge, L.; Deelen, J.; Slagboom, P.E. Facing up to the global challenges of ageing. Nature 2018, 561, 45–56. [CrossRef]
69. DiLoreto, R.; Murphy, C.T. The cell biology of aging. Mol. Biol. Cell 2015, 26, 4524–4531. [CrossRef]
70. Campisi, J. Aging, cellular senescence, and cancer. Annu. Rev. Physiol. 2013, 75, 685–705. [CrossRef]
71. da Costa, J.P.; Vitorino, R.; Silva, G.M.; Vogel, C.; Duarte, A.C.; Rocha-Santos, T. A synopsis on aging-Theories, mechanisms and

future prospects. Ageing Res. Rev. 2016, 29, 90–112. [CrossRef]
72. Harley, C.B. Telomere loss: Mitotic clock or genetic time bomb? Mutat. Res. 1991, 256, 271–282. [CrossRef]
73. Chakravarti, D.; LaBella, K.A.; DePinho, R.A. Telomeres: History, health, and hallmarks of aging. Cell 2021, 184, 306–322.

[CrossRef]
74. Harley, C.B.; Vaziri, H.; Counter, C.M.; Allsopp, R.C. The telomere hypothesis of cellular aging. Exp. Gerontol. 1992, 27, 375–382.

[CrossRef]
75. Calado, R.T.; Young, N.S. Telomere diseases. N. Engl. J. Med. 2009, 361, 2353–2365. [CrossRef]
76. Nault, J.-C.; Ningarhari, M.; Rebouissou, S.; Zucman-Rossi, J. The role of telomeres and telomerase in cirrhosis and liver cancer.

Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 544–558. [CrossRef]
77. Calcinotto, A.; Kohli, J.; Zagato, E.; Pellegrini, L.; Demaria, M.; Alimonti, A. Cellular senescence: Aging, cancer, and injury.

Physiol. Rev. 2019, 99, 1047–1078. [CrossRef]
78. Zou, Y.; Sfeir, A.; Gryaznov, S.M.; Shay, J.W.; Wright, W.E. Does a sentinel or a subset of short telomeres determine replicative

senescence? Mol. Biol. Cell 2004, 15, 3709–3718. [CrossRef] [PubMed]
79. Itahana, K.; Campisi, J.; Dimri, G.P. Mechanisms of cellular senescence in human and mouse cells. Biogerontology 2004, 5, 1–10.

[CrossRef]
80. Gomes, N.M.V.; Ryder, O.A.; Houck, M.L.; Charter, S.J.; Walker, W.; Forsyth, N.R.; Austad, S.N.; Venditti, C.; Pagel, M.; Shay,

J.W.; et al. Comparative biology of mammalian telomeres: Hypotheses on ancestral states and the roles of telomeres in longevity
determination. Aging Cell 2011, 10, 761–768. [CrossRef]

81. Pignolo, R.J.; Passos, J.F.; Khosla, S.; Tchkonia, T.; Kirkland, J.L. Reducing senescent cell burden in aging and disease. Trends Mol.
Med. 2020, 26, 630–638. [CrossRef]

82. van Deursen, J.M. The role of senescent cells in ageing. Nature 2014, 509, 439–446. [CrossRef]
83. Kowald, A.; Passos, J.F.; Kirkwood, T.B.L. On the evolution of cellular senescence. Aging Cell 2020, 19, e13270. [CrossRef]
84. Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.; Bonaduce, D.; et al.

Oxidative stress, aging, and diseases. Clin. Interv. Aging 2018, 13, 757–772. [CrossRef] [PubMed]
85. Pomatto, L.C.D.; Davies, K.J.A. Adaptive homeostasis and the free radical theory of ageing. Free Radic. Biol. Med. 2018, 124,

420–430. [CrossRef]
86. Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Oxidative stress: A key modulator in neurodegenerative diseases. Molecules 2019,

24, 1583. [CrossRef]
87. Salisbury, D.; Bronas, U. Reactive oxygen and nitrogen species: Impact on endothelial dysfunction. Nurs. Res. 2015, 64, 53–66.

[CrossRef]
88. Phaniendra, A.; Jestadi, D.B.; Periyasamy, L. Free radicals: Properties, sources, targets, and their implication in various diseases.

Indian J. Clin. Biochem. 2015, 30, 11–26. [CrossRef]
89. Gradinaru, D.; Borsa, C.; Ionescu, C.; Prada, G.I. Oxidized LDL and NO synthesis–Biomarkers of endothelial dysfunction and

ageing. Mech. Ageing Dev. 2015, 151, 101–113. [CrossRef] [PubMed]
90. Brinkley, T.E.; Nicklas, B.J.; Kanaya, A.M.; Satterfield, S.; Lakatta, E.G.; Simonsick, E.M.; Sutton-Tyrrell, K.; Kritchevsky, S. Plasma

oxidized low-density lipoprotein levels and arterial stiffness in older adults: The health, aging, and body composition study.
Hypertension 2009, 53, 846–852. [CrossRef] [PubMed]

91. Arfin, S.; Jha, N.K.; Jha, S.K.; Kesari, K.K.; Ruokolainen, J.; Roychoudhury, S.; Rathi, B.; Kumar, D. Oxidative stress in cancer cell
metabolism. Antioxidants 2021, 10, 642. [CrossRef]
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Abstract: Antibiotic resistance has become an increasing challenge in the treatment of various infec-
tious diseases, especially those associated with biofilm formation on biotic and abiotic materials. There
is an urgent need for new treatment protocols that can also target biofilm-embedded bacteria. Many
secondary metabolites of plants possess anti-bacterial activities, and especially the phytocannabinoids
of the Cannabis sativa L. varieties have reached a renaissance and attracted much attention for their
anti-microbial and anti-biofilm activities at concentrations below the cytotoxic threshold on normal
mammalian cells. Accordingly, many synthetic cannabinoids have been designed with the intention
to increase the specificity and selectivity of the compounds. The structurally unrelated endocannabi-
noids have also been found to have anti-microbial and anti-biofilm activities. Recent data suggest
for a mutual communication between the endocannabinoid system and the gut microbiota. The
present review focuses on the anti-microbial activities of phytocannabinoids and endocannabinoids
integrated with some selected issues of their many physiological and pharmacological activities.

Keywords: anti-microbial activity; anti-biofilm activity; Cannabis sativa L.; endocannabinoids; gut
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1. Introduction

Plant medicine has often been used for the treatment of diverse diseases, including
bacterial and fungal infections [1–8]. The plants produce a series of secondary metabolites,
many of which have pharmacological as well as anti-microbial activities [4–6,9–11]. Evolu-
tionarily, plants have developed various anti-microbial mechanisms to protect them from
infectious diseases [11]. Usually, these include the production of compounds that have
anti-biofilm and bacteriostatic activities rather than biocidal effect [11]. Compounds with
anti-biofilm activities are believed not to induce resistance mechanisms in the microbes,
since they target processes not essential for their survival. In contrast, compounds with
bactericidal activity might lead to the development of resistance mechanisms in the microbe
as part of the bacterial fitness adaptation process with increased probability of developing
microbial plant infections.

Cannabis sativa L. subspecies are plants that contain a large variety of secondary
metabolites, including phytocannabinoids, terpenoids and flavonoids, which have pro-
found anti-microbial activities, in addition to possessing anti-inflammatory, anti-oxidative
and neuromodulatory properties [12–14]. In mammalians, the phytocannabinoids interact
with the same receptors (e.g., cannabinoid receptors CB1 and CB2) as the endocannabi-
noids [15], which are endogenous substances with anti-microbial, anti-inflammatory and
neuromodulatory activities [16–24]. While much is known about the cannabinoid targets in
mammalians, so far, little is known about the microbial targets of these compounds. It is
likely that these compounds also interact with specific targets in the microbes. The present
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review focuses on the anti-microbial activities of phytocannabinoids and endocannabi-
noids interwoven with selected aspects of their many physiological and pathophysiological
activities.

2. Cannabis sativa L.

The hemp plant (Cannabis sativa L.; L = Linnaeus) belonging to the family Cannabaceae, orig-
inates in central-northeast Asia where it has been cultivated for more than 5000 years [15,25,26].
The Han Chinese dynasty used Cannabis to treat inflammatory disorders and malaria [27,28].
The Chinese pharmacopoeia of the Emperor Shen Nung, who lived approximately around
2700 BCE and is considered “The Father of Chinese Medicine”, indicated Cannabis plant
usage for the treatment of rheumatic pain, constipation, malaria, and gynecological dis-
orders [26]. In modern times, this plant has been used for different medical conditions,
including alleviating chronic pain (e.g., in cancer patients and in rheumatic diseases),
muscle spasms (e.g., in multiple sclerosis), epileptic convulsion (e.g., Dravet syndrome
and Lennox–Gastaut syndrome in children), nausea (e.g., following chemotherapy), in-
testinal inflammation (e.g., colitis, inflammatory bowel disease (IBD)), and for stimulating
appetite (e.g., in devastating AIDS syndrome, anorexia, and cancer patients) [26,29,30]. It
has also been used as a treatment remedy for cancer patients, since the phytocannabinoids
can inhibit cell growth of certain tumor cells and enhance the efficacy of certain cancer
therapeutics [31].

The phenotypes of Cannabis plants are highly variable and can be classified into
three major subspecies: Cannabis sativa subsp. sativa, Cannabis sativa subsp. indica, and
Cannabis sativa subsp. ruderalis [32]. The different subspecies have all been classified to
the Cannabis sativa L. species [32]. There are also several chemovariants, chemotypes, or
cultivars of this plant harboring different composition of chemical compounds [33–36].
Different Cannabis cultivars or chemotypes have been developed that contain various ratios
of cannabidiol (CBD) and Δ9-tetrahydrocannabinol (Δ9-THC), and even those containing
high CBD and low Δ9-THC content, which is favorable for avoiding the psychomimetic
effects of Δ9-THC [33,37]. The cannabinoids are found in most parts of the plant, with the
highest concentrations in glandular trichomes on the surfaces of leaves and flowers [38–42].

The chemical composition of Cannabis is affected by the ripeness and maturation
state of the plant, growth conditions, the sowing and the harvest times, as well as the
storage conditions [34,38–41,43]. The plant composition of phytocannabinoids is affected
by light, temperature, water supply, nutrition, heavy metals, phytohormones, soil bacteria,
insects and microbial pathogens, among others [44–47]. Cannabidiolic acid (CBDA), the
precursor of cannabinols, predominates in the unripen plant, while it is converted to CBD,
Δ9-THC and cannabinol (CBN) upon ripening of the resin [48]. In the intermediate ripening
state, CBD is predominant, then Δ9-THC dominates in the ripened state, while CBN, the
final conversion product, is the major compound in the overripened resin [48]. High anti-
microbial activity was found especially in unripen Cannabis harvested from regions with
unfavorable climate for this plant, whereas ripened Cannabis taken from tropical areas had
a more hashish-active composition [48]. For the optimal production of essential oil, the
recommended stage for harvest is one to three weeks before seed maturity [43].

The difference between industrial hemp and the high Δ9-THC hemp breed type mar-
ijuana is that the industrial hemp contains minute amounts of Δ9-THC (less than 0.2%
(w/v)), while marijuana flowers and leaves may contain as much as 17–28% Δ9-THC [49].
Even concentrated THC products, such as oil, shatter, and dab, have been produced with
a concentration of up to 95% Δ9-THC [49]. The use of marijuana is associated with hallu-
cinations due to the high Δ9-THC content and may lead to addiction, lack of judgement,
and reduced cognition, especially during adolescence when the brain is undergoing sig-
nificant development [49]. Smoking hemp may lead to decreased immune function with
a consequent increase in opportunistic infections [50–53]. Cannabis users have a higher
probability to get fungal infections than non-Cannabis users, which might in part be due to
fungal contamination of the Cannabis product [54].
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2.1. Anti-Microbial Activity of Cannabis sativa L. Extracts

Z. Krejčí, in the 1950s, observed that Cannabis has antibiotic activity and introduced
it to the clinics in Czechoslovakia [55], a practice that was discontinued in 1990 [33]. The
first compound identified by Krejčí with antibiotic activity was named cannabidiolic acid
(CBDA) [56,57]. From then on, several other Cannabis components with antibiotic activities
have been isolated and characterized [48,58–63], which will be further discussed below.
In 1956, L. Ferenczy published a paper documenting that plant seeds from various plant
species, including those from Cannabis sativa, exhibited antibacterial activity, especially
against Gram-positive bacteria [64]. Wasim et al. [65] documented that both ethanolic and
petroleum ether extracts of Cannabis sativa leaves showed anti-microbial activity against
Bacillus subtilis, Staphylococcus aureus, Micrococcus flavus, Bordetella bronchiseptica, Proteus
vulgaris, Aspergillus niger, and Candida albicans. Ali et al. [66] observed that the oil of
the seeds of Cannabis sativa exerted pronounced anti-bacterial activity against Bacillus
subtilis and Staphylococcus aureus, with moderate activity against Escherichia coli and Pseu-
domonas aeruginosa, without any activity against Aspergillus niger and Candida albicans. The
petroleum ether extract of the whole plant showed high anti-bacterial activity against
Bacillus subtilis and Staphylococcus aureus, moderate activity against Escherichia coli, while no
activity against Pseudomonas aeruginosa or the tested fungi [66]. Thus, the extraction method
and the source affect the composition of the anti-microbial content and the spectrum of
responding microbes.

2.2. Anti-Microbial Activity of Essential Oils from Cannabis sativa L.

Novak et al. [67] analyzed the anti-bacterial effect of essential oils prepared from
five different cultivars of Cannabis sativa L. These essential oils contained, among others,
α-pinene, myrcene, trans-β-ocimene, α-terpinolene, trans-caryophyllene, and α-humulene,
but undetectable levels of Δ9-THC and very poor levels of other cannabinoids [67]. They
observed differences in the anti-bacterial activity between the various cultivars. All five
essential oils showed anti-bacterial activity against Acinetobacter calcoaceticus, Beneckea
natriegens, Brochothrix thermosphacta and Staphylococcus aureus [67]. Only one of the five
essential oils had an anti-bacterial effect on Escherichia coli, while none affected Enterobacter
aerogenes, Klebsiella pneumoniae, Proteus vulgaris, Salmonella pullorum, Serratia marcescens, or
Streptococcus faecalis [67].

Nissen et al. [34] observed that essential oils of Cannabis sativa L., prepared from
50–70% of seed maturity, showed anti-bacterial activity against the Gram-positive bacteria
Enterococcus faecium and Streptococcus salivarius at less than 1% (v/v) but were unable to
inhibit the growth of the yeast Saccharomyces cerevisiae. Zengin et al. [68] found that essential
oils distilled from leaves, inflorescences, and thinner stems of the hemp plant showed anti-
oxidative properties and had significant anti-bacterial activity against clinical Helicobacter
pylori strains (MIC = 16–64 μg/mL), with lower activity against clinical Staphylococcus aureus
isolates (MIC = 8 mg/mL) and no significant activity against Candida spp. and Malassezia
spp. The minimum bacterial biofilm inhibitory concentration (MBIC) of the hemp essential
oil against Helicobacter pyroli was similar to the MIC [68]. The hemp essential oil showed
cytotoxicity against human breast cancer, cholangiocarcinoma, and colon carcinoma cell
lines at 50–75 μg/mL, while 250 μg/mL was required to inhibit the cell proliferation of a
nonmalignant cholangiocyte cell line [68]. The LD50 of hemp essential oil against larvae
of Galleria mellonella was found to be 1.56 mg/mL, which is much higher than the anti-
bacterial activity against Helicobacter pyroli, but lower than that found to be active against
Staphylococcus aureus strains [68].
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Pellegrini et al. [69] observed that essential oil prepared from Cannabis sativa L. cultivar
Futura 75 inflorescences with low Δ9-THC content (<0.2%) cultivated in the Abruzzo terri-
tory showed anti-bacterial activity against Staphylococcus aureus and Listeria monocytogenes
with a MIC of 1.25–5 μL/mL, while being ineffective against Salmonella enterica. They also
showed that the essential oil possessed anti-oxidative properties [69]. The essential oils pro-
duced from the Cannabis sativa L. cultivar Futura 75 inflorescences was also found to have
insecticidal activity with LD50 values of 65.8 μg/larva on Spodoptera littoralis, 122.1 μg/adult
on Musca domestica, and LC50 of 124.5 μL/L on Culex quinquefasciatus larvae [70]. The in-
secticidal effect might in part be due to an inhibition of the enzyme acetylcholinesterase
(AChE) [70]. Thomas et al. [71] found that essential oil of Cannabis sativa could induce 100%
mortality in the mosquito larvae of Culex tritaeniorhynchus, Anopheles stephensi, Aedes aegypti,
and Culex quinquefasciatus at concentrations of 0.06, 0.1, 0.12, and 0.2 μL/mL, respectively.

Palmieri et al. [72] studied the variability of Cannabis essential oils from various origins
and observed that the time of distillation affected the chemical composition of terpenic
components, sesquiterpenes, and CBD with consequent variations in the anti-microbial
activities against Staphylococcus aureus, Listeria monocytogenes, and Enterococcus faecium.
Zheljazkov et al. [73] compared the anti-microbial activity of nine wild hemp (Cannabis
sativa spp. spontanea Vavilov) accessions sampled from agricultural fields in northeastern
Serbia with 13 EU registered cultivars, eight breeding lines, and one cannabidiol (CBD)
hemp strain, which showed variations in the secondary metabolites β-caryophyllene, α-
humulene, caryophyllene oxide, and humulene epoxide. The CBD concentration in the
essential oils of wild hemp varied from 6.9 to 52.4%, while the CBD content in the essential
oils of the registered cultivars, breeding lines, and the CBD strain varied from 7.1 to 25%;
6.4 to 25%; and 7.4 to 8.8%, respectively [73]. The Δ9-THC concentration showed high
variability between the different strains, with the highest concentration being 3.5% [73]. The
essential oils of the wild hemp had greater anti-microbial activity compared with the essen-
tial oil of registered cultivars [73]. In general, with variations between the different essential
oils, anti-microbial activity was observed toward Staphylococcus aureus, Enterococcus faecalis,
Streptococcus pneumoniae, Pseudomonas aeruginosa, Yersenia enterocolitica, Salmonella enterica,
Candida albicans, Candida krusei, and Candida tropicalis using the disc diffusion method [73].
Altogether, the data presented above show that there is high variability of the composition
of hemp essential oils, which might explain the many contradictory publications of the
anti-microbial activities toward the same microbial species. In general, a good anti-bacterial
response is achieved on Gram-positive bacteria, with less or no effect on Gram-negative
bacteria, and variable effect on fungi.

2.3. Anti-Microbial Activity of Terpenoids in Cannabis Essential Oils

Several terpenoids in the Cannabis essential oils have been demonstrated to have
anti-microbial effect, which include the monoterpenes α-pinene, linalool, and limonene,
and the bitter-tasting sesquiterpenes nerolidol, β-caryophyllene, and caryophyllene ox-
ide [33,74–76]. α-Pinene inhibited the growth of both Gram-positive bacteria (e.g., var-
ious Clostridium species, Enterococcus faecium, Streptococcus salivarius, Staphylococcus au-
reus, Staphylococcus epidermidis, Streptococcus pyogenes, Streptococcus pneumoniae) and Gram-
negative bacteria (e.g., various Pseudomonas species), as well as the fungus Candida al-
bicans [34,77–79]. Myrcene, which is also found in tea tree oil, inhibited the growth of
Staphylococcus aureus that was associated with the leakage of K+ ions from the bacterial
cells and damage to the cell membrane [80]. Linalool, a monoterpenoid alcohol, and
α-terpineol, a fragrant terpene, showed anti-bacterial activity against Propionibacterium
acne and Staphylococcus epidermidis with a minimum inhibitory concentration (MIC) of
0.625–1.25 μg/mL [77]. Linalool is also effective against the yeast and hyphal forms of
Candida albicans, where it alters the membrane integrity and induces cell cycle arrest [81].
Limonene showed anti-bacterial activity against Staphylococcus epidermidis [77] and Listeria
monocytogenes [82], and exerted anti-biofilm activity against Streptococcus pyogenes, Strepto-
coccus mutans, and Streptococcus mitis [83]. α-Humulene showed potent anti-fungal activity
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against Cryptococcus neoformans, Candida glabrata, and Candida krusei with MIC values of
5.0, 1.45, and 10.0 μg/mL, respectively, without any effect on methicillin-sensitive Staphy-
lococcus aureus (MSSA) 29213, methicillin-resistant Staphylococcus aureus (MRSA) 33591,
or Mycobacterium intracellulare [84]. Nerolidol is a sesquiterpene with sedative properties
and inhibits the growth of Leishmania amazonensis, Leishmania braziliensis, and Leishmania
chagasi promastigotes, and Leishmania amazonensis amastigotes [85], as well as the growth of
Plasmodium falciparum at the trophozoite and schizont stages [86,87]. The anti-oxidative β-
caryophyllene possesses anti-microbial activity against Staphylococcus aureus (MIC 2–4 μM),
Bacillus subtilis (MIC 6–10 μM), Escherichia coli (MIC 7–11 μM), Pseudomonas aeruginosa
(6–8 μM), Aspergillus niger (MIC 5–7 μM), and Trichoderma reesei (MIC 3–5 μM) without any
significant cytotoxic effect on normal mammalian cell lines [88]. The anti-inflammatory
oxygenated sesquiterpene caryophyllene oxide exhibited anti-fungal activities against the
dermatophytes Trichophyton mentagrophytes var. mentagrophytes, Trichophyton mentagrophytes
var. interdigitale, and Trichophyton rubrum [89].

