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Abstract: Cannabigerol (CBG), a phytocannabinoid, has shown promise in pain management. Pre-
vious studies by our research group identified an increase in pain sensitivity as a consequence of
prenatal hypoxia-ischemia (HI) in an animal model. This study aimed to investigate the efficacy of
CBG in acute and chronic hyperalgesia induced by prenatal HI. A pharmacological screening was
first conducted using hot plate and open-field tests to evaluate the antinociceptive and locomotor
activities of animals administered with a 50 mg/kg oral dose of cannabis extract with a high CBG
content. Prenatal HI was induced in pregnant rats, and the offspring were used to evaluate the acute
antinociceptive effect of CBG in the formalin-induced peripheral pain model, while chronic antinoci-
ceptive effects were observed through spinal nerve ligation (SNL) surgery, a model used to induce
neuropathic pain. Our results show that CBG exhibited an antinociceptive effect in the hot plate
test without affecting the animals” motor function in the open-field test. CBG significantly reduced
formalin-induced reactivity in HI offspring during both the neurogenic and inflammatory phases.
CBG treatment alleviated thermal and mechanical hypernociception induced by SNL. Biomolecular
analysis revealed CBG’s ability to modulate expression, particularly reducing TNFx and Nav1.7 in
HI male and female rats, respectively. These results highlight CBG as a potential antinociceptive
agent in acute and chronic pain models, suggesting it as a promising therapeutic option without
inducing motor impairment. Further research is needed to fully elucidate its mechanisms and clinical

apphcatlons n pam management.

Keywords: cannabis; pain; hypoxia-ischemia; cannabigerol; TNFx; Nav1.7

1. Introduction

Pain is a crucial physiological response that serves as an essential warning mechanism
for living organisms, signaling potential or actual tissue damage and helping to define the
safety limits of certain actions. When the body’s physical integrity is threatened, an alert
system is activated, making pain a primary symptom of injury [1-3]. The International
Association for the Study of Pain (IASP) defines it as an unpleasant sensory and emotional
experience related to actual or potential tissue damage, or a condition resembling such
damage [4]. Pain is generally categorized into acute and chronic types, with chronic pain
further divided into neuropathic, inflammatory, and cancer pain [5,6]. Understanding
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these categories and their implications is crucial for effective diagnosis and treatment,
considering its complex interaction with psychological, social, and environmental factors.

Hypoxic-ischemic (HI) events are closely associated with pain, especially when they
impact the central nervous system (CNS) during the peri- and prenatal periods, significantly
affecting neurological development. The consequences of HI depend on factors such as
timing, severity, and the specific CNS regions involved [7-9]. HI involves a reduction
in oxygen and blood flow, which can lead to various cognitive and motor impairments,
including hyperactivity, attention deficits [10,11], speech and language disorders, growth
issues, discomfort, and, in severe cases, cerebral palsy [12]. Our research group recently
found that adult rats exposed to prenatal HI exhibited hypernociception in the formalin pain
model at 30 and 90 days post-birth (P30 and P90) [13]. Building on these preclinical results,
we investigated the clinical prevalence of pain and heightened sensitivity in children who
experienced perinatal HI, considering sociodemographic factors. Our findings revealed a
higher prevalence of pain, particularly in the head region, among premature infants, with
more intense pain reported in girls and children who self-identified as black or brown-
skinned [14].

Despite significant technological advancements in recent decades, the development
of new therapies for pain management has been largely unsatisfactory. Pain remains a
highly individualized experience [15], and difficulties in finding effective treatments may
arise from the complex interplay between peripheral and central mechanisms that both
generate and sustain pain. This complexity often involves neuroinflammation, driven by
the activation of microglia and astrocytes, as well as immune cell infiltration in peripheral
and central regions such as the dorsal root ganglia (DRG) and the spinal cord [16-18].
Consequently, there is growing interest in exploring new strategies for pain relief, with one
promising approach being the therapeutic potential of phytocannabinoids derived from
Cannabis sativa [19].