3. Phytocannabinoids

The Cannabis sativa L. plants produce more than 560 chemicals, including at least
144 cannabinoids and 200 terpenoids, as well as flavonoids and polyunsaturated fatty
acids [15,33,34,42,63,67,72,73,90–107]. The most common phytocannabinoids are Δ9-tetrahy
drocannabinol (Δ9-THC) and cannabidiol (CBD), which are the neutral homologs of tetrahy-
drocannabinolic acid (THCA) and cannabidiol acid (CBDA), respectively [108]. The phy-
tocannabinoids are terpenophenolic compounds containing a resorcinyl core with a para-
positioned isoprenyl, alkyl, or aralkyl side chain [39,40] (Figure 1). The tetrahydroben-
zochromen ring is quite unique to the genus Cannabis, although a related compound
has been found in the liverwort Radula marginata [109], and cannabigerol (CBG) and its
corresponding acid have been isolated from Helichrysum umbraculigerum [110].

Apart from exerting anti-microbial activities, which will be discussed in more detail
below (Section 3.3), phytocannabinoids modulate several physiological and pathophysiolog-
ical processes in humans and other mammalians, making them potential therapeutic drugs
in various settings [12–14,31,111–115]. Among others, these compounds have been shown
to have anti-inflammatory, anti-oxidative, anti-nausea, anti-nociceptive, anti-convulsant,
anti-neoplastic, anxiolytic, and neuroprotective properties [14,111,112,114–117]. Cannabi-
noids also affect cognition, such as learning and memory, consciousness, and emotion,
including anxiety and depression [118,119].

Some cannabinoid-based drugs (e.g., Marinol, Syndros, Cesamet, Sativex, and Epid-
iolex) have been approved by the U.S. Food and Drug Administration (FDA) for the
treatment of epilepsy, Dravet syndrome, Lennox–Gastaut syndrome, Parkinson’s dis-
ease, spasticity associated with multiple sclerosis, neuropathic pain, mental illnesses,
chemotherapy-induced nausea, and AIDS wasting syndrome [117,120–122]. Marinol and
Syndros contain the (-)-trans-Δ9-THC dronabinol; Cesamet contains the synthetic cannabi-
noid nabilone that shows structural similarities to Δ9-THC; and Epidiolex contains CBD.
Sativex is produced from a Cannabis-derived extract that is composed of approximately
equal quantities of Δ9-THC and CBD. A major concern is the production of many psy-
chotropic synthetic cannabinoids distributed on the illicit market, which poses a potential
health treat due to their high potency and toxicity [123].
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Figure 1. The chemical structures of some phytocannabinoids and the synthetic cannabinoid HU-210.

3.1. Cannabinoid Receptors

The effects of phytocannabinoids on humans and other mammalians are partly medi-
ated by the Gi/o protein-coupled CB1 (encoded by the CNR1 gene) and CB2 (encoded by the
CNR2 gene) cannabinoid receptors that consist of seven transmembrane domains [124–126].
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The stimulation of these receptors leads to the inhibition of adenylyl cyclase with con-
sequent reduction in the intracellular cAMP levels, activation of potassium channels,
activation of mitogen-activated protein kinases (MAPKs) such as the extracellular signal-
regulated kinase (ERK) and c-Jun N-terminal kinase (JNK), as well as activation of the
phosphoinositide-3 kinase (PI3K)/Akt signaling pathways and the mammalian target of
rapamycin (mTOR) [126–134].

The CB1 and CB2 receptors also recognize the endogenous arachidonic acid-derived
endocannabinoids, such as N-Arachidonoylethanolamine (anandamide; AEA) and 2-arach
idonoylglycerol (2-AG) [134–136]. Both CB1 and CB2 are expressed in various cells in
the brain and in peripheral tissues [137]. CB1 is especially expressed at high levels in the
neocortex, hippocampus, basal ganglia, cerebellum, and brainstem, but it is also found in
peripheral nerve terminals and some tissues, such as the vascular endothelium, spleen,
testis, and eye [137]. CB2 is predominantly found in cells of the immune system, and in the
central nervous system, it is primarily localized to microglia and tissue macrophages [137].

The CB1 receptor regulates the balance between excitatory and inhibitory neuronal
activity. The psychoactive effect is believed to be mediated through the CB1 receptor
in the brain, whereas the immunomodulatory effects are anticipated to be mediated via
the CB2 receptor expressed on immune cells [138,139]. In addition, CB1 signaling affects
metabolism and is involved in maintaining whole body energy homeostasis by increasing
appetite and stimulating feeding [140]. Many efforts have been made to develop CB2
specific agonists at an attempt to achieve anti-inflammatory actions without psychotropic
adverse effects [13,141–143]. The sesquiterpene (E)-β-caryophyllene produced by Cannabis
as well as other plants, including oregano (Origanum vulgare L.), cinnamon (Cinnamomum
spp.), and black pepper (Piper nigrum L.), was found to bind selectively to the CB2 receptor
and exert anti-inflammatory activities [144–147].

Other cannabinoid receptors include transient receptor potential vanilloid 1 (TRPV1),
the G-protein-coupled receptors GPR18 and GPR55, and peroxisome proliferator activated
receptors (PPARs) [126,134,148–152]. The anti-nociceptive effect of Cannabis sativa extracts
was found to be mediated by the binding of CBD to TRPV1 [153]. A study by Ibrahim
et al. [154] showed that activation of the CB2 receptor by its agonist AM1241 stimulated
the release of beta-endorphin from keratinocytes, which, in turn, acted on neuronal μ-
opoid receptors to inhibit nociception. The Cannabis sativa extract containing multiple
cannabinoids, terpenes, and flavonoids had stronger anti-nociceptive effect than a single
cannabinoid given alone [153], suggesting an “entourage” effect of the various Cannabis-
containing compounds [74].

The CB1 and CB2 can form receptor heteromers [155]. The activity of the receptor
heteromer is affected by the agonists and antagonists that bind to each of them. A CB1
antagonist can block the effect of a CB2 agonist and vice versa; a CB2 antagonist can block
the effect of a CB1 receptor agonist [155]. CB1 has also been shown to form heteromers with
dopamine and adenosine receptors [156–158], AT1 angiotensin receptor [159], μ1-opoid
receptor [160,161], and OX1 orexin A receptor [162]. The many interacting partners put
CB1 signaling under strict regulation.

3.2. Pharmacological Effects of Selected Phytocannabinoids

3.2.1. Δ9-Tetrahydrocannibinol (Δ9-THC)

Δ9-THC binds to CB1 and CB2 receptors at a more or less equal affinity [138,163,164].
It also acts on CB1-CB2 receptor heterodimers [165]. Δ9-THC is well known for its psy-
chomimetic activities that are exerted by its binding to CB1 receptor in the brain, resulting
in a calm and sedated mental state [49]. Besides euphoria, Δ9-THC is an appetite stimula-
tor [166]. Oral Δ9-THC (Dronabinol, Marinol) and its synthetic nabilone (Cesamet) have
been used for the treatment of nausea and appetite stimulation for people undergoing
chemotherapy and for AIDS wasting syndrome [167,168]. The activation of CB1 by Δ9-THC
is believed to mediate its anti-nausea and anti-emetic effects [169]. Sativex, which contains
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a combination of Δ9-THC and CBD, has been used for relief of neuropathic pain in multiple
sclerosis [170].

3.2.2. Cannabidiol (CBD)

The non-psychotropic cannabidiol (CBD) shows low affinity to the CB1 and CB2
receptors [135] and can exert antagonistic modulatory actions on these receptors [138,171].
CBD can also activate the TRPV1 channel, serotonin 1A (5-HT1A) receptors, and opioid
receptors [24,172]. CBD has anti-inflammatory, anti-oxidative, anti-epileptic, analgesic,
anti-neoplastic, sedative, neuroprotective, and anti-anxiety activities [173–188]. Moreover,
CBD inhibits sebocyte lipogenesis by activating the TRPV4 ion channel that interferes with
the pro-lipogenic ERK1/2 MAPK pathway [189].

The neuroprotective activity of CBD has been attributed in part to its anti-oxidative
activity [190,191]. Based on its immunomodulatory activities, CBD has been implicated in
the treatment of various autoimmune diseases [14,21], and its anti-nociceptive activity was
found to be beneficial in relieving chronic pain [192]. In addition, CBD has potential uses
in psychiatry due to its neuromodulatory activities in the brain that control recognition,
emotional and behavioral responses [111,193,194]. CBD has especially been reported to
have therapeutic effect for psychopathological conditions, such as substance use disorders,
chronic psychosis, and anxiety [193]. CBD has been shown to be well tolerated in humans
at concentrations as high as 3500–6000 mg/day [195–197], and the FDA-approved CBD
(marketed as Epidiolex) is indicated for preventing epileptic seizures in Lennox–Gastaut
syndrome and Dravet syndrome in children [198].

In experimental mice and rat models, CBD has been shown to have immunosup-
pressive activities [181], which are partly due to inhibition of TNFα production [199,200]
and induction of myeloid-derived suppressor cells (MDSCs) [201]. CBD alleviated the
symptoms of experimental autoimmune encephalomyelitis (EAE) and collagen-induced
arthritis and prevented the onset of autoimmune diabetes in experimental murine mod-
els [199,200,202]. In mice, the anti-inflammatory activity of CBD was found to have a
bell-shaped dose–response with an optimal dose of 5 mg/kg [203]. The use of a standard-
ized extract from a CBD-rich, Δ9-THClow Cannabis indica cultivar overcame this bell-shaped
dose–response, suggesting a synergistic effect among the different compounds of the
Cannabis extract [199].

3.2.3. Cannabigerol (CBG)

CBG is another non-psychoactive Cannabis component that is produced at elevated
levels in some industrial hemps [204–206]. It binds to both CB1 and CB2 receptors and
modulates the signaling through these receptors, as well as the CB1-CB2 receptor het-
eromer, at concentrations as low as 0.1–1 μM [207]. CBG competes with the binding
of [3H]-WIN-55,212-2 to CB2, but not to CB1 [207]. Further studies suggest that CBG
is a partial agonist of CB1 and CB2 [207–209]. CBG activates TRPV1, TRPV2, TRPV3,
TRPV4, TRPA1, 5-HT1a receptor, α2-adrenergic receptor, and PPARγ, while being a TRPM8
antagonist [210–215]. CBG has anti-inflammatory, anti-oxidative, and anti-nociceptive
activities [117,209,213,216]. The anti-inflammatory property is thought to be achieved by
modulating the CB2 receptor, TRP channels, and PPARγ, and by inhibiting cyclooxyge-
nase 1 and 2 (COX-1/2) [210,211,217], while the analgesic effect of CBG is thought to be
mediated through the α2-adrenergic receptor [211]. CBG has been shown to have potential
beneficial effects in treating inflammatory bowel disease and neurological disorders, such
as Huntington’s disease, Parkinson’s disease, and multiple sclerosis [213,215,216,218,219].

3.2.4. Cannabichromene (CBC)

CBC is a non-psychoactive phytocannabinoid that activates the CB1 and CB2 receptors,
resulting in decreased intracellular levels of cAMP [209]. CBC also activates the TRPA1,
TRPV3, and TRPV4 channels [210]. CBC has anti-inflammatory, anti-nociceptive, and
neuroprotective activities [220–225]. CBC reduces the activity of both the ON and OFF
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neurons in the rostral ventromedial medulla (RVM) and elevates the endocannabinoid levels
in the ventrolateral periaqueductal gray matter [221]. The anti-nociceptive activity of CBC
is mediated by the adenosine A1 and TRPA1 receptors [221]. CBC increases the viability
of neural stem progenitor cells through activation of the adenosine A1 receptor [224].
Moreover, it has been shown to suppress reactive astrocytes, thus offering a protective
effect against neuro-inflammation and Alzheimer’s disease [225]. CBC had anti-convulsant
properties in a mouse model of Dravet syndrome [226], and it exhibited cytotoxic activity
against some carcinoma cells [227,228].

3.2.5. Cannabidiolic Acid (CBDA)

CBDA has low affinity for both CB1 and CB2 receptors, with moderate inhibition of
adenylyl cyclase activity [209,229], and functions as an allosteric regulator on the 5-HT1A
receptor, resulting in anti-emetic effects [230–233]. In addition, it activates PPARα and
PPARγ [212]. CBDA shows anti-nociceptive and anti-inflammatory effects that are in part
mediated by COX-2 inhibition and activation of the TRPV1 channel [217,234,235]. CBDA
has anxiolytic and anti-convulsant effects in animal models [236–238].

3.2.6. Cannabigerolic Acid (CBGA)

CBGA displays low affinity for both CB1 and CB2 receptors but causes a similar de-
crease in intracellular cAMP levels as Δ9-THC [229]. Since CBGA can activate PPARs [212],
it is expected to affect lipid metabolism [117]. A Cannabis sativa cultivar containing high
levels of CBG and CBGA inhibited the activity of the aldose reductase enzyme, which
catalyzes the reduction of glucose to sorbitol [239]. Since the aldose reductase level is
increased at high glucose levels and has been implicated in the development of neuropathy,
nephropathy, retinopathy, and cataract in diabetes, CBGA has been suggested as a potential
drug in preventing diabetic complications [239]. In the Scn1a+/− mouse model of Dravet
syndrome, CBGA was found to have an anti-convulsant effect that was mediated by its
interaction with the GPR55, TRPV1, and GABAA receptors [240].

3.2.7. Cannabinol (CBN)

CBN is formed during the degradation of Δ9-THC and has a lower binding affinity to
CB1 and CB2 receptors than Δ9-THC [117]. CBN is an agonist of the TRPV1, TRPV2, TRPV3,
TRPV4, and TRPA1 cation channels [210]. CBN is a non-psychotropic phytocannabinoid
with analgesic and anti-inflammatory properties and acts as an appetite stimulant [117].
CBN has neuroprotective activity that is associated with its anti-oxidative actions, trophic
support, and elimination of intraneuronal β-amyloid in neuronal cells [241]. CBN preserves
mitochondrial functions, such as redox regulation, calcium uptake, mitochondrial mem-
brane potential, and bioenergetics [242]. CBN promotes endogenous antioxidant defense
mechanisms and triggers AMP-activated protein kinase (AMPK) signaling pathways [242].

3.3. Anti-Microbial Effects of Phytocannabinoids

Several phytocannabinoids have been shown to have anti-bacterial activities, especially
on Gram-positive bacteria, including various antibiotic-resistant strains [58,59,62,63,101,
220,243–247] (Table 1). Phytocannabinoids have been shown to exert both bactericidal and
bacteriostatic effects [61,62,244,247]. Most of the studies have analyzed the half maximal
inhibitory concentration (IC50) or minimum inhibitory concentration (MIC) for each of
the compounds against different bacterial species, fungi, and protozoa, while only a few
studies have looked at the underlying mechanisms [61,243,244,247–250] (Figure 2).
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Table 1. Examples of Cannabis sativa constituents that have been documented to possess anti-bacterial,
anti-fungal, and/or anti-protozoal activities *.

Phytocannabinoids Anti-Microbial Activity Reference

Δ9-Tetrahydrocannabinol
(Δ9-THC)

MIC: 2–5 μg/mL against Staphylococcus aureus ATCC 6538
MIC: 1 μg/mL against Staphylococcus aureus ATCC 25923
MIC: 2 μg/mL against Staphylococcus aureus SA-1199B (NorA overexpression)
MIC: 2 μg/mL against Staphylococcus aureus EMRSA-15
MIC: 0.5 μg/mL against Staphylococcus aureus EMRSA-16
MIC: 2 μg/mL against MRSA USA300
MIC: 4–8 μg/mL against MRSA ATCC 43300
MIC: 5 μg/mL against Streptococcus pyogenes
MIC: 2 μg/mL against Streptococcus milleri
MIC: 5 μg/mL against Streptococcus faecalis
MIC: 4–8 μg/mL against Neisseria gonorrhoeae ATCC 19424
IC50: 4.8 μM against Staphylococcus aureus ATCC 29213
IC50: 6.9 μM against Bacillus cereus IIIM 25
IC50: 2.8 μM against Lactococcus lactis MTCC 440
IC50: 3.5 μM against Shigella boydii NC-09357
IC50: 6.4 μM against Staphylococcus warneri MTCC 4436
No effect against Escherichia coli, Salmonella typhi or Proteus vulgaris

[58,61,245–
247]

Cannabidiol (CBD)

MIC: 1–5 μg/mL against S. aureus ATCC 6538
MIC: 0.5–1 μg/mL against Staphylococcus aureus ATCC 25923
MIC: 1 μg/mL against Staphylococcus aureus SA-1199B (NorA overexpression)
MIC: 1 μg/mL against Staphylococcus aureus EMRSA-15
MIC: 1 μg/mL against Staphylococcus aureus EMRSA-16
MIC: 1–4 μg/mL against MRSA USA300
MIC: 1–2 μg/mL against various Staphylococcus aureus isolates.
MIC: 1–2 μg/mL against Staphylococcus epidermidis.
MIC: 4 μg/mL against methicillin-resistant Staphylococcus epidermidis.
MIC: 2 μg/mL against Streptococcus pyogenes
MIC: 1 μg/mL against Streptococcus milleri
MIC: 5 μg/mL against Streptococcus faecalis
MIC: 1–4 μg/mL against various Streptococcus pneumoniae species
MIC: 0.5–4 μg/mL against various Enterococcus faecalis species
MIC: 4 μg/mL against Listereria monocytogenes
MIC: 1–2 μg/mL against Cutibacterium (Propionibacterium) acnes ATCC 6919
MIC: 2–4 μg/mL against Clostridioides (Clostridium) difficile M7404 human ribotype 027
MIC: 1–2 μg/mL against various Neisseria gonorrhoeae isolates.
MIC: 0.25 μg/mL against various Neisseria meningitidis ATCC 13090
MIC: 1 μg/mL against Moraxella catarrhalis MMX 3782
MIC: 1 μg/mL against Legionella pneumophila MMX 7515
IC50: 3.8 μM against Staphylococcus aureus ATCC 29213
IC50: 9.5–11.1 μM against Staphylococcus aureus ATCC 6538
IC50: 9.8 μM against Bacillus cereus IIIM 25
IC50: 2.9 μM against Lactococcus lactis MTCC 440
IC50: 4.3 μM against Shigella boydii NC-09357
IC50: 4.1 μM against Pseudomonas fluorescens MTCC 103
IC50: 5.7 μM against Staphylococcus warneri MTCC 4436
Moderate effect against Mycobacterium smegmatis (MIC 16 μg/mL) and marginal
activity against Mycobacterium tuberculosis H37Rv, Candida albicans, and
Cryptococcus neoformans with a MIC > 64 μg/mL.
No effect against Escherichia coli, Salmonella typhimurium, Shigella dysenteriae,
Proteus vulgaris, Proteus mirabilis, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Acinetobacter baumannii, Serratia marcescens, Burkholderia cepacian, and Haemophilus
influenzae.
Anti-biofilm effect:
MBEC: 1–4 μg/mL against MSSA and MRSA biofilms.
BIC50: 12.5 μg/mL against Candida albicans SC5314
MBIC: 100 μg/mL against Candida albicans SC5314

[58,61,62,245–
247,251–253]
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Table 1. Cont.

Phytocannabinoids Anti-Microbial Activity Reference

Cannabigerol (CBG)

MIC: 0.5 μg/mL against Staphylococcus aureus ATCC 25923
MIC: 1 μg/mL against Staphylococcus aureus SA-1199B (NorA overexpression)
MIC: 2 μg/mL against Staphylococcus aureus EMRSA-15
MIC: 1 μg/mL against Staphylococcus aureus EMRSA-16
MIC: 2 μg/mL against MRSA USA300
MIC: 2–4 μg/mL against various MRSA clinical isolates, with some
requiring > 8 μg/mL
MIC: 4–8 μg/mL against MRSA ATCC 43300
MIC: 2.5 μg/mL against Streptococcus mutans UA159 ATCC 700610
MIC: 1 μg/mL against Streptococcus sanguis ATCC 10556
MIC: 5 μg/mL against Streptococcus sobrinus ATCC 27351
MIC: 5 μg/mL against Streptococcus salivarius ATCC 25975
MIC: 1–2 μg/mL against Neisseria gonorrhoeae ATCC 19424
IC50: 15 μg/mL against Mycobacterium intracellulare
Anti-biofilm effect:
MBIC: 2–4 μg/mL against biofilm formation by MRSA
4 μg/mL eradicated preformed biofilms of MRSA
MBIC: 2.5 μg/mL against biofilm formation by
Streptococcus mutans UA159 ATCC 70061
Anti-quorum sensing effect
1 μg/mL CBG inhibited quorum sensing in Vibrio harveyi BB120.

[58,61,100,
243,244,247,
248]

Cannabidiolic acid
(CBDA)

MIC: 1–2 μg/mL against Neisseria gonorrhoeae ATCC 19424
MIC: 2 μg/mL against Staphylococcus aureus ATCC 25923
MIC: 4 μg/mL against Staphylococcus aureus USA300
MIC: 4 μg/mL against Staphylococcus epidermidis CA#71 and ATCC 51625
MIC: 16–32 μg/mL against MRSA ATCC 43300
No effect on Escherichia coli ATCC 25922 or Pseudomonas aeruginosa PA01 with a
MIC > 64 μg/mL.