The resurgence in interest regarding the medicinal properties of Cannabis sativa can
be attributed to the endocannabinoid system (ECS) and its potential for therapeutic ap-
plications of cannabinoids and phytocannabinoids [20-22]. The cannabis plant contains
approximately 500 distinct compounds, with cannabinoids being the most prominent
class. Over 120 cannabinoids have been identified, including delta-8 and delta-9 tetrahy-
drocannabinol (A3-THC and A°-THC), cannabidiol (CBD), and cannabinol (CBN) [23].
Research has historically concentrated on A°-THC and CBD, leading to a better understand-
ing of their pharmacological effects and sparking the growing interest in the plant’s broader
medicinal potential [24]. Recently, the United Nations removed Cannabis sativa from its
list of the most dangerous drugs [25], formally acknowledging its therapeutic potential,
including for chronic pain relief [26].

In addition to A°-THC and CBD, Cannabis sativa also produces cannabigerol (CBG), a
non-psychoactive cannabinoid typically found in plants with low THC content. CBG is
derived from cannabigerolic acid (CBGA) [27,28] and interacts with CB1 and CB2 receptors
similarly to A’-THC and CBD, but also uniquely engages with «2-adrenergic receptors,
suggesting potential analgesic properties [29]. A PubMed search for studies on CBG,
pain, and antinociceptive effects—using keywords such as “cannabigerol”, “pain”, and
“antinociceptive effect”—reveals only eight articles as of September 15, 2024, with one
being a review. Notably, none of these studies use the spinal nerve ligation model, which
is considered one of the most reliable methods for replicating neuropathic pain in animal
models. Given CBG’s pharmacological profile, this study aims to investigate its potential
to alleviate hypernociception in animals subjected to prenatal HI, utilizing cannabis extracts
rich in CBG as the treatment.
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2. Materials and Methods
2.1. Laboratory Animals

The experimental protocols used in this study were approved by the Ethics Committee
for the Care and Use of Experimental Animals of Rio de Janeiro State University (CEUA
UER]J 010/2022). Male and female Swiss mice (Mus musculus), weighing between 25 and
30 g and age-matched (between 4 and 6 weeks), as well as male and female Wistar rats
(Rattus norvegicus), weighing 100-200 g, were used. These animals were obtained and
housed at the animal facility of the Department of Pharmacology and Psychobiology (DFP)
at the Instituto de Biologia Roberto Alcantara Gomes (IBRAG) of the State University of
Rio de Janeiro (UER]). They were maintained under a 12 h light-dark cycle (lights off from
6 p.m. to 6 a.m.), with a temperature of 21 + 1 °C and relative humidity of 50 & 2%. The
animals were housed in polypropylene cages with sawdust bedding, randomized and
separated into groups of 7-10 animals by sex, and had free access to water and a controlled
diet consisting of pellet food. Prior to testing, they were acclimated at room temperature
for 30 min.

2.2. Substances

The cannabis extracts were kindly provided by the Association for the Support of
Research and Medicinal Cannabis Patients (APEPI). These extracts were produced from
a standardized genetic strain of cannabis designed to contain less than 0.2% A°-THC.
The chemical analysis of the cannabis extract was performed by the Center for Informa-
tion and Toxicological Assistance (CIATox) at Campinas University (UNICAMP), which
issues reports on the active ingredient content in cannabis extracts. The analysis was
conducted under Technical Cooperation Agreement No. 65065921 /2023 (Process No. SEI-
260007 /026216/2023). The other substances used were the following: Acetylsalicylic acid
(Sigma, Saint Louis, MO, USA); Dimethyl sulfoxide (DMSO) (Dindmica, Indaiatuba, Brazil);
Formaldehyde P.A. 36% (Proquimios, Rio de Janeiro, Brazil); Xylazine hydrochloride 2%
(Vetecia, Louveira, Brazil); ketamine hydrochloride (Cristalia, Itapira, Brazil) and Isoflurane
(BioChimico, Itatiaia, Brazil). For the experiments, the cannabis extract, with 95% purity,
and the acetylsalicylic acid (ASA) were freshly prepared in DMSO minutes before the tests.