[62,247]

Cannabigerolic acid
(CBGA)

IC50: 12 μg/mL against Leishmania donovani
MIC: 4 μg/mL against MRSA USA300
MIC: 2–4 μg/mL against MRSA ATCC 43300
MIC: 1–2 μg/mL against Neisseria gonorrhoeae ATCC 19424

[61,100,247]

Cannabichromene (CBC)

MIC: 1.56 μg/mL against Staphylococcus aureus ATCC 6538
MIC: 2 μg/mL against Staphylococcus aureus ATCC 25923
MIC: 2 μg/mL against Staphylococcus aureus SA-1199B (NorA overexpression)
MIC: 2 μg/mL against Staphylococcus aureus EMRSA-15
MIC: 2 μg/mL against Staphylococcus aureus EMRSA-16
MIC: 8 μg/mL against MRSA USA300
MIC: 0.39 μg/mL against Bacillus subtilis ATCC 6633
MIC 12.5 μg/mL against Mycobacterium smegmatis ATCC 607
IC50: 5.9 μM against Staphylococcus aureus ATCC 29213
IC50: 9.2 μM against Bacillus cereus IIIM 25
IC50: 2.6 μM against Lactococcus lactis MTCC 440
IC50: 3.4 μM against Shigella boydii NC-09357
IC50: 5.6 μM against Staphylococcus warneri MTCC 4436

[58,61,220,
246]

Cannabichromenic acid
(CBCA)

MIC: 2 μg/mL against MRSA USA300
MIC: 7.8 μM against Staphylococcus aureus MSSA 34397
MIC: 3.9 μM against a clinical MRSA isolate
MIC: 7.8 μM against vancomycin-resistance Enterococcus faecalis (VRE)

[61,254]
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Table 1. Cont.

Phytocannabinoids Anti-Microbial Activity Reference

Cannabinol (CBN)

MIC: 1 μg/mL against Staphylococcus aureus ATCC 25923
MIC: 1 μg/mL against Staphylococcus aureus SA-1199B (NorA overexpression)
MIC: 1 μg/mL against Staphylococcus aureus EMRSA-15
MIC: 2 μg/mL against MRSA USA300
IC50: 7.9 μM against Staphylococcus aureus ATCC 29213
IC50: 3.2 μM against Bacillus cereus IIIM 25
IC50: 5.8 μM against Lactococcus lactis MTCC 440
IC50: 11.7 μM against Shigella boydii NC-09357
IC50: 8.3 μM against Pseudomonas fluorescens MTCC 103
IC50: 9.2 μM against Staphylococcus warneri MTCC 4436

[58,61,246]

Cannabidivarin (CBDV)

MIC: 2–4 μg/mL against MRSA ATCC 43300
MIC: 0.03–0.5 μg/mL against Neisseria gonorrhoeae ATCC 19424
IC50: 7.8 μM against Staphylococcus aureus ATCC 29213
IC50: 3.1 μM against Bacillus cereus IIIM 25
IC50: 3.2 μM against Lactococcus lactis MTCC 440
IC50: 10.4 μM against Shigella boydii NC-09357
IC50: 5.9 μM against Pseudomonas fluorescens MTCC 103
IC50: 7.9 μM against Staphylococcus warneri MTCC 4436
IC50: 11.9 μM against Candida albicans MTCC 4748
MIC: 8 μg/mL against MRSA USA300

[61,246,247]

(-)Δ8-
Tetrahydrocannabinol
(Δ8-THC)

MIC: 2 μg/mL against MRSA USA300
MIC: 4–8 μg/mL against MRSA ATCC 43300
MIC: 2–4 μg/mL against Neisseria gonorrhoeae ATCC 19424

[61,247]

Exo-tetrahydrocannabinol
(exo-THC)

MIC: 2 μg/mL against MRSA USA300 [61]

Δ9-Tetrahydrocannabinolic
acid A (THCA-A)

MIC: 4 μg/mL against MRSA USA300 [61]

Δ9-Tetrahydrocannabivarin
(THCV)

MIC: 4 μg/mL against MRSA USA300
MIC: 64 μg/mL against MRSA ATCC 43300
MIC: 16 μg/mL against Neisseria gonorrhoeae ATCC 19424

[61,247]

Δ1-
Tetrahydrocannabidivarol

IC50: 6.9 μM against Staphylococcus aureus ATCC 29213
IC50: 6.9 μM against Bacillus cereus IIIM 25
IC50: 5.1 μM against Lactococcus lactis MTCC 440
IC50: 3.9 μM against Shigella boydii NC-09357
IC50: 7.8 μM against Pseudomonas fluorescens MTCC 103
IC50: 7.6 μM against Staphylococcus warneri MTCC 4436

[246]

(±)-4-
Acetoxycannabichromene

IC50: 40.3 μM against Leishmania donovani
IC50: 4–7.2 μM against Plasmodium falciparum [63]

(±)-3”-Hydroxy-Δ(4”,5”)

cannabichromene

IC50: 24.4 μM against MRSA ATCC 33591
IC50: 29.6 μM against Staphylococcus aureus ATCC 29213
IC50: 60.5 μM against Candida albicans ATCC 90028
IC50: 60.5 μM against Candida krusei ATCC 6258
IC50: 57.5 μM against Leishmania donovani
Not active against Escherichia coli, Mycobacterium intracellulare, or Plasmodium
falciparum.

[63]

5-Acetyl-4-
hydroxycannabigerol

IC50: 53.4 μM against MRSA ATCC 33591
IC50: 10.7 μM against Leishmania donovani
IC50: 6.7–7.2 μM against Plasmodium falciparum
Not active against Staphylococcus aureus, Escherichia coli, Mycobacterium
intracellulare, or Candida albicans.

[63]
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Table 1. Cont.

Phytocannabinoids Anti-Microbial Activity Reference

4-Acetoxy-2-geranyl-5-
hydroxy-3-n-pentylphenol

IC50: 6.7 μM against MRSA ATCC 33591
IC50: 12.2 μM against Staphylococcus aureus ATCC 29213
IC50: 53.4 μM against Candida krusei ATCC 6258
IC50: 42.7 μM against Leishmania donovani
Not active against Escherichia coli, Mycobacterium intracellulare, Candida albicans, or
Plasmodium falciparum.

[63]

8-Hydroxycannabinol
IC50: 4.6 μM against Candida albicans ATCC 90028
IC50: 30.6 μM against Mycobacterium intracellulare
Not active against Escherichia coli.

[63]

8-Hydroxycannabinolic
acid A

IC50: 54 μM against Candida krusei ATCC 6258
IC50: 3.5 μM against Staphylococcus aureus ATCC 29213
IC50: 54 μM against Escherichia coli
Not active against Mycobacterium intracellulare.

[63]

Non-Cannabinoid
constituents of Cannabis
sativa L.

5-Acetoxy-6-geranyl-3-n-
pentyl-1,4-benzoquinone

IC50: 15 μg/mL against MRSA ATCC 43300
IC50: 13 μg/mL against Leishmania donovani
IC50: 2.6–2.8 μg/mL against Plasmodium falciparum

[101]

Cannflavin A IC50: 4.5 μg/mL against Leishmania donovani [101]

Cannflavin B IC50: 5 μg/mL against Leishmania donovani [100]

Cannflavin C IC50: 17 μg/mL against Leishmania donovani [101]

6-Prenylapigenin
IC50: 6.5 μg/mL against MRSA ATCC 43300
IC50: 20 μg/mL against Candida albicans
IC50: 2.0–2.8 μg/mL against Plasmodium falciparum

[101]

Prenylspirodinone IC50: 49.6 μM against Bacillus thuringiensis MTCC 809 [246]

* BIC50 = The test concentration that prevents 50% biofilm formation compared to control cells. IC50 = The test
concentration that causes 50% growth inhibition in comparison to control cells. MBEC = Minimum biofilm eradi-
cation concentration is the lowest concentration that completely eradicates preformed biofilm. MBIC = Minimum
biofilm inhibitory concentration is the lowest concentration that is required to completely prevent any biofilm
formation. MIC = Minimum inhibitory concentration is the lowest concentration that completely inhibits bacterial
growth (when no turbidity is observed).

3.3.1. Bacterial Growth Inhibitory Effects of Phytocannabinoids

The minimum inhibitory concentration (MIC) of Δ9-THC and CBD on various Staphylo-
coccus aureus strains, including MRSA and Streptococci species (e.g., Streptococcus pyogenes and
Streptococcus. faecalis) was found to be in the range of 1–5 μg/mL [58,62,245,246]. There was
no significant difference between the anti-bacterial effect of Δ9-THC and CBD [58,245,246].
The anti-microbial effect was attenuated by the presence of either serum or blood, suggest-
ing that serum components can bind the compounds and prevent them from acting on the
microorganisms [245]. CBG shows anti-bacterial activity against Gram-positive bacteria,
including MSSA, MRSA, and the oral cariogenic Streptococcus mutans at low concentrations
similar to CBD [58,61,244,247]. CBC and CBDA showed a MIC of 1–2 μg/mL against
Staphylococcus aureus and Staphylococcus epidermidis [62,220]. In these studies, CBDA was
less active than CBD [62]. Cannabichromenic acid (CBCA) caused a rapid reduction in
the colony-forming units (CFUs) of a clinical MRSA isolate both during the exponential
and stationary growth phase, suggesting a bactericidal activity that is independent of the
metabolic state of the bacteria [254]. None of the phytocannabinoids had any significant
anti-bacterial activity against Gram-negative bacteria, such as Escherichia coli, Salmonella
typhi, Pseudomonas aeruginosa, and Proteus vulgaris [61,62,220,245,247]. This might be due to
the inability of these compounds to penetrate the outer membrane of the Gram-negative

335



Biomedicines 2022, 10, 631

bacteria [61], or the outer membrane protects the bacteria from cell death caused by damage
to the inner membrane.

 

Figure 2. The anti-bacterial activities of phytocannabinoids.

3.3.2. Outer Membrane Permeabilization of Gram-Negative Bacteria Sensitizes Them
to Phytocannabinoids

Interestingly, CBD and CBG could act on some Gram-negative bacteria (e.g., Escherichia
coli, Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa) if the outer
membrane was permeabilized with the LPS-binding antibiotic polymyxin B [61,247]. It
was shown that an Escherichia coli ΔbamBΔtolC deletion strain that renders the bacteria
hyperpermeable to many small molecules was sensitive to CBG with a MIC of 4 μg/mL,
which is in contrast to the parental Escherichia coli wild-type strain that showed a MIC
above 128 μg/mL [61]. Similarly, a lipo-oligosaccharide-deficient Acinetobacter baumannii
strain became sensitive to CBG with a MIC of 0.5 μg/mL compared to the parental strain
showing a MIC of 64 μg/mL [61].
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3.3.3. Combined Treatment of Phytocannabinoids with Antibiotics

No synergistic or antagonistic effects of CBD were observed on MRSA strain USA300
when combined with different conventional antibiotics, such as clindamycin, ofloxacin,
meropenem, tobramycin, methicillin, teicoplanin, and vancomycin [62]. These authors
concluded that the membrane-perturbing effect of CBD was not sufficient to enhance the
uptake of conventional antibiotics [62]. However, Wassmann et al. [251] observed that CBD
could reduce the MIC value of bacitracin against several Gram-positive bacteria, including
Staphylococcus species, Listeria monocytogenes, and Enterococcus faecalis. The simultaneous use
of CBD and bacitracin on MRSA USA300 resulted in the formation of multiple septa during
cell division, appearance of membrane irregularities, reduced autolysis, and decreased
membrane potential [251]. The combined CBD/bacitracin treatment did not affect the
growth of the Gram-negative bacteria Pseudomonas aeruginosa, Salmonella typhimurium,
Klebsiella pneumoniae, and Escherichia coli [251].

3.3.4. Phytocannabinoids Also Act on Persister Cells and Do Not Induce Drug Resistance

CBG was found to be active against MRSA persister cells, which are dormant, non-
dividing bacteria [61]. This trait is therapeutically important, since many antibiotics require
cell division to be effective, and they are frequently unable to eradicate persister cells
that usually recover after antibiotic withdrawal [255–257]. Another obstacle of antibiotic
therapy is the development of drug resistance, a frequent reason for treatment failure [258].
Farha et al. [61] attempted to develop CBG-resistant bacteria in the hopes of finding the
target molecules. Despite rechallenging the MRSA with 2x and 16x MIC concentration of
CBG, they were unable to get any spontaneously CBG-resistant mutants [61]. Similarly,
MRSA that had been daily exposed to sub-lethal concentration of CBD for 20 days were still
sensitive to CBD [247]. The authors of these two studies [61,247] concluded that CBD and
CBG do not induce drug resistance. However, it should be noted that following exposure to
CBD or CBG, the surviving growth-arrested bacteria could regain growth after withdrawal
of the drug.

3.3.5. Therapeutic Anti-Microbial Potential of Phytocannabinoids

The hemolytic activity of CBD and CBG was found to be 256 μg/mL and 32 μg/mL,
respectively, which is far above the MIC of 1–4 μg/mL for MRSA [61,247]. Addition-
ally, the hemolytic activity of CBDA was found to be above 32 μg/mL [62]. This makes
phytocannabinoids potential drugs that can act within a reasonable therapeutic window.

Farha et al. [61] observed that treating MRSA-infected mice with a high dose of
100 mg/kg CBG could reduce the bacterial burden in the spleen by a 2.8 log10 of CFU.
Blaskovich et al. [247] tried various CBD-containing ointment formulations that could
reduce a 2–3 log10 of CFU of MRSA inoculated on porcine skin after 1 h and a reduction
of more than 5 log10 of CFU after a 24 h incubation. CBD, however, failed to significantly
reduce the bacterial load of MRSA ATCC 43300 in a thigh infection mouse model [247].

3.3.6. Anti-Biofilm Activities of Phytocannabinoids

Biofilms are communities of bacteria embedded in an extracellular matrix that have
attached to a biotic surface (e.g., lung tissue, gastrointestinal tract, nasal mucosa, inner ear)
or an abiotic surface (e.g., medical devices, such as catheters, heart valves, stents, prosthe-
ses) [259]. The majority of infectious diseases involve bacterial biofilms that are usually
difficult to eradicate due to reduced antibiotic sensitivity [259,260]. Several studies show
that CBD and CBG can prevent biofilm formation of various Gram-positive bacteria (e.g.,
MSSA, MRSA, Streptococcus mutans) [61,243,247]. The extent of anti-biofilm activity of CBD
and CBG against these bacteria correlated with their anti-bacterial activity [61,243,244,247].
In most cases, a similar concentration of these compounds was required to achieve both
effects, suggesting that some of the anti-biofilm effect is caused by the anti-bacterial activ-
ity [61,243,244]. Moreover, CBD was found to be able to eradicate preformed MSSA and
MRSA biofilms with a minimum biofilm eradication concentration (MBEC) of 1–4 μg/mL,
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indicating that CBD can penetrate the biofilms and act on the biofilm-embedded bacte-
ria [247]. Some cannabinoids (e.g., CBD, CBG, CBC, and CBN) were shown to reduce the
bacterial content of dental plaques in an in vitro assay where dental plaques were spread on
agar plates coated with the cannabinoids [261]. The anti-biofilm activity of the cannabinoids
has significant clinical importance, since the bacteria-embedded bacteria frequently show
antibiotic resistance, and some antibiotics are unable to penetrate through the extracellular
matrix of the biofilms [259,262,263].

3.3.7. Anti-Fungal Biofilm Activities of Phytocannabinoids

CBD barely affects the viability of Candida albicans with a MIC above 50–100μg/mL [247,253],
but it reduces biofilm formation with a biofilm inhibitory concentration 50 (BIC50) at
12.5 μg/mL and a MBIC90 of 100 μg/mL [253]. CBD reduced the metabolic activity of
preformed Candida albicans biofilms by 50–60% at 6.25 μg/mL with no further reduction at
higher concentrations, even at 100 μg/mL [253]. The morphology of the Candida albicans
biofilm becomes altered in the presence of CBD. While the hyphal form was predominant
in control biofilms, the CBD (25 μg/mL)-treated biofilms appeared in clusters mostly in
yeast and pseudohyphal forms [253]. CBD caused a dose-dependent reduction in the
cell wall chitin content and the intracellular ATP level, while increasing the intracellular
reactive oxygen species (ROS) levels [253]. Gene expression studies showed that after
a 24 h incubation with 25 μg/mL CBD, there is a significant downregulation of: ADH5
(Alcohol dehydrogenase 5), involved in extracellular matrix production; BIG1, required
for synthesis of the extracellular matrix component β-1,6-glucan; ECE1 (extent of cell elon-
gation protein 1), involved in biofilm formation; EED1, involved in filamentous growth;
CHT1 and CHT3 chitinases, involved in the remodeling of chitin in the fungal cell wall; and
TRR1 (thioredoxin reductase) with anti-oxidant properties. On the other hand, a significant
upregulation of YWP1 (yeast-form wall protein 1) which is expressed predominantly in the
yeast form, was observed [253]. These changes in gene expression might explain, at least in
part, the reduced biofilm mass of Candida albicans in the presence of CBD and the increase
in oxidative stress [253].

3.3.8. Anti-Viral Activities of Phytocannabinoids

There are some lines of evidence for an anti-viral activity of phytocannabinoids [60,264].
Some phytocannabinoids, especially Δ9-THC and CBD, bind to the Mpro protease of SARS-
CoV-2, which plays a role in viral replication [60,264]. CBGA and CBDA were found to
be allosteric and orthosteric ligands for the spike protein of SARS-CoV-2 and prevented
infection of human epithelial cells by a pseudovirus expressing the SARS-CoV-2 spike
protein [265]. Phytocannabinoids might indirectly relieve the disease progress of COVID-19
patients through their anti-inflammatory properties [266]. However, CBD failed to alter
the clinical disease development of COVID-19 when given at a daily dose of 300 mg for
14 days [267]. Additionally, caution should be taken into account due to the immuno-
suppressive activities of phytocannabinoids that can prevent proper anti-viral immune
responses [268]. Notably, the use of Cannabis was increased in U.S. and Canada by 6–8%
during the COVID-19 pandemic in comparison to the pre-pandemic period [269], with a
special increase among people with mental health [270]. Vulnerability to COVID-19 was
correlated with genetic liability to Cannabis use disorder (CUD) [271].

3.4. Some Mechanistic Insight into the Anti-Bacterial Activity of Phytocannabinoids

The ability of phytocannabinoids such as CBD and CBG, to kill MRSA, NorA-overexp
ressing Staphylococcus aureus, vancomycin-resistant Staphylococcus aureus (VRSA), vancomycin-
resistant enterococci (VRE) to a similar extent as the respective antibiotic-sensitive strains [58,245,247],
suggests that its action mechanism is not hindered by the common antibiotic-resistance mecha-
nisms. Thus, phytocannabinoids can be used as an alternative drug or an antibiotic adjuvant for
infectious diseases caused by drug-resistant Gram-positive bacteria.
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3.4.1. CBD and CBG Target the Cytoplasmic Membrane, Increase Membrane Permeability,
and Reduce Metabolic Activity

There is evidence that CBD and CBG act by targeting the cytoplasmic membrane
of the Gram-positive bacteria [61,247]. Exposure of MSSA and MRSA to CBD or CBG
caused a dose-dependent increase in the fluorescence of the potentiometric probe 3,3′-
dipropylthiadicarbocyanine iodide [DiSC3(5)], suggesting a CBG-induced membrane de-
polarization [61,247]. CBD inhibited protein, DNA, RNA, and peptidoglycan synthesis
in a Staphylococcus aureus strain when using concentrations close to the MIC [247]. At
sub-MIC levels, CBD inhibited lipid synthesis [247]. CBG was found to inhibit the enzyme
enoyl acyl carrier protein reductase (InhA) [272], which is involved in type II fatty acid
biosynthesis in Mycobacterium tuberculosis. The rapid uptake of the SYTOX green dye into
Staphylococcus aureus and Bacillus subtilis by CBD at MIC, suggests that CBD causes an
increase in membrane permeability [247].

CBG prevents the growth of oral cariogenic Streptococcus mutans in a concentration and
bacterial cell density manner [243]. At a MIC of 2.5 μg/mL, CBG exhibited a bacteriostatic
effect on Streptococcus mutans, while at 2x MIC and 4x MIC, a bactericidal activity was
observed [243]. CBG treatment was found to alter the morphology of Streptococcus mutans
and cause intracellular accumulation of membrane-like structures [243]. CBG induced
an immediate membrane hyperpolarization, followed by increased uptake of propidium
iodide, suggesting increased membrane permeabilization [243]. At the same time, Laur-
dan incorporation into the membranes was reduced in a dose-dependent manner [243],
indicative of a more rigid membrane structure. The metabolic activity was decreased in a
dose-dependent manner, which might contribute to the growth inhibitory effect [243].

3.4.2. CBD Inhibits the Release of Membrane Vesicles from Escherichia coli

Kosgodage et al. [250] observed that CBD inhibits the release of membrane vesicles
from the Gram-negative Escherichia coli VCS257, while having negligible effect on the
membrane vesicle release from the Gram-positive Staphylococcus aureus subsp. aureus
Rosenbach. Membrane vesicles participate in inter-bacterial communication by the transfer
of cargo molecules and virulence factors [273]. CBD was found to enhance the anti-bacterial
effect of erythromycin, rifampicin, and vancomycin against the tested Escherichia coli
strain [250].

3.4.3. CBG Reduces the Expression of Biofilm and Quorum Sensing-Related Genes in
Streptococcus mutans

CBG inhibited sucrose-induced biofilm formation by Streptococcus mutans with a mini-
mum biofilm inhibitory concentration (MBIC) of 2.5 μg/mL [243]. Higher concentrations
(10 μg/mL) of CBG were required to reduce the metabolic activity of preformed Strep-
tococcus mutans biofilms [243]. CBG reduced the expression of various biofilm-related
genes (e.g., gtfB, gtfC, gtfD, ftf, gbpA, gbpA, brpA, wapA) with concomitant reduction in the
production of extracellular polymeric substances (EPS) [243]. The quorum sensing-related
genes comE, comD, and luxS were downregulated by CBG, while no effect was observed on
the gene expression of the stress-associated chaperones groEL and dnaK [243]. Moreover,
CBG induced reactive oxygen species (ROS) production in Streptococcus mutans, which
might be related to the reduced expression of the oxidative stress defense genes, sod and
nox [243]. Thus, CBG has specific anti-biofilm activity unrelated to its membrane-acting
effect. This conclusion is further supported by the study of Aqawi et al. [248] showing
that CBG inhibited quorum sensing, bacterial motility, and biofilm formation of the marine
Gram-negative Vibrio harveyi without affecting the planktonic growth.