2.3. Experimental Model

In this study, the initial phase involved a pharmacological screening using both mice
and rats. Mice were evaluated using the hot plate test, while rats were subjected to
locomotor assessments. For randomization, the animals were divided into two groups: one
receiving the vehicle (DMSQO) and the other treated with a CBG-rich cannabis extract. From
this point, only rats were utilized in the subsequent experiments. The next phase involved
inducing a perinatal hypoxic-ischemic (HI) model, where offspring were tested with the
formalin assay on postnatal days 30 (P30) and 45 (P45). Animals were administered DMSO,
CBG, or ASA via oral (using a gavage). In the following stage, a distinct group of P45 HI and
sham rats underwent spinal nerve ligation surgery (SNL) to induce a chronic pain model.
Nociceptive responses were monitored for 14 days, with animals receiving CBG or DMSO
orally by gavage throughout this period. Finally, molecular analyses were conducted
on spinal cord tissues collected post-experimentation. The full timeline of experimental
procedures is illustrated in Figure 1.
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Figure 1. Timeline of experimental methods, behavioral data collection, and sample collection.

2.3.1. Pharmacological Screening
Hot Plate Test

The central analgesic activity was evaluated using the hot plate test, which was
also employed as a pharmacological screening tool. In brief, Swiss mice of both sexes
were placed on a hot plate maintained at 52 & 1 °C (Letica, Letica Scientific Instruments,
Barcelona, Spain). The latency of their nociceptive threshold was recorded based on the
time until licking or shaking of one of their paws, or jumping, was observed. The maximum
duration of the animals on the hot plate was set at 22 s to prevent paw damage. The animal’s
response was assessed before and 5-120 min after treatment, following oral administration
(by gavage) of either vehicle or CBG (50 mg/kg), with the dose chosen based on data from
previous studies showing that CBG at different doses does not alter the locomotor activity
of the animals [30], and that the 50 mg/kg dose exhibits anti-inflammatory activity [31].
Antinociceptive efficacy was indexed as a percentage of the maximum possible effect
(%MPE) according to the following Equation (1):

% MPE = (postdrug latency) — (predrug latency) x 100% (22 s) — (predrug latency) (1)

Locomotor Activity

To exclude the possibility of the extract affecting motor activity, we used the open-
field test to assess the animals” ambulatory behavior [32,33]. The open field consisted
of a high-resistance acrylic circle (100 x 80 x 50 cm; diameter: 60 cm) with transparent
walls and a floor divided into 16 squares. Both male and female rats were included in the
assessment. The animals were acclimated to the open field for 15 min. After acclimation,
they received either CBG (50 mg/kg) or vehicle orally via gavage. Thirty-five minutes
post-administration, each rat was placed in the central square of the field, and ambulation
(the number of squares crossed) was recorded for 5 min. This ambulation served as a
measure of the rats’ locomotor activity.
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2.3.2. Induction of Prenatal Hypoxic-Ischemic Insult

Female rats weighing between 250 and 300 g were paired with males in a 2:3 or 1:2
male-to-female ratio for mating at 6:00 p.m. They were kept together in the same cage
for 12 h. After this period, the females were identified, weighed, and then transferred to
individual cages until the surgical procedure. Pregnancy was identified by monitoring
weight gain after 17 days. The HI procedure was based on the model of occlusion of the
uterine and ovarian arteries on the 18th day of pregnancy (E18), as described by Savignon
et al. [34]. The pregnant rats were anesthetized with isoflurane, using an initial dose of 4%
in 2 min/L of oxygen until they lost their reflexes, such as paw sensitivity. Throughout
the entire procedure, they were maintained on a heating pad and gas mask with 1.5-2%
isoflurane in 0.8 min/L of oxygen. After laparotomy, the uterine horns were exposed, and
aneurysm clips were used to clamp the ovarian and uterine arteries for 45 min (HI group).
After this, the clips were removed, and the abdominal cavity was sutured. The control
group was obtained by exposing the uterine horns without occluding the arteries (SHAM
group). The pups were born at term without surgical intervention, and the offspring
animals were used in experiments when they completed 30 or 45 days after birth (P30
or P45).