3.4.4. CBG and HU-210 Inhibit Quorum Sensing in Vibrio harveyi

Quorum sensing is an inter-bacterial communication system mediated by secreted
autoinducers that interact with their respective receptors, resulting in the activation of
a signal transduction cascade that alters the gene expression repertoire in a cell-density-
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dependent manner [274]. CBG prevented the bioluminescence induced by the master
quorum sensing regulator LuxR of Vibrio harveyi at a concentration of 1 μg/mL [248]. Using
a ΔluxM, ΔlusS Vibrio harveyi mutant that does not produce autoinducers AI-1 and AI-2,
CBG was found to prevent the signals delivered by exogenously added autoinducers,
with a more profound inhibitory effect on the AI-2-induced than on the AI-1-induced
bioluminescence [248]. Further studies show that CBG prevented the expression of several
quorum sensing genes in Vibrio harveyi, including luxU, luxO, qrr1–5, and luxR, which can
explain the inhibitory effect of CBG on LuxR-mediated bioluminescence [248]. Altogether,
these data demonstrate that CBG can interfere with bacterial quorum sensing.

The synthetic cannabinoid HU-210, which is a dimethylheptyl analog of Δ8-THC
(Figure 1) and acts as a high-affinity CB1 and CB2 agonist [275,276], has been shown
to inhibit quorum sensing in the Vibrio harveyi AI-1−, AI-2+ BB152 mutant, but it had
barely any effect on the wild-type bacteria or the AI-1+, AI-2− MM30 mutant [249]. This
suggests that HU-210 specifically antagonizes the AI-2 pathway [249]. The concentra-
tion of HU-210 required to achieve the anti-quorum sensing activity was relatively high
(20–200 μg/mL) [249], which is 2–3 magnitudes higher than that of CBG [248]. HU-210
prevented biofilm formation of the AI-1−, AI-2+ BB152 mutant with a BIC50 of 2 μg/mL
and MBIC90 of 200 μg/mL, while no significant effect was seen on biofilm formation by
the wild-type bacteria or the AI-1+, AI-2− MM30 mutant [249]. However, the motility of
Vibrio harveyi was reduced in all three strains at both 20 and 200 μg/mL HU-210 [249].
Gene expression studies showed that HU-210 at a concentration of 2 μg/mL reduced the
expression of the master regulator luxR in both wild-type and AI-1−, AI-2+ BB152 strain,
while it had no effect on the AI-1+, AI-2− MM30 Vibrio harveyi mutant strain [249]. The
luxM gene that encodes for AI-1 was upregulated by HU-210 [249].

4. Endocannabinoids

The endocannabinoid system (ECS) modulates many physiological processes, includ-
ing the cardiovascular, gastrointestinal and immune systems, pain, learning, memory, per-
ception, mood, appetite, metabolism, emotions, and sleep [22,112,113,277–285]. The bioac-
tive endocannabinoid lipid mediators have potent anti-inflammatory activities [286–291].
In addition, they promote neural progenitor cell proliferation and differentiation, and have
neuroprotective effects [20,292–294]. The effect on neural cell proliferation is mediated by
both the CB1 and CB2 receptors [293,295,296].

4.1. The Endocannabinoid System

The endocannabinoid system is composed of: (1) the lipid active endogenous ligands
N-Arachidonoylethanolamine (anandamide; AEA) and 2-arachidonoylglycerol (2-AG);
(2) their biosynthetic enzymes (e.g., diacylglycerol lipases (DAGL), N-acyl-phosphatidyletha
nolamine phospholipase D-like esterase (NAPE-PLD), and Ca2+-dependent and Ca2+-
independent N-acetyltransferases); (3) their degradative enzymes (e.g., fatty acyl amide
hydrolase (FAAH) and monoacylglycerol lipase (MAGL)); and (4) the CB1 and CB2
cannabinoid receptors [15,297,298]. The precursors of endocannabinoids (e.g., N-acyl-
phosphatidylethanolamine (NAPE) and phosphatidylinositol-4,5-bisphosphate (PIP2)) are
present in the lipid membranes, and the endocannabinoids are produced upon demand,
usually after activation of certain G-protein-coupled receptors (GPCRs) and in response to
an increase in the intracellular calcium levels [299–302].

4.2. The Production of AEA and 2-AG

The production of endocannabinoids requires one or two enzymatic steps, followed
by their release into the extracellular space. AEA is usually produced from N-arachidonoyl-
phosphatidylethanolamine phospholipid, and 2-AG is produced primarily from membrane
phospholipid 1-stearoyl-2-arachidonoyl-sn-glycerol [297]. The synthesis of 2-AG involves
two steps: first, the hydrolysis of its precursor phospholipid by a phospholipase (PLCβ,
PLCγ2, or PLCε), followed by further cleavage by diacylglycerol lipase (DAGL) [303–305].
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The biosynthesis of these endocannabinoids occurs in areas of the brain functionally related
to cognitive processes, motivation, and movement control [306,307]. 2-AG was found
to be present at 170 times higher concentrations than AEA in brain lysate [308]. While
AEA was initially detected in the brain [135] and 2-AG in the canine gut [309], today
it is known that these host-derived endocannabinoid lipid hormones are found in var-
ious peripheral tissues (e.g., the intestine) and in the serum, and produced by certain
immune cells [23,290,309–317]. For instance, lipopolysaccharides induced the production
of AEA in adipose tissue macrophages [318]. T and B cells produce elevated levels of
2-AG upon activation [290]. Astrocytes were found to produce AEA, as well as homo-γ-
linolenoylethanolamine (HEA), docosatetraenoylethanolamine (DEA), oleoylethanolamine
(OAE), and palmitoylethanolamine (PEA) [319].

4.3. The Circulating Levels of AEA and 2-AG

The circulating endocannabinoid levels are affected by various factors, and under
physiological conditions, the AEA serum level was found to be between 1 to 5 nM, and the
2-AG serum level between 10–500 nM [316,320]. Physical exercise mobilizes endocannabi-
noids, which could contribute to the analgesic and mood-elevating effects of exercise [316].
The circulating levels of 2-AG show a circadian rhythm that gets altered when sleep is
disrupted [316,320]. CBD inhibits the degradation of AEA and 2-AG, which is associated
with the anti-inflammatory and anti-oxidative activities [321].

4.4. Endogenous Receptors for AEA and 2-AG

AEA and 2-AG act as agonists of the CB1 and CB2 receptors [135,322–325]. While
2-AG binds with high affinity to CB1 and CB2 cannabinoid receptors, AEA binds with low
affinity to these receptors [323,324]. Although phytocannabinoids and endocannabinoids
bind to the same CB1 and CB2 receptors, their chemical structure is quite different [297]
(Figures 1 and 3). Both AEA and 2-AG have an alkyl-amide (alkamide) chemical structure,
while cannabinoids are terpenophenolic compounds.

In addition to acting on CB1 and CB2, AEA activates the ionotropic TRPV1 chan-
nel, resulting in the opening of the ion channel and Ca2+ influx [312,326–331], the G-
protein-coupled receptor GPR55 [332,333], and the cation channel TRPA1 [334], while it
inhibits the TRPM8 channel [334]. In addition, AEA activates PPARγ, and 2-AG activates
PPARα [335]. The vasodilation action of AEA was found to be mediated via activation of
TRPV1 [336]. Endocannabinoids activating TRPV1 have been included in the endovanilloid
system [337–339]. Recent studies suggest that potassium channels are also the targets of
endocannabinoids [340].

In the brain, endocannabinoids serve as retrograde synaptic messengers [299,341].
They are released from postsynaptic neurons and inhibit the release of presynaptic neuro-
transmitters, such as glutamate and gamma-aminobutyric acid (GABA) by binding to the
CB1 receptor and TRPV1 expressed in the presynaptic terminals [299,342,343]. This has led
to the hypothesis that endocannabinoids regulate over-excitability and promote synaptic
homeostasis [344]. Endocannabinoids differ from the classical neurotransmitters in that
they are not stored in vesicles but are released immediately after their production.

The solubility of endocannabinoids is low in water, raising the question of how AEA
diffuses through the synaptic cleft [345]. There is evidence that AEA can interact with
cholesterol and ceramide, which are required for their insertion into and transport through
the membrane [345–347]. In the brain, the lipid-binding protein α-synuclein is involved in
the transport of arachidonic acid [348]. Fatty acid binding proteins have been shown to be
intracellular carriers of AEA [349].

341



Biomedicines 2022, 10, 631

Figure 3. The chemical structures of some endocannabinoids.

Another communication system that exists between neurons is the release of lipid-
based transport systems such as exosomes from neurons following a synaptic response,
that are taken up by neighboring cells [350,351]. Gabrielli et al. [352] observed that endo-
cannabinoids are secreted on extracellular membrane vesicles. In this study, extracellular
vesicles secreted by microglial cells were found to carry AEA on their surface that was
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able to stimulate the CB1 receptor expressed on neurons and inhibit presynaptic transmis-
sion [352]. Microglial cells release endocannabinoids at much higher levels than neurons
and astrocytes [319,353,354] and are thought to play a role in regulating the synaptic ac-
tivity by a process termed gliotransmission, which functions to bridge the non-synaptic
inter-neuronal communication [355].

4.5. Other Endocannabinoids and Endocannabinoid-like Compounds

Other endocannabinoids include the oleoyl- and palmitoyl-ethanolamines (OEA and
PEA) that affect intestinal permeability by acting on TRPV-1 and PPARα [356,357], and
2-AG-ether and O-arachidonoylethanolamine (virodhamine) [22,358] (Figure 3). PEA is
produced by neurons, microglia, and astrocytes in the central nervous system [359,360]
where it plays an important role in neuroprotection [361,362]. Moreover, it was shown
to have both anti-nociceptive and anti-inflammatory activities [363–366]. Immune cells
release PEA that activates the CB2 receptor, resulting in downregulation of the inflam-
matory processes [367,368]. PEA, which is synthesized along with AEA, potentiates the
action of AEA by increasing receptor affinity or reducing the degradation of AEA by
FAAH [357,369–371]. The study of Lo Verme et al. [372] showed that PPARα was required
for the anti-inflammatory effect of PEA. Borrelli et al. [365] observed that PEA alleviates the
inflammation in a murine colitis model through acting on CB2, GPR55, and PPARα. OEA
acts on PPARα and is secreted in the proximal intestine where it controls appetite, exhibits
anti-inflammatory properties, and stimulates lipolysis and fatty acid oxidation [373–376].

The endocannabinoid noladin ether acts on CB2 and inhibits the intracellular effec-
tor adenylyl cyclase [377]. The endocannabinoid virodhamine, which is composed of
arachidonic acid and ethanolamine joined by an ester linkage, is a partial agonist with an
antagonist activity on CB1, while being a full agonist on CB2 [378]. At low concentrations,
virodhamine activates GPR55, while at high concentrations it acts as an antagonist [379].
The endocannabinoid N-arachidonoyl-dopamine (NADA), which is highly expressed
in the striatum, hippocampus, and cerebellum, activates TRPV1, induces the release of
substance P and calcitonin gene-related peptide from dorsal spinal cord slices, and en-
hances hippocampal paired-pulse depression [380]. NADA and its epoxide metabolites
also act as an agonist for the CB1 and CB2 receptors and show anti-inflammatory activi-
ties [337,381–383]. Other dopamine-related endocannabinoids include N-oleoyldopamine
(OLDA), N-palmitoyldopamine (PALDA), and N-stearoyldopamine (STEARDA) [384].
OLDA is only a weak ligand of CB1, but it induced calcium influx, reduced the latency of
paw withdrawal from a radiant heat source, and produced nocifensive behavior [384].

N-Arachidonoyl-L-serine (AraS) is an endogenous bioactive lipid found both in the
central nervous system (CNS) and in the periphery, with a similar structure and physi-
ological functions as AEA [385,386] (Figure 3). It possesses vasoactive, pro-angiogenic,
pro-neurogenic, and neuroprotective properties [386–388]. Since AraS binds weakly to
CB1 and CB2, it is not classified as an endocannabinoid, but rather has been coined as an
“endocannabinoid-like” substance [386]. The pro-angiogenic activity of AraS is achieved
by activation of GPR55 [387]. Moreover, AraS stimulates phosphorylation of MAPK and
Akt protein kinases [385].

4.6. Anti-Microbial Activities of Endocannabinoids and Endocannabinoid-like Compounds

The anti-microbial effect of endocannabinoids depends on the strain studied and the
endocannabinoid used [16–18,389,390] (Table 2). Among the tested organisms, Streptococcus
salivarius, Bacteroides fragilis, and Enterococcus faecalis were the most susceptible bacteria to
AEA and N-Linoleoylethanolamine (LEA) [390]. MSSA and MDRSA become immediately
growth arrested by AEA, an effect that was transient and relieved upon time [16]. On
the other hand, the growth of Lactobacillus gasseri species becomes enhanced by LEA and
OEA [390].
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Table 2. Anti-microbial activities of endocannabinoids and endocannabinoid-like compounds.

Endocannabinoids Anti-Microbial Activity References

Anandamide (AEA)

• MIC: 50 μM against Streptococcus salivarius RJX1086.
• MIC > 256 μg/mL against MSSA ATCC 25923, MRSA ATCC 33592, MRSA ATCC

43300, a MRSA clinical isolate, and a MDRSA clinical isolate.
• Transient bacteriostatic activity against drug-sensitive and drug-resistant

Staphylococcus aureus species in a dose-dependent manner at concentration equal
to an above 12.5 μg/mL AEA.

• 50 and 100 μM AEA slightly inhibited the growth of Alistipes shahii RJX1084 and
Ruminococcus lactaris RJX1085, and caused a delay in the log-phase growth of
Bacteriocides fragilis ATCC 25285. 100 μM AEA retarded the growth of
Enterococcus faecalis RJX1251.

• 50 and 100 μM AEA slightly enhanced the growth of Lactobacillus gasseri DSM
20243, Escherichia coli RJX1083, and Ruminococcus gnavus RJX1118, while causing
a small delay in the log-phase of Ruminococcus gnavus ATCC 29149.

• 50 μM, but not 100 μM, AEA slightly increased the growth of Lactobacillus
gasseri RJX1262.

• 50 and 100 μM AEA had no effect on the growth of Escherichia coli AIEC NC101.
• AEA sensitizes MRSA and MRDSA to antibiotics, including β-lactam antibiotics

(ampicillin and methicillin), gentamicin, tetracycline, and norfloxacin.
• MBIC: 12.5–35 μg/mL against MSSA ATCC 25923, MRSA ATCC 33592, MRSA

ATCC 43300, a MRSA clinical isolate, and a MDRSA clinical isolate.
• No anti-biofilm effect against Candida albicans.
• Concentrations above 50 μg/mL prevented yeast-hyphal transition and hyphal

extension of Candida albicans and inhibited their adhesion to cervical
epithelial cells.

[16–
18,389,390]

N-Arachidonoyl-L-
serine
(AraS)

• MIC: 16 μg/mL against MRSA ATCC 33592.
• MIC: 128 μg/mL against MRSA ATCC 43300.
• MIC > 256 μg/mL against a MRSA clinical isolate.
• AraS sensitizes MRSA to antibiotics, including β-lactam antibiotics (ampicillin

and methicillin), gentamicin, and tetracycline.
• MBIC: 12.5–35 μg/mL against MRSA ATCC 33592, MRSA ATCC 43300, and a

MRSA clinical isolate.
• MBIC50: 50 μg/mL against Candida albicans.
• Concentrations above 50 μg/mL prevented yeast-hyphal transition and hyphal

extension of Candida albicans and inhibited their adhesion to cervical
epithelial cells.

[17,18,389]

2-Arachidonoylglycerol
(2-AG) • MBIC50: 125 μg/mL against Candida albicans. [389]

N-
Linoleoylethanolamine
(LEA)

• MIC: 50 μM against Streptococcus salivarius RJX1086.
• MIC: 96 μM against Bacteroides fragilis ATCC 25285. A delayed log-phase growth

was observed with 24 and 48 μM LEA on Bacteroides fragilis ATCC 25285.
• MIC: 100 μM against Enterococcus faecalis RJX1251, with a strong growth

retardation with 50 μM.
• MIC: 100 μM against Alistipes shahii RJX1084.
• 50 and 100 μM LEA reduced the growth of Ruminococcus lactaris RJX1085 by

24–40%.
• 50 μM LEA strongly stimulated the growth of Lactobacillus gasseri DSM 20243

and Lactobacillus gasseri RJX1262.
• 100 μM LEA strongly stimulated the growth of Lactobacillus gasseri DSM 20243

but slightly interfered with the growth of Lactobacillus gasseri RJX1262.
• 50 and 100 μM LEA slightly increased the growth of Escherichia coli RJX1083.
• It had no effect on the growth of Ruminococcus gnavus ATCC 29149 at 100 μM,

with a small delay in the log-phase growth at 200 μM.
• It had no effect on the growth of Escherichia coli AIEC NC101, even at 200 μM.

[390]
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Table 2. Cont.

Endocannabinoids Anti-Microbial Activity References

Oleoylethanolamine
(OEA)

• MIC: 50 μM against Streptococcus salivarius RJX1086.
• 50 and 100 μM OEA had a slight growth inhibitory effect on Ruminococcus lactaris

RJX1085 and caused a delay in the log-phase growth of Alistipes shahii RJX1084,
Bacteroides fragilis ATCC 25285, and Enterococcus faecalis RJX1251.

• 50 and 100 μM OEA strongly increased the growth of Lactobacillus gasseri
RJX1262, while 100 μM was required to stimulate the growth of Lactobacillus
gasseri DSM 20243 and Ruminococcus gnavus RJX1118. Both 50 and 100 μM had a
slight growth-stimulating effect on Escherichia coli RJX1083, while no significant
effect was observed on Escherichia coli AIEC NC101 and Ruminococcus gnavus
ATCC 29149.

[390]

Palmitoylethanolamine
(PEA)

• 50 and 100 μM PEA partly reduced the growth of Ruminococcus lactaris RJX1085
and Streptococcus salivarius RJX1086. The effect on Alistipes shahii RJX1084 was
subtle.

• 100 μM, but not 50 μM, PEA enhanced the growth of Bacteroides fragilis ATCC
25285 and Enterococcus faecalis RJX1251.

• 50 and 100 μM PEA slightly increased the growth of Lactobacillus gasseri RJX1262
and DSM 20243, Escherichia coli RJX1083, Ruminococcus gnavus ATCC 29149 and
RJX1118, while it had no significant effect on Escherichia coli AIEC NC101.

[390]

4.6.1. AEA and AraS Exert Bacteriostatic Activity on Both Drug-Sensitive and
Drug-Resistant Staphylococcus aureus

Feldman et al. [18] observed that the MIC of AEA toward three MRSA species (MRSA
ATCC 33592, MRSA ATCC 43300, and a MRSA clinical isolate) was above 256 μg/mL.
AraS had a MIC of 16 and 128 μg/mL on MRSA ATCC 33592 and MRSA ATCC 43300,
respectively, and a MIC above 256 μg/mL for the clinical MRSA isolate [18]. A kinetic
study of AEA on a multidrug-resistant Staphylococcus aureus (MDRSA) clinical isolate and
the MSSA ATCC 25923 strain showed that AEA caused a transient bacteriostatic effect that
was overcome with time [16]. The bacteriostatic effect of AEA was independent of the
drug-resistant phenotype [16]. Further analysis showed that AEA inhibited cell division
just prior to daughter cell separation [16]. Gene expression studies showed that AEA
reduced the expression of some autolysin genes, which might in part contribute to the
growth arrest [16]. AEA altered the membrane structure of the MDRSA and caused an
immediate membrane depolarization that recovered with time [16]. Both AEA and AraS
reduced the hydrophobicity index of MRSA at a concentration of 16 μg/mL [18].

4.6.2. AEA and AraS Sensitize Drug-Resistant Staphylococcus aureus to Antibiotics

Importantly, it was observed that AEA and AraS sensitize MRSA and MDRSA strains
to various antibiotics, including β-lactam antibiotics (ampicillin and methicillin), gentam-
icin, tetracycline, and norfloxacin [16,17]. For instance, the MIC of ampicillin against MRSA
ATCC 33592 and ATCC 43300 was 128 and 256 μg/mL, respectively, but in the presence
of 8–16 μg/mL AEA, it was reduced to 8 μg/mL [17]. The MIC of gentamicin against
MRSA ATCC 33592 was 128 μg/mL, but in the presence of 8 μg/mL AEA, it was reduced
to 4 μg/mL [17]. Treating a MDRSA clinical isolate with 50 μg/mL AEA reduced the MIC
of methicillin from above 500 μg/mL to 50 μg/mL [16]. AEA was found to prevent drug
efflux, resulting in intracellular drug accumulation, which might explain, at least in part,
the sensitization of the bacteria to antibiotics [16]. Gene expression analysis shows that
AEA reduces the expression of some efflux pump genes, including norB, norC, mepA, kdpA,
and opp1C in MDRSA [16], but it is likely that the alterations in the membrane structure
caused by AEA also contribute to intracellular drug retention.

It is notable that the sensitization of MRSA to methicillin takes place even when bacte-
rial growth is inhibited by AEA [16], suggesting that the anti-bacterial effect of methicillin
and other β-lactams does not require cell division as previously documented when used
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as a single agent [391,392]. Indeed, FtsZ inhibitors that arrest bacterial cell growth, also
sensitize drug-resistant Staphylococcus aureus to β-lactam antibiotics, which was related to
membrane relocalization of penicillin-binding proteins (PBPs) [393]. Further studies are
required to fully understand the antibiotic-sensitization mechanisms of AEA and AraS.