2.3.3. Formalin Test

The formalin test was conducted following a previously established protocol designed
for the quantitative assessment of antinociceptive effects [35]. The formalin was admin-
istered to promote two phases of nociceptive behavior. The first phase (0-5 min after
injection) is referred to as the neurogenic phase. This phase is followed by a short period
of quiescence (5-15 min) preceding the second phase (15-45 min after injection), which
includes an inflammatory response. Pain was induced by intraplantar injection of formalin
solution (50 pL, 2.5%) into the right hind paw. The SHAM and HI rat (P30 and P45) groups,
of both sexes, were used in the test. The animals were treated orally using a gavage with ei-
ther the vehicle, CBG (50 mg/kg), or ASA (300 mg/kg). Both CBG and ASA were dissolved
in DMSO, which is our control group. After 40 min of treatment with the substances, the
animals received intraplantar formalin injection, and the time spent by the animals licking,
scratching, or biting is an indicative of nociceptive response, which it was observed during
45 min.

2.3.4. Chronic Nociception Model

Chronic nociception was induced by spinal nerve ligation (SNL) as previously de-
scribed [36]. Briefly, after rats (HI or sham—P45) had been anesthetized with a mixture
of xylazine (20 mg/kg, i.p.) and ketamine (100 mg/kg, i.p.), their skin was disinfected
with povidone-iodine 10% and the lateral laminae of the lower lumbar and upper sacral
vertebrae were exposed by a dorsal incision. The right L6 transverse process was removed
and the right L5 and L6 spinal nerves were isolated and ligated tightly using 6-0 silk
sutures. Sham-operated groups submitted the same process with the exception of the
nerve ligation. Seven days after surgery, SNL animals developed thermal and mechanical
hypernociception and the treatment was then initiated and maintained for 14 days.

2.3.5. Thermal and Mechanical Hypernociception

Thermal hypernociception was assessed using the paw immersion method in which
the paw is placed in water heated to 46 °C. In this experiment, the parameter observed
was the time (s) of paw withdrawal from the water, designated as the thermal nociceptive
threshold. A cutoff of 15 s was established to avoid paw injury [37]. For the evaluation of
thermal hypernociception in the chronic pain model, 3 groups of 10 animals were used:
1 group of HI animals (P45) subjected to SNL surgery and treated orally with CBG gavage
(50 mg/kg), a group subjected to HI and SNL surgery and treated orally with vehicle
gavage, and a group that was only subjected to the stress caused by the HI (sham) and
sham surgery (sham—sham group) and treated with the vehicle orally via gavage.
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The assessment of mechanical hypernociception was measured using a digital anal-
gesimeter (Insight—Brazil). The equipment applies a force to the dorsal surface of the hind
paw, which increases at a constant rate (a determined number of grams per second). This
force is continuously monitored by an indicator moving along the scale and through an
electronic panel. The moment when the animal withdraws its paw is observed, indicating
nociception. Upon observing the animal’s nociceptive response, the experimenter stops
the pressure applied to the paw, and the value indicated on the device’s scale, expressed in
grams (g), corresponds to the nociceptive threshold. To assess mechanical hypernociception
in the chronic pain model, 3 groups of 10 animals were used: 1 group of HI animals at
P45 underwent SNL surgery and received CBG (50 mg/kg), another group underwent the
same surgery but received the vehicle, and a control group was subjected to HI (sham) and
sham surgery, with all treatments administered orally via gavage.

2.4. Tissue Collection

After the final day of hypernociception testing, conducted 21 days after the SNL
surgery, the animals were anesthetized (90 mg/kg of ketamine and 4.5 mg/kg of xylazine,
administered intraperitoneally, i.p.) and euthanized for tissue collection. The spinal cord
was dissected between the L1 and L5 segments, the tissues were weighed, immediately
frozen in liquid nitrogen, and stored at —80 °C prior to RNA or protein extraction.

2.5. Quantification of IFN-Gamma by ELISA

For IFN-gamma measurements, the spinal cord portion was homogenized in a cold
RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tris Base, 2 mM PMSF, pH = 8) and the supernatant was collected after centrifugation at
14,000 g for 10 min at 4 °C. The protein concentration was determined using the BCA
Protein Assay (Thermo Scientific, Waltham, MA, USA). Samples diluted 1:10 in the dilution
reagent were used for the detection of IFN-gamma (R&D Systems, Minneapolis, MN, USA,
AF-585-NA) by ELISA according to the manufacturer’s instructions. The results were
expressed as pg/ g of protein.