4.6.3. AEA and AraS Exhibit Anti-Biofilm Activity against Drug-Sensitive and
Drug-Resistant Staphylococcus aureus

AEA and AraS prevent biofilm formation of MRSA and MDRSA with a maximum
effect at 12.5–35 μg/mL [16,18]. AEA and AraS had a rather weak effect on preformed
biofilm of MRSA and MDRSA, where concentrations as high as 64 μg/mL were required to
eradicate 50% of the biofilms after a 24 h incubation [16,18]. The simultaneous treatment of
the MRSA and MDRSA strains with endocannabinoids and antibiotics significantly lowered
the effective dose of the two compounds [16,17]. For instance, the MBICs of AEA and ampi-
cillin on MRSA ATCC 33592 were, respectively, 33.8 and 128 μg/mL, while in combination,
8 μg/mL of each compound was required for inhibiting biofilm formation [17]. When
combining the sub-MBIC concentration 3.125 μg/mL of AEA with 50 μg/mL norfloxacin,
which, as a single agent, had no anti-biofilm effect, an 80% reduction in biofilm formation by
MDRSA was observed [16]. A 90% reduction in preformed MDRSA biofilm was observed
when 50 μg/mL of AEA was combined with 50 μg/mL methicillin, which is the synergis-
tic condition required for killing the bacteria [16]. The latter observation shows that the
combination of AEA with antibiotics is also effective against biofilm-embedded bacteria.

Gene expression studies showed that AEA reduced the expression of the regulatory
RNAIII and the virulence gene α-helical phenol-soluble modulin (psmα) in MDRSA [16].
Additionally, the genes fnbB, hla, and hld encoding for the virulence factors fibronectin
binding protein, α-hemolysin and δ-hemolysin (δ-toxin), respectively, were downregulated
by AEA [16]. As Psmα plays a central role in Staphylococcus aureus biofilm formation by
stabilizing the biofilms through amyloid formation [394–396], the inhibition of its expression
might be one mechanism for the anti-biofilm effect of AEA (Figure 4).

 

Figure 4. The anti-bacterial actions of anandamide on Staphylococcus aureus.
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4.6.4. AEA and AraS Inhibit Yeast-Hypha Transition of Candida albicans and Prevent
Adhesion of Candida albicans Hyphae to Epithelial Cells

AEA and AraS were found to inhibit yeast-hypha transition of Candida albicans at
125 and 250 μg/mL [389]. At 50 μg/mL, there was only a partial inhibition on the yeast-
hypha transition, but this concentration was sufficient to prevent hyphal extension [389].
Importantly, Candida albicans hyphae that have been exposed to AEA at 50 μg/mL and
higher concentrations showed strong reduction in their ability to adhere to the HeLa cervical
epithelial carcinoma cells [389]. AraS-treated Candida albicans hyphae showed deficient
adherence to HeLa cervical carcinoma cells similar to AEA-treated fungi, while 2-AG
treatment had only a minor effect at the concentrations analyzed (up to 250 μg/mL) [389].
None of the endocannabinoids affected the adherence of the Candida albicans hyphae to
polystyrene tissue culture plates within the first hour of incubation, while AraS and 2-AG,
but not AEA, reduced the biofilm mass formed on the polystyrene tissue culture plates
after a 24 h incubation [389].

Gene expression studies showed that AEA increased the expression of NRG1, which is
a transcriptional repressor of filamentous growth, but reduced the expression of the hyphal
cell wall protein 1 (HWP1), the Agglutinin-like protein 3 (ALS3), the Hypha-specific G1
cyclin-related protein 1 (HGC1), the Ras-like protein 1 (RAS1), the enhanced filamentous
growth protein 1 (EFG1), the cell surface hydrophobicity-associated protein CSH1, and the
extent of cell elongation protein 1 (ECE1). The combined effect of AEA on the expression of
these genes might cumulate in the observed effects of AEA on Candida albicans adherence
and hyphal growth (Figure 5).

Figure 5. Effect of AEA on Candida albicans gene expression [381]. Genes in red are downregulated
by AEA after a 2 h incubation. Genes in green are upregulated by AEA. Genes in light blue are
unaffected by AEA. Open circles are genes that have not yet been analyzed. Ultimately, AEA prevents
the adherence and hyphal extension of Candida albicans.
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4.7. Dialog between the Gut Microbiota and the Endocannabinoid System

An intercommunication system has been found to exist between the gut microbiota
and the endocannabinoid system [285,298,397–402]. The gut microbiota, representing more
than 100 trillion microorganisms, including at least 1000 distinct species, lives in symbiosis
with the host and assists in controlling the metabolic health of the host by degrading nutri-
ents that the host is unable to digest and by providing a whole battery of small signaling
molecules, metabolites, and nutrients beneficial for the host physiology [298,403]. The gut
microbiome differs from individual to individual, and the composition of the microbiota is
believed to affect various metabolic disorders, such as obesity, hyperglycemia, and dyslipi-
demia, which are risk factors for type 2 diabetes, hepatosteatosis, and arteriosclerosis [404].
Reduced diversity of gut microbiota has been linked with various pathophysiological
conditions, such as depression, schizophrenia, neurological disorders, and chronic fa-
tigue [405–409]. Microbiota can affect the endocannabinoid system and the nervous system,
and vice versa; the nervous system and the endocannabinoids can influence the enteric
microbiota composition [112,285,390,397,410,411].

4.7.1. The Relationship between Gut Microbiota, the Endocannabinoid System,
and Depression

The effect of the gut microbiota on depressive-like behaviors in mice was found
to be mediated by the endocannabinoid system [411]. These authors showed that the
transfer of microbiota from stress-induced depressive mice to naïve unstressed hosts
induced a depressive-like state in the recipients. This was accompanied by a reduced adult
hippocampal neurogenesis that was related to decreased hippocampal 2-AG levels and
deficient CB1-mediated activation of the mTOR signaling pathways [411]. The detrimental
effects on hippocampal neurogenesis could be restored by a MAGL inhibitor that prevents
2-AG degradation, addition of the 2-AG precursor arachidonic acid to the diet, or by
complementation with Lactobacillus plantarumWJL [411]. The microbiota from the stress-
induced depressive mice showed an increase in Ruminococcaceae and Porphyromonodaceae
species, with a decrease in Lactobacillaceae [411]. The complementation with Lactobacillus
plantarumWJL restored hippocampal 2-AG to normal levels, as well as increased the levels
of AEA, n-3, and n-6 polyunsaturated fatty acids (PUFAs) [411]. Lactobacillus species can
regulate fatty acid metabolism, absorption, and fatty acid composition of the host [412,413],
which in turn affects the endocannabinoid system [411]. Rousseaux et al. [414] observed
that oral administration of Lactobacillus acidophilus induced the expression of both the μ1
opioid receptor and CB2 receptor on colon epithelial cells, resulting in reduced abdominal
pain in a rat colorectal distension model.

4.7.2. Association between Gut Microbiota, PEA, and Anhedonia/Amotivation

PEA was shown to mediate the association between gut microbial diversity and
anhedonia/amotivation [410]. Increased serum levels of PEA were associated with anti-
depressive effects [357,415], while increased stool levels of PEA, indicative of increased
excretion of PEA, were associated with alterations in synaptic plasticity, learning, and
emotional responses [410,416,417]. The stool PEA levels were associated with gut microbial
diversity, with implications on host mental health [285,357,410,418]. The relative abundance
of microbes of the Blautia and Dorea taxa was particularly associated with fecal PEA and
anhedonia/amotivation [410]. Reduced microbial diversity corresponded with increased
excretion of PEA and more severe anhedonia/amotivation [410]. PEA was also found
to counteract autistic-like behaviors in BTBR T+ tf /J mice by dampening inflammation,
reducing oxidative stress, reducing gut permeability, and altering the gut microbiota,
besides its neuroprotection through induction of PPARα [419]. These authors found that
PEA treatment increased the ratio of Firmicutes/Bacteroidetes, which was due to an increase
in Firmicutes (e.g., Clostridials) and a decrease in Bacteroidetes [419].
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4.7.3. The Relationship between Gut Microbiota, AEA, and Acute Respiratory
Distress Syndrome

AEA was found to attenuate acute respiratory distress syndrome through modulating
the gut microbiota [420]. In this study, the researchers investigated the effect of AEA on
staphylococcal enterotoxin B (SEB)-mediated acute respiratory distress syndrome. SEB
caused an increase in pathogenic bacteria in both the lungs and the gut [420]. AEA-
treated mice showed increased level of anti-microbial peptides in the lung epithelial cells
and prevented the increase in pathogenic bacteria induced by SEB [420]. AEA increased
the level of several bacterial species (e.g., Lachnospiraceae and Clostridia) that produce
elevated levels of SCFAs, such as butyrate and valerate, important for stabilizing the
gut–lung microbial axis and suppressing inflammation [420]. In addition, AEA treatment
increased the abundance of Muribaculaceae and reduced the abundance of Pseudomonas and
Enterobacteriaceae [420].

4.7.4. The Relationship between Gut Microbiota, the Endocannabinoid System, and Obesity

Obesity is often characterized by low-grade inflammation, with increased levels of
endocannabinoids in the plasma and adipose tissues and altered expression of CB1 [421].
Activation of CB1 and CB2 receptors reduces motility, limits secretion, and decreases hyper-
sensitivity in the gut [422–424]. Impaired CB1 signaling protected against the development
of obesity and steatosis [425–427]. Lipopolysaccharides from Gram-negative bacteria in-
duce the production of endocannabinoids under inflammatory conditions that dampen the
inflammatory response [318,428–430]. Vice versa, the activation of CB1 in mice increases
circulating levels of lipopolysaccharides due to reduced expression of the tight junction
proteins occludin and zonula occludens-1 (ZO-1), resulting in increased gut epithelial
permeability [421,431].

The gut microbiota was found to modulate colon CB1 receptor expression in both
normal and obese mice [421]. Obese mice fed with the prebiotic oligofructose showed re-
duced CB1 expression, lower AEA content, and increased expression of FAAH [421]. Obese
mice treated with the CB1 antagonist SR141716A (Rimonabant) improved the gut barrier
function and reduced body weight gain [421]. Mehrpouya-Bahrami et al. [432] observed
that SR141716A attenuated diet-induced obesity and inflammation that was correlated
with increased relative abundance of Akkermansia muciniphila and decreased abundance
of Lanchnospiraceae and Erysipelotrichaceae in the gut. Interestingly, SR141716A prevented
the intracellular replication of macrophage-phagocytosed Brucella suis by activating the
macrophages, which was related to the inhibition of CB1 [433]. It would be interesting to
study whether SR141716A also has a direct anti-microbial effect. In this context, it is worth
mentioning that SR141716A could potentiate the anti-fungal activity of amphotericin B
against Candida albicans and Cryptococcus neoformans by increasing cellular oxidative stress
and cell membrane permeability [434].

Mice fed on high-fat, high-glucose diet showed altered microbiome with concomitant
increase in AEA and 2-AG in the plasma [398]. The relative abundances of Adlercreutzia, Bar-
nesiella, Coprobacillus, Eubacterium, and Parasutterella in the ileum were negatively associated
with AEA levels [398]. The level of the AEA congener N-docosahexaenoylethanolamine
(synaptamide, DHEA), which is required for normal brain development [435], was nega-
tively associated with Barnesiella, Enterococcus, Eubacterium, Flavonifractor, and Intestinimonas
in the ileum [398]. These authors also found a negative correlation between the Delftia
genus and N-linoleoylethanolamine (LEA), while the Lactobacillus genus was associated
with increased 2-docosahexaenoyl-glycerol (2-DHG) levels [398].

Repeated administration of OAE to mice fed on normal chow pellet diet for 11 days led
to alteration in fecal microbial composition with an increase in Bacteroidetes (e.g., Bacteroides
genus) and a decrease in Firmicutes (Lactobacillus), which is considered a “lean-like” phe-
notype [436]. OAE also reduced intestinal cytokines expression by immune cells isolated
from Peyer’s patches [436].
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4.7.5. The Relationship between Gut Microbiota, the Endocannabinoid System, and
Inflammatory Bowel Diseases

Both AEA and PEA have been observed to reduce inflammation in murine models of
colitis and inflammatory bowel disease [437–439]. Elevating the levels of the endocannabi-
noids by inhibiting FAAH could relieve colitis and inflammatory bowel disease [440,441].
Butyrate that is produced by gut microbiota (e.g., bacteria of the Ruminococcaceae and Lach-
nospiraceae family) [442] reduces inflammation and pain in colitis animal models, which can
in part be mediated through the endocannabinoid system [443]. Vijay et al. [443] studied
the association of the endocannabinoids AEA, 2-AG, OEA, and PEA with gut microbiome
composition upon exercise. Under resting condition, AEA and OEA were positively as-
sociated with alpha diversity and with SCFA producing bacteria such as Bifidobacterium,
Coprococcus 3, and Faecalibacterium, while being negatively associated with Collinsella [443].
AEA, OEA, and PEA increased with exercise, and changes in AEA correlated with bacterial
butyrate production [443]. The increases in AEA and PEA correlated with decreased ex-
pression of the inflammatory mediators TNFα and IL-6 and increased expression of the
anti-inflammatory cytokine IL-10 [443].

PEA was found to increase the phagocytosis and intracellular killing of encapsulated
Escherichia coli K1 by activated microglial cells and macrophages [444,445]. Pre-treatment
with PEA significantly increased the survival of mice challenged with Escherichia coli
K1 [445]. Similarly, Heide et al. [446] observed that prophylactic PEA attenuated inflam-
mation and increased the survival of mice challenged with intracerebral Escherichia coli K1
infection. Lower bacterial loads were observed in the spleen, liver, and blood of the PEA
pretreated animals [446]. This was related to the anti-inflammatory effect, since PEA at 1
μg/mL had no effect on Escherichia coli growth in vitro [446].

The gut microbiota of IBD patients differs from healthy individuals, with a decrease
in butyrate- and indole-producing bacteria, decrease in bile salt-sensitive bacteria, while
an enrichment in bile acid-metabolizing bacteria [390,447–449]. Among others, Escherichia
coli, Lactobacillus gasseri, Ruminococcus gnavus, and Blautia producta, were more abundant in
IBD, while Bacteroides cellulosilyticus, Bacteroides fragilis, and Streptococcus salivarius were
depleted [390]. Fornelos et al. [390] observed that certain N-Acylethanolamines (NAEs),
such as LEA, PEA, OEA and AEA, are elevated in the stool of IBD, Crohn’s disease, and/or
ulcerative colitis patients, and stimulate the growth of bacterial species overrepresented
in IBD while inhibiting bacterial species lacking in IBD. N-acylethanolamine levels were
highest in samples with most differences in the microbiome, suggesting a connection
between N-Acylethanolamines and altered microbiota in IBD [390]. These researchers
observed that LEA inhibited the growth of Bacteroides fragilis, Bacteroides cellulosilyticus, and
Enterococcus faecalis, while slightly enhanced the growth of Escherichia coli, Ruminococcus
gnavus, and Blautia producta [390]. AEA also transiently inhibited the growth of Bacteroides
fragilis and Enterococcus faecalis that recovered with time [390]. The growth of Lactobacillus
gasseri, which is enriched in IBD, was enhanced by OEA and LEA, and to a lesser extent by
AEA [390]. LEA and AEA partly inhibited the growth of Alistipes shahii and Ruminococcus
lactaris that are underrepresented in IBD subjects [390]. The growth of Streptococcus salivarius
was completely prevented at a concentration of 50 μM LEA, AEA, or OEA, but only slightly
inhibited by PEA [390].

4.7.6. Effect of N-Acylethanolamines on the Microbial Composition of Stool Chemostats

Fornelos et al. [390] also studied the effect of N-acylethanolamines, including endo-
cannabinoids, on the composition of two different stool chemostats. In the control chemo-
stat A, the Enterobacteriaceae, Clostridiaceae, and Veillonellaceae taxa dominated, while in the
presence of AEA, the bacterial community was almost entirely overtaken by Enterobacteri-
aceae [390]. LEA-treated chemostat A was dominated by Enterococcaceae, Veillonellaceae and
Enterobacteriaceae at the expense of Streptococcaceae, Erysipelotrichaceae, Porphyromonadacea,
Bacteroidaceae, and Rikenellaceae, while OEA treatment did not impact Enterobacteriaceae
abundance but increased the relative abundances of Enterococcaceae and Streptococcaceae
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and decreased those of Bacteroidaceae and Rikenellaceae [390]. AEA and LEA also reduced
the abundance of Barnesiella intestinihominis, Alistipes, and Bacteroides species, while they
increased the abundance of Escherichia species [390]. In Chemostat B, the abundance of
Blautia producta, Clostridium clostridioforme, Klebsiella pneumoniae, and Proteus mirabilis was
increased in the presence of AEA or LEA [390]. These data indicate that LEA, AEA, and
other N-Acylethanolamines can shift the microbiome of a healthy individual into an IBD
profile [390].

Transcriptional analysis showed that AEA upregulates both the anaerobic, reductive,
and oxidative branches of the citrate cycle concomitant with increased energy metabolism
and increased respiratory electron transport chain activity, especially in Enterobacteri-
aceae [390]. Metabolic changes occurring upon exposure to AEA, LEA, and other NAEs
include the activation of bacterial processes involved in NAE metabolism [390].

Searching for an action mechanism of LEA and AEA on Bacteroides fragilis, the re-
searchers found that the most upregulated genes are those encoding for membrane-
associated efflux transport proteins, and the most downregulated gene was the long chain
fatty acid (LCFA) importer fadL [390]. They further showed that two other genes involved in
fatty acid metabolic processing were repressed: a fadD homolog that catalyzes esterification
of incoming fatty acids into CoA thioesters and a fadE homolog involved in downstream
fatty acid breakdown [390]. These data indicate that bacteria have developed mechanisms
that can respond to endocannabinoids.

5. Conclusions

Both phytocannabinoids and endocannabinoids have diverse physiological activities
that are, in part, mediated by common receptors in mammalians, each compound with
its specificity and affinity, being agonists, partly agonists, inverse agonists, or antago-
nists. While these mechanisms have been widely investigated, the mechanisms leading
to their anti-microbial effects are less understood. Despite the quite different structures
of phytocannabinoids and endocannabinoids (Figures 1 and 3), there are some common
dominators that characterize their anti-bacterial activities (Figures 2 and 4). For instance,
they exert bacteriostatic activity, alter the membrane structure, induce either membrane
hyperpolarization or depolarization, modulate gene expression including those involved
in metabolism, affect virulence factors, and prevent biofilm formation (Figures 2 and 4).
Additionally, the AEA-mediated inhibition of yeast-hypha transition of Candida albicans
and the hyphal adherence to epithelial cells seem to be mediated by alterations in gene
expression (Figure 5). The multiple actions of phytocannabinoids and endocannabinoids
suggest that the compounds do much more than just affecting membrane permeability as
previously thought.

The emergence of antibiotic-resistant microbes is a clinical problem worldwide, and
novel treatment strategies are urged. The important observation that some of the phyto-
cannabinoids and endocannabinoids act on both drug-sensitive and drug-resistant Staphylo-
coccus aureus makes them potential antibiotic adjuvants in treating drug-resistant infections,
for instance for topical infectious wound treatment. Especially important is the ability
of AEA and AraS to sensitize drug-resistant Staphylococcus aureus to antibiotics in virtue
of their ability to prevent drug efflux and induce growth arrest. The addition of these
endocannabinoids to the treatment cocktail will revive the use of already existing an-
tibiotics. The ability of both CBG and the synthetic cannabinoid HU-210 to antagonize
quorum sensing may have implications in the new era where quorum sensing inhibitors or
quorum quenchers have attracted attention for alternative antibiotic drugs for antibiotic-
resistant bacteria [450]. To reach this goal, further studies should be performed to clarify
the spectrum of bacteria whose quorum sensing pathways are affected by cannabinoids.
The increasing recognition of the complex interplay between the gut microbiota and the
endocannabinoid system with the accompanying implications for various physiological
and pathophysiological conditions, places the therapeutic uses of cannabinoids into a
new spotlight.
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Abbreviations

AEA Anandamide, N-Arachidonoylethanolamine, N-Arachidonylethanolamide
2-AG 2-Arachidonoylglycerol
AraS N-Arachidonoyl-L-serine
CBC Cannabichromene
CBCA Cannabichromenic acid
CBD Cannabidiol
CBDA Cannabidiolic acid
CBG Cannabigerol
CBN Cannabinol
CFU Colony-forming unit
C. sativa L. Cannabis sativa Linnaeus
DAGL Diacylglycerol lipase
ECS Endocannabinoid system
EPS Extracellular polymeric substances
FAAH Fatty acid amide hydrolase
GPCR G-protein-coupled receptor
GPR18/GPR55 G-protein-coupled receptors 18/55
IBD Inflammatory bowel disease
IC50 Half maximal inhibitory concentration
LD50 Half maximal lethal dose
LEA N-Linoleoylethanolamine
MBEC Minimum biofilm eradication concentration
MBIC Minimum biofilm inhibitory concentration
MIC Minimum inhibitory concentration
MDRSA Multidrug resistant Staphylococcus aureus
MSSA Methicillin sensitive Staphylococcus aureus
MRSA Methicillin resistant Staphylococcus aureus
NAE N-Acylethanolamine
NAPE N-Acyl-phosphatidylethanolamine
OEA Oleoylethanolamine
OLDA N-Oleoyldopamine
PALDA N-Palmitoyldopamine
PEA Palmitoylethanolamine
PIP2 Phosphatidylinositol-4,5-bisphosphate
PPARα/γ Peroxisome proliferator activated receptor α/γ
Psmα α-Helical phenol-soluble modulin
SCFA Small chain fatty acid
STEARDA N-Stearoyldopamine
Δ9-THC Δ9-Tetrahydrocannabinol
THCA Tetrahydrocannabinolic acid
TRPA1 Ankyrin-type 1 transient receptor potential channel
TRPM8 Transient receptor potential cation channel subfamily M (melastatin) member 8
TRPV1 Transient receptor potential vanilloid-1
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Abstract: As marijuana use during adolescence has been increasing, the need to understand the effects
of its long-term use becomes crucial. Previous research suggested that marijuana consumption during
adolescence increases the risk of developing mental illnesses, such as schizophrenia, depression,
and anxiety. Ghrelin is a peptide produced primarily in the gut and is important for feeding
behavior. Recent studies have shown that ghrelin and its receptor, the growth hormone secretagogue
receptor (GHSR), play important roles in mediating stress, as well as anxiety and depression-like
behaviors in animal models. Here, we investigated the effects of chronic tetrahydrocannabinol (THC)
administration during late adolescence (P42–55) in GHSR (GHSR −/−) knockout mice and their wild-
type littermates in relation to anxiety-like behaviors. We determined that continuous THC exposure
during late adolescence did not lead to any significant alterations in the anxiety-like behaviors of
adult mice, regardless of genotype, following a prolonged period of no exposure (1 month). These
data indicate that in the presence of intact or impaired ghrelin/GHSR signaling, THC exposure
during late adolescence has limited if any long-term impact on anxiety-like behaviors in mice.

Keywords: ghrelin; tetrahydrocannabinol (THC); GHSR signaling; late adolescence; endocannabinoid
system

1. Introduction

Adolescence is the developmental period of transition between childhood and adult-
hood, on average starting at age 12 and ending at age 18 [1,2]. This period is marked by
significant neuroplasticity in the prefrontal cortex and limbic regions, two brain regions
involved in development of adult behavior and cognitive functions [1,3].

Cannabis use among adolescents is very high, with 9.4% of 8th graders, 23.9% of 10th
graders, and 36.5% of 12th graders reporting cannabis use in the last 12 months in 2016 [4].
This event is concerning as cannabis abuse can lead to persistent cognitive impairments
in learning, attention and memory [5–10]. Moreover, early cannabis use before 16 years
of age increases the risk of developing psychiatric disorders, including anxiety-related
symptoms [11–13]. Anxiety appears to be the most common complication arising from
heavy cannabis use, with up to 20% of cannabis users experiencing anxiety [14] while the
prevalence of anxiety in the general population is estimated to be around 6–17% [15].

The primary psychoactive component of cannabis is delta-9-tetrahydrocannabinol
(THC). The biological effects of THC are mainly mediated by members of the G protein-
coupled receptor (GPCR) family, such as cannabinoid receptors (CB1R and CB2R).

The cannabinoid receptors together with their naturally occurring ligands (anan-
damide and 2-arachidonoyl glycerol) and the enzymes responsible for their biosynthesis

Biomedicines 2023, 11, 144. https://doi.org/10.3390/biomedicines11010144 https://www.mdpi.com/journal/biomedicines
371



Biomedicines 2023, 11, 144

constitute the endocannabinoid system [16,17]. This system plays a critical role in the
maturation of brain circuits during adolescence by regulating excitatory and inhibitory
neurotransmission [18]. Further, CB1R expression increases dramatically in regions such
as the prefrontal cortex, striatum, and hippocampus [19]. Imaging studies have shown
decreased cortical thickness in the right superior prefrontal cortex (PFC), bilateral insula
and bilateral superior cortices in adolescent cannabis users compared to adolescents who
do not use cannabis [20], as well as a decrease in volume of the right medial orbitofrontal
cortex [21] and bilateral hippocampus [22,23].

Ghrelin is a hormone mainly produced in the gut [24]. It stimulates potent orexigenic
effects through metabolic homeostatic regulatory mechanisms in the hypothalamus and
by increasing food reward and motivation through mesolimbic activation [25,26]. Ghrelin
mediates both peripheral and central physiological functions through the growth hormone
secretagogue receptor (GHSR) [27]. Ghrelin’s role in regulating mood is very complex and
it has a dual role in regulating anxiety. In some cases, injecting ghrelin centrally increased
anxiety-like behaviors assessed by elevated plus maze [28], while other reports suggest
the opposite effect, with ghrelin injections showing a decrease in anxiety-like behaviors
as assessed by elevated plus maze [29]. This discrepancy might be related to the timing
of the behavioral experiments. Another factor that contributes to modulateing ghrelin’s
effect on behavior is food availability, with ghrelin increasing locomotion in the absence
of food [30] and decreasing locomotion in the presence of food [31]. Findings in ghrelin
knockout mice also demonstrate the controversial relationship between ghrelin and anxiety.
Ghrelin knockout (Ghr −/−) mice appear to be less anxious than their wild-type counter-
parts under non-stressed conditions, but display more anxious behavior under mild stress
conditions (15 min restraint) [32]. Of note is that stress increases ghrelin and corticosterone
concurrently. GHSR and ghrelin knockout mice showed decreased plasma levels of corti-
costerone after chronic social defeat stress and acute restraint stress, as well as increased
anxiety-like behavior [32,33]. Taken together, these findings suggest that ghrelin and GHSR
are important for the ability of animals to cope with anxiety-inducing stressors. GHSR and
the cannabinoid CB1R are expressed within overlapping brain regions that are crucial for
feeding (hypothalamus), reward and motivation (Ventral tegmental area/VTA, nucleus
accubens/NAC). Both systems mutually interact to a significant extent in the regulation of
homeostatic as well as hedonic food intake [34–37]. Further, systemic pretreatment with the
CB1R antagonist rimonabant significantly reduced intracerebroventricular ghrelin-induced
NAC dopamine release and hyperlocomotion in mice [38]. Despite this knowledge, there
are limited data on the mutual role of cannabis and ghrelin in promoting anxiety-like
behaviors. Therefore, we aim to test the way in which GHSR −/− mice (and their wild-
type counterparts) would respond to chronic THC administration during adolescence. To
investigate the long-term effects of THC on behavior relating to anxiety, we exposed the
animals to 10 mg of THC daily (via pulmonary route) during sexual maturation (6–8 weeks
old mice), which roughly corresponds to adolescence in humans. After 14 days of THC
administration, animals (male and female mice) could recover for additional 4 weeks. At
12 weeks of age, behavioral testing was performed to evaluate any long-term effects from
THC administration (Figure 1A).
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Figure 1. Experiment design and equipment for THC administration. (A) Experimental design, time
course for THC (or vehicle) administration and behavioral testing. (B) Entire apparatus used to
administer THC and vehicle under a chemical hood. (C) Tubing leading from administration box to
activated charcoal trap. (D) Tubing leading from activated charcoal trap to the activated charcoal
filter, which then leads to the vacuum line. (E) Open-ended tube with Volcano mouthpiece attached.
(F) Balloon attached to the open-ended mouthpiece, sealed with parafilm.

2. Materials and Methods

2.1. Materials

To closely mimic human THC consumption, we used a formulation of THC (3.62%
THC, 6.47% tetrahydrocannabinolic acid (THCA), a total of 101 mg/ml of THC) with a
minimal content of terpenes (β-myrcene 0.06%, β-caryophyllene 0.64%, humulene 0.39%; a
total of 1.09% terpenes) dissolved in Polyethylenglycol (PEG 400), designed for use with a
commercially available vaporization apparatus.
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PEG 400 with terpenes was used as the vehicle for the control group. Connecticut
Pharmaceutical Solutions, LLC, Portland, CT, USA (a state-licensed grower) provided the
compounds through the Connecticut Medical Marijuana Research Program.

2.2. Animals

The Institutional Animal Care and Use Committee of Yale University approved all
experiments (protocol code 2019-07942). Mice were kept under standard laboratory condi-
tions with free access to standard chow food and water except during behavioral testing.
Mice were generated by breeding C57BL/6J (n. 000664 Jackson Lab) with GHSR −/+ mice
in order to obtain an F1 generation of heterozygous GHSR knock-out animals. These
progenies were subsequently used to generate GHSR +/+ (WT) and GHSR −/− (KO) ani-
mals used in this study. All animals were generated, bred and weaned by our laboratory
and housed in the same animal room. Further details can be obtained from our previous
publication [39]. THC was administered to animals from 6 to 8 weeks of age and behavioral
testing was performed at 12 to 13 weeks of age (Figure 1A). Animals were placed into
2 treatment groups (vehicle and 10 mg THC) for each genotype (wild type and knock-out).
Since we did not have a strict hypothesis of what sort of difference we can expect, we used
the “resource equation” method for defining our sample size, a commonly used way of
establishing sample size in exploratory studies [40]. We did not control for the estrous cycle
in female mice.

2.3. THC Administration

Most adolescents smoke cannabis; therefore, we decided to mimic smoking as a
method of administration of THC. We used commercially available vaporization equip-
ment for marijuana administration, commonly used by marijuana consumers. Previously
described experiments used the Volcano® Vapourization device (Storz and Bickel, GmbH
and Co., Tuttlingen, Germany) to administer ethanol-dissolved THC to lab animals in
a consistent and reproducible manner, and presented similar dose-dependent and time-
dependent changes for both pulmonary and parenteral administration [41,42]. We followed
their procedure, except for the following modifications. In our study, the THC containing
formulation and vehicle were vaporized at 175 ◦C in order to avoid excessive formation and
vaporization of cannabinol (CBN, a psychoactive metabolite of THC which may confound
results) and reaching the flashpoint of the vehicle (PEG400, 250 ◦C).

THC and vehicle were administered under a chemical hood to prevent cross-contamination
due to leakage of vapor, as well as maintaining a consistent experimental environment (Figure 1B).
Mice were placed, in groups of 2–4, inside a closed chamber (33 cm × 20.3 cm × 10.2 cm) with
valves and tubing on two of the narrower sides. To further minimize vapor escaping, on
one side the tubing led to an improvised activated charcoal trap, leading to an activated
charcoal filter, leading to the vacuum line (Figure 1C,D). On the other side, tubing was
open-ended with a Volcano Vaporizer mouthpiece fixed to it (Figure 1E). The mouthpiece
was used to release the seal on the balloons, which were filled with a vapor containing THC
(or vehicle; note that the content of the balloons is mostly air so that the animal was always
normoxic while in the chamber). Parafilm was used to seal the connection making it airtight
(Figure 1F). Animals were exposed to the vapor for 5 min, with half of the balloon being
emptied at the beginning and the other half being emptied after 2 or 3 minutes of exposure.
We separated the evacuation of the vapor-filled balloon into 2 parts to prevent excessive
leaking of vapors caused by increasing pressure inside of the box which exacerbates cracks
in the boxes’ seal during balloon evacuation. The vacuum pump line was not efficient
enough at maintaining a stable pressure to avoid side leakage and posed a danger to the
animals inside the box if activated when they were still inside. The leakage was minimized
to our satisfaction by splitting the balloon evacuation into 2 parts. After the exposure,
animals were quickly removed from the chamber, and the vacuum line was turned on to
remove any residual vapor. The inside of the box was cleaned with 70% ethanol between
each group of animals.
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2.4. Behavioral Assessments

Open field and elevated zero maze were used to establish behavioral phenotypes
induced by THC administration. Behavioral testing was performed during the light phase
of the cycle from 1 pm to 7 pm.

2.4.1. Open Field

The open field apparatus (Stoelting Company, Wood Dale, IL, USA) is a square,
polyurethane box (35.5 cm × 35.5 cm × 30 cm). The animal was placed in the center of
the apparatus. General locomotion parameters (distance traveled, locomotion speed, time
mobile) and parameters relating to anxiety (freezing time; time spent, distance travelled,
and entries into central and periphery zones) were recorded for 10 min. The apparatus was
cleaned with 70% ethanol after each animal’s exposure. ANY-Maze software (Stoelting
Company, Wood Dale, IL, USA) was used to record and analyze the behavioral data.

2.4.2. Elevated Zero Maze

The elevated zero maze apparatus is an elevated (60 cm high) ring-shaped runway
(5 cm wide), with 2 equally sized (25% of the runway length) sections closed off by walls
(40 cm high) opposite each other. The other two sections are open (Stoelting Company,
Wood Dale, IL, USA). The maze was equally illuminated in all four sections. Mice were
placed in the center of one of the open sections, facing one of the closed sections, and
allowed to explore the maze for 5 min. The apparatus was cleaned with 70% ethanol after
each animal’s exposure. ANY-Maze SoftwareTM (Stoelting Company, Wood Dale, IL, USA)
was used to record and analyze the behavioral data.

2.5. Statistics

GraphPad Prism 8.0 and Microsoft Excel 14.4.2 were used to analyze data and plot
figures. Since our goal was to compare the means of more than two groups of animals,
while controlling for two variables (genotype and THC treatment), two-way ANOVA was
used to analyze the results. When results were significant, a multiple comparison test was
performed, comparing the means of all groups, regardless of the variable in question. Data
are expressed as the mean ± standard error of the mean (SEM), and a p value ≤ 0.5. was
considered statistically significant.

3. Results

3.1. Open Field

The open field exploration test represents a unique opportunity to systematically
assess novel environment exploration and general locomotor activity and provides initial
screening for anxiety-related behaviors in rodents [43]. Two factors influence anxiety-
like behaviors in the open field. The first is social isolation resulting from the physical
separation from cage mates when performing the test. The second is the stress created
by the brightly lit, unprotected, novel test environment [44,45]. To assess the behavioral
effects of adolescent exposure to THC, we treated female and male mice of two different
genotypes (GHSR +/+ WT) and GHSR −/− (KO) during adolescence. We assessed anxiety-
like behaviors in young adulthood (Figure 1A).

In our experimental setting, parameters that evaluate general locomotion showed no
differences amongst the groups, suggesting locomotion was unaffected by THC exposure
(Figure 2A–E). Further, we did not observe significant differences in the in the open field
parameters indicative of anxiety-like behaviors in all groups independently of genotype
and/or treatment (Figure 3A–E). For all main effects and interaction, p ≥ 0.05.
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Figure 2. Open field, general locomotion. WT-vehicle n = 19, WT-THC n = 18, KO-vehicle n = 19,
KO-THC n = 18; Male and female mice were included. (A) Time mobile. (B) Total distance travelled.
(C) Average speed. (D) Freezing time. (E) Number of freezing episodes. Data are expressed
as mean ± SEM Two-way ANOVA plus post hoc comparison test.

3.2. Elevated Zero Maze

Elevated zero maze is the master test for assessing anxiety-like behaviors in mice. The
test exploits the natural tendencies of mice to explore novel environments [46].

We did not observe significant differences in the willingness of mice to explore open
environments in all groups independently of genotype and/or treatment. For all main
effects and interaction, p ≥ 0.05 Figure 4A–E.
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Figure 3. Open field, anxiety-related parameters. WT-vehicle n = 19, WT-THC n = 18, KO-vehicle
n = 19, KO-THC n = 18; Male and female mice were included. (A,B) Number of entries in the central
or peripheral zone. (C,D) Time spent in central or peripheral zone. (E,F) Total distance traveled in
central or peripheral zone. Data are expressed as mean ± SEM. Two-way ANOVA plus post hoc
comparison tests.
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Figure 4. Elevated Zero Maze. WT-vehicle n = 19, WT-THC n = 18, KO-vehicle n = 19, KO-THC
n = 18. Male and female mice were included. (A) Entries in open arms. (B) Time spent in open arms.
(C) Distance travelled in open arms. (D) Average speed in open arms. (E) Time spent freezing in
open arms. Data are expressed as mean ± SEM. Two-way ANOVA plus post hoc comparison test.

4. Discussion

In this study, we demonstrated that administration of THC to adolescent mice does
not cause anxiety-like behavior in adult mice nor affect basic locomotor activity. Further,
we showed that impairment of the ghrelin signaling through the knockout of the GHRS
does not confer an increased risk of developing THC induced anxiety in adult mice. Our
results are consistent with previous reports in rodent models that concluded that pro-
longed adolescent THC exposure in mice does not have substantive negative impacts on
several mPFC-mediated behaviors [47–50]. In particular, Chen et al. [49] treated 28-day-old
C57BL6/J mice of both sexes for three weeks with 3 mg/kg THC (daily intraperitoneal
injections i.p.). One week after recovery, they analyzed several cognitive behaviors and

378



Biomedicines 2023, 11, 144

detected little effect on anxiety-like behaviors. In another study, Zuo et al. [48] treated
female and male mice with 10 mg/kg of THC in early adolescence (1 i.p. for 21 consecutive
days during postnatal weeks 5–7) and assessed the impact on anxiety-like behaviors two
weeks later. Their behavioral analysis demonstrated that adolescent exposure to THC in
mice led to long-term impairments in object recognition, memory and social interaction, but
not in anxiety-like behaviors. The experimental evidence on long-term effect of cannabis
exposure during adolescence includes cannabidiol (CBD) as well, a non-intoxicating phyto-
cannabinoid. Prolonged adolescent CBD exposure had no detrimental effects on locomotor
activity in the open field and anxiety-like behaviors on the elevated plus maze in male
and female C57BL/6J mice treated for 20 days mg/kg with two daily i.p. injections of
CBD (20 mg/kg) [47].

Our exposure period starting at postnatal day (PND) 42 and ending at PND 55 rep-
resents the mouse brain development period similar to human adolescence [51]. Earlier
findings identified this period as the critical time window for persistent detrimental effects
of cannabis misuse [52,53]. Cannabis mainly acts on the developing cerebral cortex, espe-
cially the medial prefrontal cortex, a late-developing brain region whose volume decreases
dramatically during adolescence as it undergoes synaptic refinement [54].

Interestingly, our results show that impairing ghrelin signaling through GHSR knock-
out does not affect the long-term outcome of the THC treatment. Since ghrelin and THC
often act synergistically in many pathways [37], the results on GHRS KO mice further
corroborate the lack of significant long-term alterations of anxiety-like behavior induced by
THC in our experimental setting.

Preclinical studies collectively suggest that ghrelin/GHSR reinforces the action of
cannabinoids and CB1 agonists [55,56].

These studies imply the potential interaction of the ghrelin signaling with other
neurotransmitter systems (the endocannabinoid, and GABA systems) within the NAC in
the reinforcing effects of cannabinoids [57].

For example, the GHSR antagonist JMV2959 significantly reduced several parameters
of cannabinoid reward and attenuated cannabinoid intake and drug-seeking behavior [56].

The ghrelin receptor can interact with the CB2 cannabinoid receptor in both heterolo-
gous cells and cells of the central nervous system [58].

Overall, the long-term outcomes of cannabis exposure during adolescence are complex
and can result from multiple factors. Early life interferences such as maternal depriva-
tion or immune system activation could increase the vulnerability to cannabis-related
developmental insults [59,60]. Investigations into the neurodevelopmental exposure to
THC in translational animal models could provide insights into various neural pathways
and biomarkers involved in THC-related pathological outcomes, identifying potential
molecular targets for novel pharmacotherapeutic approaches [61].

Limitations and Future Studies

In this study, we used the vaporization method to administer THC. Compared to
i.p. injections, the pharmacodynamics of the THC following vaporization is less known.
Future research should establish the dose and plasma level relationship for the vaporiza-
tion method using the liquid chromatography–mass spectrometry (LC/MS) method, as
performed before [41,42]. Moreover, we used a lower temperature for the vaporizations,
thus we should assume that less of the material was vaporized compared to the original
papers [41,42]. Most of our animals exposed to THC displayed instant changes in behavior,
such as headshakes (similar to hallucinogen-induced headshakes), hyperactivity, or mild
somnolence. Considering that the experiments on rats, from the original study, showed a
hyperactivity phenotype at 1 mg and hypomobility/somnolence with 10 mg of vaporized
THC, we assumed that in our experiments, active THC reached levels between these two
reported doses.

Changing conditions such as dose, the time of THC exposure, concomitant stress
exposure, and presence/lack of food could clarify if there are any relevant conditions under
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which THC can significantly alter long-term anxiety-like behaviors with or without an
intact Ghrelin/GHRS signaling. Male and female mice might be affected differently by
THC exposure since the literature suggests that females may be more vulnerable to THC’s
effect on anxiety [62,63]. To address the possible sex differences and ghrelin’s role in them,
THC exposure should be coupled with a variety of adjunct treatments, such as sex hormone
inhibitors and ghrelin. Lastly, additional behavioral tests, such as pre-pulse inhibition,
marble burying, and tail suspension, should be employed to investigate whether THC
exposure in late adolescence affects behaviors related to sensory gating, compulsiveness,
and mood regulation.
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Abstract: For centuries, the cannabis plant has been used as a source of food, fiber, and medicine.
Recently, scientific interest in cannabis has increased considerably, as its bioactive compounds have
shown promising potential in the treatment of numerous musculoskeletal and neurological diseases
in humans. However, the mechanisms that underlie its possible effects on neurodevelopment
and nervous-system functioning remain poorly understood and need to be further investigated.
Although the bulk of research on cannabis and cannabinoids is based on in vitro or rodent models, the
zebrafish has now emerged as a powerful in vivo model for drug-screening studies and translational
research. We here review the available literature on the use of cannabis/cannabinoids in zebrafish,
and particularly in zebrafish models of neurological disorders. A critical analysis suggests that
zebrafish could serve as an experimental tool for testing the bioactivity of cannabinoids, and they
could thus provide important insights into the safety and efficacy of different cannabis-extract-
based products. The review showed that zebrafish exhibit similar behaviors to rodents following
cannabinoid exposure. The authors stress the importance of analyzing the full spectrum of naturally
occurring cannabinoids, rather than just the main ones, THC and CBD, and they offer some pointers
on performing behavioral analysis in zebrafish.