2.6. Gene Expression Evaluation

Total RNA was isolated using the PureLink™ RNA Mini Kit (Thermo Fisher, Waltham,
MA, USA) according to the manufacturer’s instructions. The quantification and quality
assessment of the material were performed using the NanoVue® spectrophotometer (GE
Healthcare, London, UK). cDNA synthesis was performed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, Waltham, MA, USA) and the purified mRNA
according to the manufacturer’s instructions. The samples were stored at —80 °C until use.
Quantitative real-time PCR (qPCR) reactions were performed using the QuantStudio™ 3
Real-Time PCR System. The primers used were designed using the online PrimerQuest Tool
(IDT-Integrated DNA Technologies, Coralville, IA, USA), were obtained from the literature,
or were already available (Table 1). Briefly, the qPCR reactions contained specific primers,
1x Quantifast SYBR Green PCR master mix (Life Technologies, Carlsbad, CA, USA), 1 puL
(10 ng) of template cDNA, in a final reaction volume of 10 pL. The relative expression
difference, known as fold change, was calculated using the Livak method (2~24¢t).

Table 1. Primers used along with their respective sense and antisense sequences.

Forward Primer (5'->3') Reverse Primer (3'->5')
-actina CGTTGACATCCGTAAAGACCTC TAGGAGCCAGGGCAGTAATCT
TNFx TACTCCCAGGTTCTCTTCAAGG GGAGGCTGACTTTCTCCTGGTA
Navl.7 CGATGGGTCACGATTTCCTAC CGTGAAGAATGAGCCGAAGAT

Iba-1 CGAATGCTGGAGAAACTTGG GTITGGCTTCTGGTGTTCTTTG
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2.7. Statistical Analysis

Tests and graphs were generated using GraphPad Prism® software, version 8.1 (Graph-
Pad Software Incorporated, San Diego, CA, USA). To assess whether the data followed a
normal distribution, we used the Shapiro-Wilk test. Results conforming to a parametric dis-
tribution were analyzed by one-way Analysis of Variance (ANOVA) followed by Dunnett’s
post hoc test; two-way ANOVA followed by Sidak post hoc test, or an unpaired Student’s
t-test. Experimental groups were compared with their respective control groups. Values
were expressed as mean =+ standard error of the mean (SEM), with p-values less than 0.05
considered statistically significant. Symbols (* or #) denote the degree of significance.

3. Results
3.1. Hot Plate Test

In male mice, we observed a mean %MPE of 35.8 + 8%; 33.6 &+ 10.6%; 33.1 & 6.6%;
30.1 £+ 6.6% and 31 + 8.8% at 5, 40, 50, 60 and 110 min, respectively, following oral
administration of CBG at a dose of 50 mg/kg (Figure 2a). Female mice exhibited %MPE
values of 23.2 + 5.9%; 25.6 £ 5.3%; 20.2 = 4.3%; 23.6 £ 6% and 26.7 £ 5.6% at 5, 10, 20, 30
and 40 min, respectively, with the same 50 mg/kg oral dose of CBG (Figure 2b). These
results are significant when compared to the vehicle control group, confirming the central
antinociceptive activity of this CBG dose.

Male Female

© vehicle (p.o.) © vehicle (p.o.)

4 CBG 50 mg/kg (p.o.) 4 CBG 50 mg/kg (p.0.)
E 501 * * E 401
= . \ = . .
o\° 40' * o‘\°‘ 30_ * *
S 301 S :
= g 207
@ 20- @
2 9
8 10- 8 107
£ £
> o-&@ﬁi&e&e&e—e— E )
< o 30 60 90 120 < %7 30 60 90 120

Time (min) Time (min)
(a) (b)

Figure 2. Effects of oral gavage administration of vehicle or high-CBG cannabis extract (50 mg/kg) in
the hot plate test (a) male and (b) female mice. Data are expressed as mean + SEM (n = 10 per group).
* p < 0.05 vs. vehicle, two-way ANOVA followed by Sidak test.