Keywords: zebrafish; cannabis; cannabinoids; phytocannabinoids; Δ9-tetrahydrocannabinol; THC;
cannabidiol; CBD

1. Introduction

For centuries, the cannabis plant (Cannabis sativa and Cannabis indica) has been used as a
source of food, fiber, and medicine [1–4]. In recent decades, scientific interest in cannabis has
increased considerably, as its bioactive compounds have shown promising potential in the
treatment of numerous musculoskeletal and neurological diseases in humans [5,6]. Among
young people, cannabis is the illicit substance that is most commonly used for recreational
purposes [5,7,8], thanks to its anxiolytic effect and the associated sense of euphoria [9]. It is
also widely used among pregnant women, mainly to reduce morning sickness, nausea, and
vomiting [3,10]. However, because cannabinoids can readily cross the placenta and reach
the fetus, they may impact the development of the embryo, which increases the risk of
neurological disorders in newborns [3]. The mechanistic pathways by which cannabis and
its metabolites affect neurodevelopment and nervous-system functioning remain poorly
understood and need to be further investigated. To date, around 500 compounds have been
identified in the cannabis plant; these include more than 150 cannabinoids, which generate
more than 2000 compounds when smoked [11]. The plant also contains other bioactive
compounds of medical and industrial interest, such as phenolics and flavonoids [12].
Cannabinoids and terpenes are abundant in the viscous resin that is produced by the

Biomedicines 2022, 10, 1820. https://doi.org/10.3390/biomedicines10081820 https://www.mdpi.com/journal/biomedicines
385



Biomedicines 2022, 10, 1820

glandular structures of the cannabis flowers, called trichromes [4]. The quantitative and
qualitative characteristics of the plant are quite variable, with its composition, concentration,
and yield greatly affected by the growing conditions, processing, and storage [13,14].
Biochemically, cannabinoids are highly lipophilic substances that are soluble in alcohols,
fats, and other nonpolar organic solvents. They can remain associated with cell membranes
long after the actual exposure to the substance [10].

In human medicine, cannabinoids are already considered to be antiemetic, antispas-
tic, analgesic, and appetite-stimulating compounds [2,5]. Their therapeutic effects have
also been examined in a series of syndromes, including multiple sclerosis [15], Dravet
syndrome [16,17], epilepsy [18], fibromyalgia [19], anxiety [20], schizophrenia [21], chronic
pain [22], and cancer [23,24]. Many people look to naturally derived compounds, such
as cannabinoids, to treat illness and disease because they wish to avoid the strong side
effects of synthetic drugs [25]. However, the literature suggests that cannabinoids may
unfortunately have serious and undesirable effects, such as dependency, as well as a pos-
sible causative association with psychotic illness and cognitive impairment, including
deleterious effects on memory [15]. Cannabinoids, for instance, have pronounced effects
on the recognition memory and social behavior in pubertal rats, which suggests that the
developing brain is sensitive to cannabinoid exposure [26]. Moreover, some studies link
cannabis use to adverse birth outcomes, including low birthweights and preterm births,
while other studies do not report any negative effects on children [27]. Cannabinoid use
is still subject to uncertainty over aspects such as the dosing and side-effect profiles, and
there is an overall lack of knowledge of their underlying mechanism of action; clinicians
are therefore often reluctant to prescribe cannabis [25,28]. However, cannabis shows a
lower potential to cause dependence (8.9%) than do other common substances of abuse,
such as cocaine (20.9%), alcohol (22.7%), and nicotine (67.5%) [29]; moreover, it has recently
been suggested that susceptibility to psychosis-like symptoms varies between cannabis
consumers, as it involves a complex interplay between environmental factors and genetic
predispositions [2]. Cannabinoids aside, it is also worth noting that potentially synergistic
effects of phytocannabinoids and terpenoids have been reported in the treatment of pain,
inflammation, depression, and anxiety [12].

Although the use of cannabis is still illegal in most countries, the cannabis world mar-
ket is now approaching USD 30 billion, and the profits from illicit trafficking are certainly
higher than that [30]. Currently, medications based on both synthetic cannabinoids (e.g.,
Nabilone® and Dronabinol®) and cannabis extracts (e.g., Sativex® and Epidiolex®) are ap-
proved for human use [14,16,24,31]. It is therefore very important for patients, doctors, and
the entire scientific community to better understand the effects of cannabis/cannabinoid
exposure on health [32].

The two main cannabinoids found in cannabis are Δ9-tetrahydrocannabinol (THC)
and cannabidiol (CBD) [33]. THC is considered a psychoactive component, while CBD
lacks psychotropic activity [10]. THC and CBD are present in the flowers and leaves of the
female plants at concentrations ranging between 0.1 and 25% and 0.1 and 2.89% (w/w),
respectively [30]. In addition to CBD and THC, cannabis contains numerous other cannabi-
noids with known or potential bioactivity [34]. For instance, cannabinol (CBN), the main
metabolite of THC, was considered to be an inactive cannabinoid until studies shed light
on its biological activities [30,35]. The typical concentration of CBN in cannabis inflores-
cences ranges between 0.1 and 1.6% (w/w of dry weight). It forms primarily through the
degradation of THC that occurs as the plant ages and as an effect of storage conditions [36].
Other minor cannabinoids present in cannabis are Δ9-tetrahydrocannabivarin (THCV),
cannabichromene (CBC), cannabigerol (CBG), cannabigerovarin (CBGV), cannabidivarin
(CBDV), and 11-hydroxy-Δ9-tetrahydrocannabivarin (THCV−OH) [14,37]. A novel Δ9-
tetrahydrocannabiphorol (THCP) was isolated and reported to have higher in vivo
“cannabimimetic” activity than normal THC [38]. Figure 1 shows the molecular struc-
tures of the aforementioned cannabis phytocannabinoids.
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Figure 1. Molecular structures of phytocannabinoids found in cannabis.

THC and its derivatives are studied mainly for their psychotropic properties and
other pharmacological activities, including their possible anticonvulsant, antidepressant,
hypotensive, bronchodilator, and analgesic actions, as well as their ability to lower intraoc-
ular pressure [15]. However, there is also evidence that THC may increase the resilience
to certain stressors, as it has been observed that low doses of THC protect against a wide
range of neuronal insults, including 3,4 methylene-dioxymethamphetamine (MDMA) and
carbon monoxide exposure [27]. In addition, researchers have shown an increasing interest
in determining whether THC or other cannabinoids can positively affect neurological
health and neurodegenerative disease development in advanced age. This hypothesis is
supported by a study that reports that cannabinoids protect against neurodegenerative
diseases in many animal models when they are administered in adulthood or advanced
age [39]. The anti-inflammatory properties of THC may help to protect the brain against
neurodegenerative diseases [40]. Indeed, while high doses of THC can cause memory
deficits [41], low doses of THC have been shown to slow or halt Alzheimer’s disease (AD)
progression by reducing the amyloid beta, which is the main component of the amyloid
plaques found in the brains of people affected by AD [42,43], and to restore cognitive
function in old mice [44]. Taken together, these findings reinforce the suggestion that the
THC doses and patient age determine the beneficial versus detrimental effects of THC
on neuronal health [27]. Moreover, the dose seems to influence the resultant behavioral
phenotype, as low doses may induce anxiolytic effects, whereas high THC doses generally
cause the opposite responses [45]. Some researchers suggest that the plant produces this
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molecule in order to protect it from ultraviolet radiation. Indeed, ultraviolet radiation can
stimulate cannabinoid biosynthesis [46], and, apparently, the higher the altitude at which
cannabis grows, the more THC it produces. Current evidence indicates that even visible
LED light can enhance the THC, CBG, and terpene accumulation in the flowers, but not the
accumulation of CBD [47].

CBD has been used to reduce bouts of nausea and vomiting, and as an anxiolytic,
antipsychotic, antirheumatic, appetite stimulant, and analgesic, as well as a natural remedy
for multiple sclerosis and epilepsy [10,25,48]. Moreover, CBD possesses antioxidative and
antiapoptotic properties, and it exerts anti-inflammatory effects [7]. It has well-recognized
behavioral effects of clinical interest, especially with regard to its anxiolytic properties, and
an inverted U-shaped dose–response curve has been reported in several animal models
featuring anxiety [48]. In general, CBD does not appear to affect memory formation and
may protect against memory impairment [49], but research is still ongoing. Surprisingly,
it has been reported that CBD degrades into THC in gastric fluid [50]. As observed with
THC, the therapeutic potential of CBD is related to its interaction with the central nervous
system (CNS) via several pathways, including the endocannabinoid-system (ECS) pathway,
serotonin receptors, and intracellular mechanisms [25,51]. Finally, the CBD:THC ratio also
seems to play an important role in determining the symptomatic effects of cannabis [6].

1.1. The Endocannabinoid System

In 1988, Devane and colleagues [52] discovered a specific brain receptor for cannabi-
noids. Subsequently, it was understood that the cells equipped with these receptors
constitute part of a network of neurons, analogous to that involving dopamine, serotonin,
and endorphins, and capable of triggering cognitive, behavioral, or physiological changes.
Cannabinoid receptors were found to be particularly expressed in brain areas involved
in the control of learning and memory (cortex and hippocampus), motor behavior (basal
ganglia, cerebellum), emotions (amygdala), and autonomic and endocrine functions (hy-
pothalamus, pons, and medulla), and they may therefore be involved in the control of
numerous neurobiological processes [53,54]. Four years after the discovery of cannabi-
noid receptors, the same research group [55] isolated an endocannabinoid produced by
the human brain. It was named “anandamide” (AEA), after the Hindu term “Ananda”,
meaning “happiness or bliss”. Specifically, there is evidence of a role for AEA in social
facilitation, which is closely related to the action of oxytocin [56]. Indeed, the oxytocinergic
system is known to regulate social and maternal behavior in mammals [57], and AEA,
mediating the action of oxytocin, has been considered crucial for social behavior, and even
a possible therapeutic compound for autism-related social impairment [58]. Although
the scientific literature on the relationship between zebrafish social behavior and isotocin
(teleost homolog of mammalian oxytocin) is quite limited, the effects of bioactive fatty acid
amide derivatives on zebrafish bone metabolism [59], growth, and lipid metabolism [60]
have been described.

In vertebrates, the ECS involves the cannabinoid receptors 1 and 2 (CB1 and CB2,
re-spectively), endogenous ligands (such as anandamide and 2-arachidonoylglycerol), and
the mechanism responsible for receptor and ligand synthesis and degradation [10]. CB1 has
been found to be the most abundant G-protein-coupled receptor within the CNS [5]. CB1

and CB2 are activated both by endogenous ligands and exogenous phytocannabinoids, such
as THC and CBD [10]. These receptors are typically located presynaptically, and they work
as retrograde messengers to decrease the synaptic output. By activating the Gα subunit,
cannabinoids are able to inhibit voltage-gated calcium channels and potentiate inwardly
rectifying potassium channels [61]. Even though CBD interacts with both cannabinoid
receptors, it shows lower affinity compared with THC [3]. Indeed, CBD seems to be 10 times
less active than THC on both CB1 and CB2 [48]. CB1 controls the vesicular release of gamma
aminobutyric acid (GABA) or glutamate by inhibiting voltage-gated Ca2+ channels [62].
Moreover, CB1 is also present in the external membrane of mitochondria [63], where it reg-
ulates memory processes via the modulation of the mitochondrial energy metabolism [64].
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In addition, several findings have shown that the ECS, through CB1 receptor activation,
is associated with the neuronal differentiation and maturation of adult progenitor stem
cells into neurons or astrocytes [65], which is a role that could be relevant in the treat-
ment of neurodegenerative diseases. Conversely, although CB2 expression was initially
described only in the immune system, more recently, it was also detected in particular brain
regions [66], and previous studies in rodents have already reported schizophrenia-related
behaviors [67,68], altered cognitive function [69], modified drug-reward behaviors [70],
and increased aggressiveness and anxiety [68] in CB2-knock-out mice. By contrast, CB2
overexpression was associated with reduced anxiety-like behaviors and higher resistance
to depression in a murine model [71,72]. In this context, it has been suggested that CB2
can regulate the synaptic transmission in hippocampal pyramidal cells and modulate both
the gamma oscillation and activity of the sodium–bicarbonate co-transporter, which leads
to a hyperpolarization of the neurons [73]. The ECS has also been shown to modulate
the expression of neurotransmitters in the basal ganglia that is involved in coordinated
movement [74], and it has the ability to control neuronal migration and differentiation
by regulating growth-factor activities [10,75]. Through the activation of their receptors,
cannabinoids can regulate synaptic neurotransmission, playing a key role in AD, anxiety,
epilepsy, multiple sclerosis, Huntington’s, and pain perception [39,53,66,76]. While most
actions of cannabinoids are mediated through the activation of CB1 and CB2, cannabinoids
can produce effects completely or partially independent of the aforementioned receptors,
acting instead through other G-protein-coupled receptors, such as GPR18 and GPR55,
serotonin receptors (5HT1Rs), and vanilloid transient receptor potential cation channel
receptors [10,24], as well as receptors of the dopaminergic, glutamatergic, cholinergic, and
opioidergic systems [2,45].

1.2. Zebrafish as a Model System to Test the Bioactivity of Cannabinoids

Although the bulk of the literature published to date on cannabis and cannabi-
noids consists of experiments performed using in vitro or rodent models, the zebrafish
(Danio rerio) has recently gained attention as a powerful in vivo model, combining the exper-
imental efficiency of cell cultures and organoids with the opportunity to study whole living
vertebrate organisms [77]. Over the past three decades, the use of zebrafish has helped to
further the knowledge and understanding of the neurobiological basis of vertebrate be-
havior and the pathogeneses of human neurological diseases [2,25,78–80]. Zebrafish show
high genetic homology to mammals; the sequencing of the zebrafish genome revealed that
70% of human genes have at least one zebrafish ortholog, and that 84% of genes known to
be associated with human disease have a zebrafish counterpart [17]. Many zebrafish genes
are duplicated, making the investigation of their functions particularly challenging [81].
One advantage of zebrafish as a model species is that their embryos develop externally,
which facilitates the study of embryo development [15]. Zebrafish development progresses
quite quickly, with most organs developed within the first hours postfertilization (hpf);
muscle activity starts from 17 hpf [81]. Pharmacological screening is among the most com-
mon applications of zebrafish [45,77]. At all stages of development, zebrafish can absorb
through the skin’s small molecules from the surrounding water, and this makes them ideal
for performing studies on drug bioavailability and metabolites in a multiorgan system [24].
Moreover, numerous genetic tools, in vivo imaging techniques, and electrophysiological
and neurobehavioral assays can be used to study the consequences of drug administration
in zebrafish [82–85]. The ECS is highly conserved between zebrafish and mammals—this
is not a characteristic of common high-throughput invertebrate model organisms—and
ontogenetic analysis has revealed that ECS gene expression begins early during zebrafish
development [79]. Recently, the zebrafish ECS has been well characterized: it comprises the
same receptors, ligands, and enzymes as its mammalian equivalent [86,87]. Zebrafish larvae
begin to express CB1 mRNA at the three-somite stage; expression is widespread in the CNS
(preoptic area, telencephalon, hypothalamus, tegmentum, and anterior hindbrain) at 48 hpf,
with the highest expression occurring in the telencephalon at 96 hpf [31,86,88]. In addition,
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CB1 protein has been observed in larval zebrafish brain homogenates from 48 hpf through
15 days postfertilization (dpf) [88]. A high level of sequence conservation of CB1 has been
shown between zebrafish and mammals. Indeed, the receptor shows 65–69% similarity at
the nucleotide level, and 66–75% at the amino acid level [89]. One study showed that the
morpholino knockdown of the cnr1 gene (encoding CB1) led to aberrant patterns of axonal
growth and the fasciculation of reticulospinal neurons [90]. These data support the idea
that CB1 is needed for brain and locomotor behavior development, even in fish larvae [88].
Less is known regarding the CB2 expression patterns throughout zebrafish development,
but a comparison of the zebrafish CB2 revealed a 39% amino acid similarity with its human
counterpart [17]. Elsewhere, after the generation of a CB2-knock-out zebrafish, the resulting
homozygote (cnr2 upr1/upr1) larvae were shown to be characterized by lower swimming
performances and increased anxiety-like behaviors [66]. These findings suggest that ze-
brafish could be a suitable model for investigating individual ECS gene functions, and
for identifying novel genetic modifiers of cannabinoid signaling. Recently, zebrafish were
used to test the effects of cannabinoids, administered alone, in combination, and as part of
a complex, and were found to offer certain distinct advantages over mammalian models
for drug studies [91,92]. The exposure of zebrafish to cannabinoids has been shown to
alter a range of behaviors, physiological processes, and gene-expression pathways that are
closely related to the ECS [75]. A broad range of behaviors can be analyzed in zebrafish
larvae, including multiple swimming parameters, optokinetic and optomotor responses,
prey tracking, phototaxis and thigmotaxis, and even learning and memory [93,94]. Due to
the rapid development of larvae, these behaviors can be studied within the first week after
fertilization. To evaluate the behavioral effects of cannabinoids on zebrafish larvae, most
researchers have used the visual-motor-response (VMR) test, which is a validated behav-
ioral assay that measures larval activity first in a light environment, and then in darkness,
to study a single transition or dark–light cycles [15,25,31,32]. Typically, zebrafish larvae
make frequent low-amplitude movements when exposed to a stable light condition, but an
abrupt transition from light to dark causes an immediate increase in their motor activity
for 10–15 min, after which it slowly declines to baseline levels [78,86,95,96]. The VMR test
has been used to evaluate the sensory-motor function of zebrafish mutants/transgenic
lines, and to assess the neurobehavioral responses to nutraceuticals and drugs [78,91]. This
behavioral assay thus makes it possible to assess the effects of each compound both on
baseline activity and after a standardized stimulus.

To assess the zebrafish anxiety state, and the related efficacy of anxiolytics, two
behavioral assays are commonly used: the thigmotaxis paradigm, which is based on an
analysis of the preference to swim in close proximity to the tank walls [32], or the light–dark
preference test, which is based on the known marked preference of zebrafish larvae for
the dark compartment [97]. In the latter test, an increase in activity and time spent in the
white/light compartment is considered to reflect anxiolytic behavior, whereas increased
activity in the dark compartment indicates anxiety-promoting behavior. Adult zebrafish,
due to their size and low housing costs, also provide a cost-effective model for molecular-
screening purposes. The most popular, sensitive, and reliable behavioral test in adult
zebrafish is the novel tank paradigm, in which the fish locomotor activity and anxiety
can be monitored at the same time [98]. Behavioral phenotypes in adult zebrafish are
already well characterized [94] and include social, aggressive, affective, and cognitive
behaviors [99–101], which are all highly sensitive to a wide range of CNS drugs [102].

We here review the available literature on the use of cannabis/cannabinoids in ze-
brafish models in order to establish, through a critical analysis of the articles, whether
zebrafish might serve as a powerful experimental tool for testing the bioactivity of cannabi-
noids, and thus for gaining important insights into the safety and efficacy of different
cannabis-extract-based products.
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2. Materials and Methods

Data Sources and Searches

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. The study was registered in PROSPERO; registration number was
344190. The search was conducted by a medical librarian in MEDLINE (via PubMed up to
20 December 2021) using the keyworks “cannabis” (all fields) AND “cannabinoids” (all
fields) AND “zebrafish” (all fields). The search yielded 25 matches, but 2 articles were
excluded: one because the authors did not discuss the effects of cannabis on zebrafish, and
the other because it did not concern zebrafish. The reference lists of these publications were
examined, and a further 11 papers were identified. Overall, 34 articles were included in
this review. Figure 2 shows a PRISMA flow diagram summarizing the methodology, which
was created following the recent indications of Page et al. [103].

Figure 2. PRISMA 2020 flow diagram of the literature-search process.

Table 1 gives details of the experimental protocols of all the studies included in
the review. It must be emphasized that the single cannabinoids tested were purified
standard chemicals, which were used in all the studies, except for one, where THC was
purified by using centrifugal partition chromatography [15]. Whereas in the two studies
in which the whole-plant cannabis extract was employed, the analytical determination
of the main cannabinoids was performed by gas or liquid chromatography coupled with
high-resolution mass spectrometry.
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3. Discussion

3.1. Effects of Phytocannabinoids in Wild-Type Zebrafish

The use of zebrafish to test the toxicity of phytocannabinoids dates back to a 1975 study
in which THC was dissolved in aquarium water (acute exposure), and its median lethal dose
(LD50) calculated in zebrafish embryos was found to range between 2 and 5 mg/L [104].
Interest in studying cannabis/cannabinoids in the zebrafish model, however, has grown
only in the past 10–15 years. The harmful effects of cannabinoid administration during
zebrafish embryonic development have been well studied: embryos treated with THC
and/or CBD exhibited shorter body lengths and mild deformities, reduced survival and
basal heart rates, decreased synaptic activity and red-muscle-fiber thickness, alterations
in the branching patterns of secondary motor neurons and Mauthner cells, changes in the
expressions of postsynaptic nicotinic acetylcholine receptors in skeletal muscle, and reduced
hatching rates [10,15,75]. In these studies, THC and CBD were used at concentrations
believed to mimic the physiological range of cannabis use in humans (0.3–10 mg/L and
3–4 mg/L, respectively). In this regard, blood-plasma concentrations of THC and CBD
caused by the consumption of a single cannabis cigarette have been found to reach peaks
as high as 0.162 and 0.056 mg/L, respectively [105,106]. Table 1 summarizes studies on
this topic.

Considering the deleterious effects of THC and CBD on developing embryos, the
impact of these compounds on neural activity has recently been investigated through a
novel in vivo assay based on a calcium-modulated photoactivatable ratiometric integrator
(CaMPARI) system, which is able to provide a practical read-out of the neural activity in
freely swimming larvae [3].