3.2. Locomotor Activity

In the open-field test, a single oral administration of 50 mg/kg of CBG or a vehicle
was given. Figure 3 shows the number of quadrants crossed by the animals 35 min after
administration. The number of quadrants crossed by the animals in the open field was
observed for 5 min and showed no significant differences between the CBG-treated group
and the vehicle-treated group for both male and female rats.
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Figure 3. Effect of locomotor activity of animals assessed in the open-field test, high-CBG cannabis
extract (50 mg/kg) or vehicle were orally administered to Wistar rats (a) male and (b) female. Data
are presented as mean & SEM (n =7 per group). The unpaired Student’s ¢-test was applied and there
were no statistically significant differences between groups.

3.3. Formalin Test

The acute peripheral antinociceptive effect was investigated using the formalin test.
Figure 4 presents the neurogenic and inflammatory phase responses following formalin in-
jection in HI (P30) animals treated orally with vehicle, acetylsalicylic acid (ASA 300 mg/kg),
and CBG (50 mg/kg), as well as sham-operated HI animals. It was observed that the forma-
lin response time during the neurogenic phase in the CBG-treated group was significantly
reduced to 31.6 & 3.7 s and 35.3 £ 1.4 s for male and female rats, respectively, compared
to41.2 £ 4.3 s and 52.7 £ 6.0 s in the vehicle group for male and female rats, respectively.
Therefore, during the inflammatory phase of the formalin test, HI animals treated with CBG
at a dose of 50 mg/kg showed a decrease in formalin response time from 125.3 + 18.9 s and
147 £ 18.5 s (vehicle) to 97.8 + 18.2 s and 76.8 & 6.6 s for male and female rats, respectively,
as shown in Figure 4.

The antinociceptive activity was also investigated in P45-aged animals to observe
if they exhibited the same response profile as the P30 animals. Figure 5 shows data for
male and female rats (P45). The animals treated with CBG at a dose of 50 mg/kg showed
a significant decrease in formalin response time from 66.5 &+ 10.3 s to 33.8 £ 6.6 s and
from 70.1 £ 7.2 s to 32 £ 6.0 s for male and female rats, respectively, compared to the HI
vehicle group. During the inflammatory phase, CBG-treated animals exhibited a reduction
in formalin response time from 182.1 &+ 35.6 s to 63.3 = 7.03 s and from 160 £+ 12.9 s to
91.5 £ 6.8 s for male and female rats, respectively, compared to the HI vehicle group.
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Figure 4. Effect of oral administration of high-CBG cannabis extract (50 mg/kg), ASA (300 mg/kg)
or vehicle during the neurogenic and inflammatory phases of the formalin test in Wistar rats (P30)

(a) male and (b) female. Data are expressed as mean + SEM (n = 8 per group). One-way ANOVA

was performed followed by Dunnett’s test, * p < 0.05 compared to the vehicle group.

Male

200

Reactivity (s)
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Figure 5. Effect of oral administration of high-CBG cannabis extract (50 mg/kg), ASA (300 mg/kg)
or vehicle during the neurogenic and inflammatory phases of the formalin test in Wistar rats (P45)
(a) male and (b) female. Data are expressed as mean £ SEM (n = 8 per group). One-way ANOVA
was performed followed by Dunnett’s test, * p < 0.05 compared to the vehicle group.
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3.4. Thermal and Mechanical Hypernociception

Figure 6a,b show that SNL significantly reduced the paw withdrawal latency in
response to thermal stimuli 7 days after surgery, indicating thermal and mechanical hyper-
nociception. There was no hypernociception in the sham group (HI and SNL surgery). The
paw withdrawal latency (PWL) of SNL rats decreased from 6.3 = 1.2 s and 5.1 £0.9s;
121.8 £16.1 g and 124.5 + 2 g (baseline of the day 0) to 3.4 & 0.2 s and 2.8 £ 04 s;
4142 £ 3.3 g and 30.8 £ 1.9 g (day 7) in thermal and mechanical hypernociception for
male and female rats, respectively. Treatment with CBG (50 mg/kg) increased the latency
(p<0.05)to7.3+£0.5and 5.2 £ 0.7 s; 78.4 & 6.6 and 81.6 & 7.2 g in the evaluation of thermal
and mechanical hypernociception for male and female rats, respectively. The reversal effect
of thermal and mechanical hypernociception was observed after the 10th and 17th days
post-surgery, respectively.