In acute regimens, both THC and CBD, if administered at high concentrations (6 and
3 mg/L, respectively), dramatically reduced the neural activity and locomotor activity
of larvae at 4–5 dpf. Interestingly, the neuro-locomotor decrease was more pronounced
when CBD and THC were combined. When treating embryos and 4 dpf larvae with low
concentrations of CBD (up to 0.3–0.6 mg/L), no significant differences in the morpho-
logical parameters were observed, although the CBD significantly delayed the hatching
of the embryos at the highest concentration used [32,51]. In most behavioral studies on
the effects of cannabinoids in zebrafish, larvae were used at 5 dpf because, at this stage,
they have fully developed digestive systems and inflated swim bladders, show mature
swimming, and actively search for food [81,107]. In wild-type larvae at 5 dpf, the LD50 for
THC, measured after chronic exposure (96 h beginning at age 24 hpf), was 3.37 mg/L [15].
In a study using zebrafish larvae with different characteristics and considering different
drug-exposure times, a similar THC LD50 (3.65 mg/L) was found in fluorescent zebrafish
of the Tg(fli1: EGFP) transgenic line at 4 dpf [86]. In acute regimens, the exposure of
wild-type larvae to THC prompted a biphasic behavioral response consisting of increasing
hyperactivity at concentrations ranging from 0.6 to 1.2 mg/L (2–4 μM), followed by the
suppression of activity as the dose increased to 3.4 mg/L (10.8 μM) [15]. In line with these
results, younger larvae (4 dpf) exposed to 0.3 mg/L THC exhibited a significantly increased
duration of movement, while doses in the 0.6–1.25 mg/L range reduced the locomotor
activity [32,86]. Evidence for the sedative effect of high doses of THC is also provided by
Thornton et al. [14] and Amin et al. [75], who showed that THC at concentrations of 4–6
mg/L reduced swimming performances. These findings are consistent with results reported
in rodents (i.e., dose-dependent hyperactivity followed by suppression at higher concentra-
tions), as well as with the well-reported “stoning” action of THC in humans [45,108]. In
chronic regimes, THC showed habituation, which is the development of tolerance to many
of the acute effects in chronic exposition. Nevertheless, THC at 1.2 mg/L increased the dis-
tance traveled by fish [15]. This phenomenon has been associated with the downregulation
of cannabinoid receptors after long-term exposure to cannabinoids [109]. In addition, the
observation of reduced larval basal activity in response to exposure to THC at doses of up
to 0.625 mg/L (2 μM) [31] suggests that THC produces a calming effect on larval locomotor
activity up to this concentration, as opposed to hyperactivity at concentrations ranging
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from 0.6 to 2.4 mg/L, and sedation at concentrations higher than 2.4 mg/L (see Figure 3).
In this context, psychoactive drugs, such as THC or its analog WIN55,212-2, by activating
cannabinoid receptors, can induce hypothermia and hypoactivity, increase tremors and
startle behaviors, and, in severe cases, induce catalepsy-like immobilization [110,111].

Figure 3. Toxicological and behavioral effects of acute THC and CBD administration on wild-type
zebrafish embryos and larvae.

Zebrafish treated with WIN55,212-2 at 0.5 and 1 μg/mL showed no activity, even in
darkness, whereas this was lethal if applied at 10 μg/mL [111]. Chronic early-life treatment
with THC (0.6 mg/L) did not affect the locomotor abilities in 30-month-old zebrafish,
which suggests that this psychoactive cannabinoid has no long-term effects on swimming
behavior if used at low doses [27].

As for CBD, embryonic exposure to concentrations of up to 0.15 mg/L did not cause
notable morphological abnormalities [32]. The LD50 values for CBD, calculated in zebrafish,
are 4.4 mg/L at 2 dpf, 3.7 mg/L at 3 dpf [112], and 0.53 mg/L at 4 dpf [86]. In this
latter study, larvae chronically exposed to low concentrations of CBD showed a biphasic
locomotor response pattern, similar to that previously reported for THC [15]. In detail,
0.07 mg/L CBD produced a significantly increased duration of larval movement, while
concentrations of 0.1–0.3 mg/L had a hypolocomotor effect. The acute administration of
CBD at doses of up to 0.3 mg/L did not alter the locomotor behavior of 5 dpf zebrafish
larvae, whereas higher concentrations caused larval hyperactivity [31]. In support of these
findings, a study using auditory/mechanical tests to evaluate fish behavioral responses
to unexpected sound and touch stimuli showed that THC and CBD concentrations of
6 mg/L and 3 mg/L, respectively, reduced their responses to sound [10]. An inhibitory
effect on locomotion of low doses of CBD, ranging from 0.5 to 10 μg/mL, has been reported,
but without a dose-dependent mechanism [111]. The same research evaluated larval
responses to CBD after an initial exposure to WIN55,212-2. The results indicated that CBD
could attenuate the WIN55,212-2-induced abnormal immobilization. Differences between
the control and CBD-treated groups were no longer detected after 24 h of recovery in
clean water, and this recovery trend was observed even after exposure to toxic levels of
WIN55,212-2. Another study tested the analgesic properties of THC and CBD in a zebrafish
larval model of nociception [25]. In detail, larvae, while recovering from acute exposure to
low levels (0.1–0.5%) of acetic acid (nociception stimulus), were exposed to low levels of
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THC or CDB (0.15 mg/L). The THC-exposed larvae showed reduced activity compared
with that of both the acetic acid-treated and control groups, which is in line with the
proposed calming effect of THC at doses of up to 0.6 mg/L (Figure 3). Notably, however,
CBD appeared to increase the larval locomotor activity after acetic acid exposure, and it also
had a nominal effect on the control-group locomotion, seemingly confirming its nociceptive
properties. In other research analyzing both the immediate and long-term effects of THC
(up to 0.6 mg/L) and CBD (up to 0.15 mg/L) on larval locomotor behavior, it was observed
that THC exposure reduced the swimming behavior in the treated larvae (F0), as previously
reported, whereas the locomotor parameters in their offspring (F1) were increased in
comparison with the controls. Instead, CBD had no effect on F0 larvae, and it decreased
activity in unexposed F1 larvae [32]. Furthermore, in 3 dpf larvae, 1.25 mg/L of CBD extract
accelerated the caudal-fin regeneration and reduced apoptosis after amputation [112].

Several different cannabinoids have been tested on 5 dpf wild-type zebrafish larvae.
In particular, exposure to CBN and CBDV at concentrations higher than 0.75 mg/L led to
malformations and bradycardia, and the calculated LD50 for CBN was 1.12 mg/L [14,30]. A
behavioral analysis suggested that the locomotion of the treated larvae remained unaltered
up to 0.043 mg/L of CBN [14], but was significantly reduced at higher concentrations,
in both dark and light conditions, which also affected their anxiety status. Conversely,
CBDV administration had no significant effect on zebrafish [30]. In another study, a novel
dihydrophenanthrene derivative, isolated from commercial cannabis, exhibited behavioral
dose effects similar to those previously described with CBD [12]. Evaluating the toxicity
and antitumor effects of abnormal CBD and its analog O-1602 (which have no or only
little affinity for CB1 and CB2), Tomko et al. [24] found that both atypical cannabinoids
significantly reduced tumor growth, but concentrations greater than 0.8 mg/L caused
higher levels of toxicity to the larvae. Finally, data from another study indicated that THCV
and THCV−OH have significant effects on the skeletal ossification of larvae at 8 dpf [37].

Recently, two similar behavioral studies, conducted independently in Canada and Italy,
evaluated the effects induced by full-spectrum cannabis extracts, as opposed to purified
major cannabinoids, on the zebrafish model. Research data on these extracts are scarce, and
because cannabis consumers use the entire inflorescences, more scientific evidence is needed
to clarify the bioactivity of all the cannabinoids, including their simultaneous interactions.
In the study by Nixon et al. [92], acute exposure to the extracts produced similar complex
concentration-dependent activity patterns to those observed by the group when using
pure THC and CBD in a previous study [31]. However, distinct concentration-dependent
differences were found both between the extracts (characterized by different ratios of
THC:CBD) and versus the purified THC and CBD, which suggests that these differences
might be related to the activity of other minor cannabinoids (specifically CBC, CBG, and
CBDA). In the study by Licitra et al. [91], an excitatory effect on the locomotor activity
was observed in larvae exposed to cannabis extract derived from CBD-rich-strain plants
(containing about 0.5 and 7 μg/L of THC and CBD, respectively), without leading to toxicity
effects. These studies underlined that the precise bioactivity of the single compounds in
cannabis extracts and their interaction with the ECS pathway are highly complex issues
that require further work.

Research on acute exposure to the cannabis receptor agonists WIN55,212-2 and
CP55,940 indicated that both compounds reduce the locomotor activity in a dose-dependent
fashion, in both light and dark phases, while the specific CB2 agonists HU-910 and JWH-133
had no effect on locomotion, in any circadian phase [87]. Using cnr1−/− larvae, the authors
found no inhibitory effect of WIN55,212-2 or CP55,940 on the average swimming velocity.
The CB1 antagonist AM251 did not affect locomotor activity, but blocked the effect of
WIN55,212-2, which indicates that these endocannabinoids are not active in regulating the
locomotor activity in zebrafish larvae at 5 dpf.

Another gene-expression analysis, performed on 4 dpf fluorescent larval zebrafish
exposed at 96 hpf to THC or CBD, focused on the differential expressions of 10 key mor-
phogenic or neurogenic genes [86]. The authors found the c-fos expression to be differen-
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tially upregulated in a concentration-dependent manner following both THC (1.25 and
2.5 mg/L) and CBD (0.07 and 0.1 mg/L) exposure, and it was correlated with increased
neural activity and hyperlocomotor behavior in the zebrafish. In addition, the same concen-
trations of THC resulted in deleted in azoospermia-like (dazl)-gene upregulation, while the
expressions of vasa, sox2, sox3, sox9a, bdnf, reln, krit1, and the CB1-expressing gene cnr1
were similar to the control values. Along the same lines, during the key developmental
stages (14, 24, 48, 72, and 96 hpf), THC and CBD caused the differential expressions of c-fos,
bdnf, and dazl [32]. Contrary to the findings on cnr1 gene expression reported by Carty
et al. [86], treatment with a full-spectrum cannabis extract (THC-poor strain) induced the
overexpression of both cnr1 and cnr2 cannabinoid receptors in 5 dpf zebrafish larvae [91].
Additionally, CBD was found to reduce the gene- and protein-expression levels of cxcl8,
tnf-α, and il-1β, and of IL-1β, caspase 3, and PARP [112]. Pandelides and colleagues
observed that treatment with cannabinoids can alter the expression of proinflammatory
cytokines in aged fish, which suggests a possible reduction in inflammation over the course
of the lifespan [27]. In particular, exposure to low levels of THC during zebrafish devel-
opment led to a significant reduction in tnf-α and il-1β at an advanced age, but this was
not observed at higher doses, which indicates a biphasic or hormetic effect. Furthermore,
the differential effect on the pparγ expression of exposure to cannabinoids in adult male
vs. female zebrafish suggests that cannabinoid exposure could have long-term effects on
reproduction, growth, and survival during early development [27].

In addition to larval locomotor activity, Achenbach et al. [31] assessed the uptake
kinetics of THC and CBD, and their possible metabolism by larvae, suggesting that both
cannabinoids are bioaccumulated in the living organism, but at concentrations that are sub-
stantially lower than their levels in test media. Studies involving liquid chromatography–
tandem mass spectrometry analysis have shown that, when a test compound is dissolved
in the embryo water, only 0.1–10% of it typically crosses the chorion and actually reaches
the embryo [3,10], which limits the effectiveness of the treatment. In support of this, Carty
et al. [87] found that, despite the best laboratory efforts, the actual THC concentrations
in water corresponded to between 64% and 88% of the expected values at time 0, and
the THC detection rate fell to between 16% and 32% at 96 hpf. Similarly, the actual CBD
concentrations were only 33–40% of the nominal at time 0, and decreased to either not
detected or 3% of baseline after 96 h. Indeed, in pharmacological and toxicological research
with aquatic species, where the test compounds are usually diluted in the incubation water,
it is essential to consider the relationship between the drug concentration in the medium
and its adsorption and degradation rates.

Behavioral data from adult wild-type zebrafish indicate that a sedative effect was
evoked following acute exposure to high doses of THC (30 and 50 mg/L) [45]. Moreover,
reduced top swimming behavior was observed during the THC exposure, which indicated
an anxiogenic effect. In another study, low doses of THC (up to 0.6 mg/L) did not cause
significant behavioral effects in treated adults, but a significant reduction in thigmotaxis
was seen in F1-generation fishes [32]. Other authors, however, have found these THC
doses (0.3–0.6 mg/L) to induce repetitive swimming patterns in adult zebrafish [2]. In the
same study, N-methyl-D-aspartate (NMDA), GABA antagonist pentylenetetrazol (PTZ),
selective CB2 inverse agonist AM630, and sulpiride (an antipsychotic) attenuated a THC-
induced behavioral stereotypy, while the selective CB1 inverse agonist AM251 did not.
These results support a possible role for CB2 as a mediator of abnormal behavioral patterns
induced by THC [2]. In terms of cognitive abilities, it has been reported that the acute
administration of tiny doses of THC (0.03 mg/L) did not lead to any observable effect on
color-discrimination learning, but heavily impaired the fish spatial-memory retrieval [113].
Conversely, in studies of possible CBD effects, acute exposure to 40 mg/L reduced the
swimming speed and distance [7], while no changes in these parameters were reported
when using concentrations ranging from 0.1 to 10 mg/L [48]. These latter lower doses
showed an anxiolytic effect on zebrafish in the novel tank test, which is in line with the
findings in acute regimens in mammalian models [114]. However, CBD at 5 mg/L caused
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memory impairment in an avoidance task, while the same dose did not affect aggressive
behavior and social interaction [48].

Studies exploring the reproductive effects of cannabinoids suggest that developmental
exposure to THC can cause persistent sex-specific alterations to the reproductive system,
particularly in male fish [32], and even across generations [27]. Similarly, THC treatment
significantly reduced the ATP levels in mammal spermatozoa [115], and altered ECS
signaling is linked to infertility in human semen [116]. Thus, the reproductive effects could
be a result of altered metabolism [27]. In rodents, greater tolerance to THC in female rats
than in male rats has been observed; this is probably due to the presence of hormones that
are able to modulate the THC effects [117]. However, both in rats and zebrafish, maternal
exposure to THC has been linked to altered locomotor and exploratory behavior in the
offspring [32,118]. Unexpectedly, treating embryos with a low dose of THC (0.024 mg/L)
increased the survival in aged males (30 months old), while, in aged females, the same dose
improved egg production and reduced body mass [27].

3.2. Effects of Phytocannabinoids in Zebrafish Models of Neurological Disorders

The observed neuromodulatory effects of cannabinoids on the CNS have led neu-
ropharmacological researchers to increasingly focus on the clinical potential of these
molecules for use in the treatment of neurological disorders. Several zebrafish lines charac-
terized by neuro-hyperactivity, seizures, bipolar disorder, and anxiety/stress and addiction
behaviors have already been developed [17,31,119]. Epilepsy is a common neurological
disorder that affects over 70 million people worldwide [120]. Approximately one-third of
patients show multidrug resistance [121]. Therefore, research efforts are aimed at develop-
ing new drug treatments. Seizure treatment is one of the oldest reported uses of cannabis,
and recently, the use of pure cannabinoids has been suggested as a means to treat severe
forms of refractory childhood epilepsy (i.e., Dravet syndrome) [122,123]. Several zebrafish
models of epilepsy, and more generally of psychiatric and muscular disorders linked to
neuro-hyperactivity, have already been created and offer several specific key advantages, as
explained below [14,17,119]. A number of small molecules targeting different receptors or
ion channels can be used to induce seizures or neural hyperactivity in zebrafish larvae. The
best characterized chemically induced model is PTZ exposure. Zebrafish larvae exposed to
PTZ show a concentration-dependent abnormal pattern of behavior: increased locomotion
followed by fast darting activity, and finally, clonic convulsions accompanied by a loss of
posture [119]. In addition, PTZ administration leads to electrophysiological changes in
the zebrafish optic tectum [124]. For instance, homozygous scn1Lab−/− mutants display
significant phenotypic similarity to humans with Dravet syndrome, including spontaneous
seizures, resistance to many available antiepileptic drugs, and early death [14,17]. The
zebrafish knock-out model of neuro-hyperactivity, obtained by loss-of-function mutations
in the GABA receptor subunit alpha 1 (gabra1−/−), offers a unique advantage for drug-
screening purposes because seizures (in addition to the sporadic ones) can be triggered by
exposure to light [119]. In this context, CBD and THC significantly reduced the seizure-
induced total distance moved, both in chemically induced and genetic models [14,119].
Although the exact mechanisms by which cannabinoids exert their antiseizure effects
are not well understood, a number of molecular targets are known to be modulated by
cannabinoids. Because CBD is a positive allosteric modulator of GABA receptors, it could,
for example, be capable of reducing seizure events through this mechanism. This might
hold true despite the fact that THC has been associated with GABA-release inhibition [14],
as, even in this case, the THC properties depend, at least in part, on the seizure-model
characteristics and cannabinoid dose. Furthermore, as previously indicated, the ability of
these phytocannabinoids to reduce seizures could also be mediated by the transient recep-
tor potential vanilloid 1 (TRPV1) channel: THC, CBD, CBN, and CBDV are all transient
receptor potential cation channel subfamily A member 1 agonists. Finally, NMDA receptor,
glycolysis, and fatty acid amide hydrolase may be potential cannabinoid targets, participat-
ing in seizure-effect modulation [14]. Recently, a commercially available library containing
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370 synthetic cannabinoids (compounds engineered to bind cannabinoid receptors with
high affinity) was screened [17] in 5 dpf homozygous scn1Lab−/− zebrafish larvae in order
to identify molecules with the ability to reduce seizure-like behaviors. Five compounds
exerting significant antiseizure activity during acute exposure were identified. It is essential
to note that synthetic cannabinoids are not FDA-approved “for human or veterinary use”,
and substantial evidence of serious adverse effects has been reported for some of them [17].
Further research using the above models could be of great help in discerning the true
therapeutic potential of various cannabinoids for the treatment of epilepsy.
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4. Pointers on Behavioral Analysis

Behavioral analysis was performed in 18 of the 21 studies dealing with zebrafish
larvae. The age of the larvae ranged from 1 to 7 dpf. Two tests were applied: the VMR
test and the mechanical escape response; the latter was used in three of the 18 studies
and was combined with an auditory stimulus in only one of them [10]. The VMR test
normally involves several phases of light–dark succession, and it aims to stimulate an
unconscious defensive response initiated by a drastic change in lighting [126]. In wild-type
larvae without sight impediments, the locomotor activity increases at light onset, before
decreasing to the baseline level after ca. 30 s. The wild type also shows increased locomotor
activity at light offset, but they need more time (ca. 30 min.) to return to the baseline level
of locomotion [127]. During embryogenesis, mechanical stimulus to the tail of the zebrafish
embryo can be used to elicit the coiling behavior (touch response) [128]. Similarly, the
escape response can be stimulated in larvae using mechanical, acoustic, electrical, or optical
stimuli [129]. The escape response mimics predator-avoidance behavior, which is usually
mediated by the Mauthner cells [130] located in the hindbrain [125,131].

Of the five studies carried out in zebrafish adults, four evaluated locomotion, one
of these also explored social behavior and memory [48], and the other was conducted on
color-discrimination learning and spatial cognition [113].

Overall, the results on the locomotion, both in larvae and adult fish, showed significant
differences between studies. Cannabinoids, depending on the concentrations used, could
either increase or decrease locomotor activity. As we stated in a recent systematic review on
social-preference tests in zebrafish [101], the lack of a standardized approach to behavioral
assessment makes it difficult to compare studies. Furthermore, in view of the heterogeneity
in terms of the administered cannabinoids, doses, and exposure times of the current
research, the standardization of behavioral tests could help to allow inferences to be drawn
from findings in zebrafish species and provide more consistent data for translational-
medicine purposes. The age of larvae used to perform the VMR test could, ideally, be set at
5 dpf: at this age, the larvae show limited (but sufficient) physiological development [132],
but they are not yet independently feeding and are therefore subject to the EU directive on
the protection of animals used for scientific purposes (Directive 2010/63/EU). Moreover,
the exposure time could be set at 24 hpf, or 120 hpf to evaluate the effects of prolonged
exposure. It should be highlighted that the daily replacement of the drug was performed
in only one of the studies reviewed [37]. Although the adsorption of the medication can be
considered minimal, and especially in the case of cannabinoids [3,10], we still believe that
an approach that keeps the drug concentration constant over time, and that also considers
the possible evaporation of egg water or medical compound, if volatile, will be the most
accurate. The approach could be further standardized by introducing a standard duration
of locomotor experiments and choosing the preferred drug-administration route for studies
in adult zebrafish. We think the duration should be 30 min, and that drugs could be
optimally administered through food. Furthermore, with regard to the method used to
analyze the behavioral effects of cannabinoid treatments in adults, it may be useful to elect
the novel tank test as the major read-out, considering that behavioral experiments should
ideally last 10 min, after 5 min of habituation time.

5. Conclusions

This review showed that the zebrafish may prove a useful model for cannabinoid
translational research because it displays similar behaviors to rodents following cannabi-
noid exposure. Moreover, it is clearly necessary to pay more attention to the full spectrum
of naturally occurring cannabinoids, rather than focusing on the main ones: THC and CBD.
These results indicate a need for additional cannabis-based studies to shed light on the
mechanistic properties of cannabinoids, and to provide insight into the potential risks of
its therapeutic application. At the same time, it is necessary to consider the long-term
consequences of early-life exposure to cannabinoids.
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