Male
¢ sham ?ham vehicle (p.o) -© sham sham vehicle (p.o.)
# Hivehicle (p.o) & Hl vehicle (p.o)
15 -¥ HI CBG 50 mg/kg (p.o.) * HICBG 50 mglkg (p.0)
250+
7 §\/}——6\w
S 1504
2 #
= # #
=
o 1004
50_
L l : :
- ' 04— = r Y
° -6_. 7 14 21 o 7 14 21
T Days after surgery T Days after surgery
SNL and treatment SNL and treatment
(@
Female
- sham sham vehicle (p.o.) “© sham sham vehicle (p.o.)
4+ Hl vehicle (p.o.) 2 Hl vehicle (p.o.)
¥ .0.
109 * HI CBG 50 mg/kg (p.o.) 250- HI CBG 50 mg/kg (p.0.)
8 200
@ o 150 —F——e—F—
= | #
< =
o 44 0. 1004 : i:t
24 504 "
ob—i . . oL — , :
o 7 14 21 0o 7 14 21
T Days after surgery T Days after surgery
SNL and treatment SNL and treatment

(b)

Figure 6. Effect of 14-day oral treatment with vehicle or high-CBG Cannabis extract (50 mg/kg) on
(a) male rats and (b) female rats with HI that developed thermal and mechanical hyperalgesia 7 days
post SNL surgery. Data are expressed as mean £ SEM (n = 10 per group). Two-way ANOVA followed
by Sidak test was performed, * p < 0.05 vs. 0 day, before SNL, # p < 0.05 when compared to the vehicle
group throughout the treatment.
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3.5. Evaluation of Inflammatory Cytokines

Inflammatory cytokines, the direct mediators of local inflammation, play a crucial
role in the transmission of motor and sensory information in the spinal cord [38]. It is
known that pro-inflammatory cytokines such as IFN-gamma and TNFx and Nav1.7 are
significantly upregulated during chronic pain [39-42]. In this study, we aimed to evaluate
the levels of both cytokines in the spinal cord between the L1 and L5 segments of rats
in different experimental groups. No difference was detected in the protein levels of
IFN-gamma in the spinal cords of both experimental groups. We observed an increase in
TNFax mRNA levels in the HI vehicle group of male rats, with a reduction noted in the
CBG-treated group. However, no reduction in TNF« levels was observed in female rats
following treatment. Additionally, a decrease in Nav1.7 mRNA levels was observed in the
spinal cord of females in the CBG-treated group, whereas no decrease was observed in
males treated compared to the vehicle group. No differences were observed in IBA levels
between males and females, nor between animals treated with vehicle or CBG (Figure 7).
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NaV 1.7 mRNA({2 44%)
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Figure 7. Interferon gamma (IFN-y) concentration in the spinal cord of (a) male rats and (e) female
rats measured by ELISA method, and gene expression analysis of TNFa, IBA, and Nav1.7 in the
spinal cord of (b—d) male rats and (f-h) female rats determined by qPCR method. Data are expressed
as mean + SEM (n = 5 per group). One-way ANOVA followed by Dunnett’s test was performed,
* p < 0.05 when compared to the vehicle group.

4. Discussion

Pain significantly impacts patients” quality of life and can lead to psychological trauma,
posing a global health challenge [43,44]. Current first-line therapies, such as nonsteroidal
anti-inflammatory drugs (NSAIDs), often lack long-term effectiveness and may present un-
favorable risk-benefit profiles [45]. For example, non-selective NSAIDs are associated with
gastrointestinal ulcers, bleeding, increased cardiovascular risks, and kidney disease [46—48].
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In addition, opioids also are used to relieve pain, but they also induce an exaggerated
sense of well-being and, if used excessively, can lead to addiction and high hospitalization
economic costs associated [49-51]. As a result of the limitation of actuality treatment for
pain, there is an increasing imperative to investigate alternative or supplementary drugs
for managing pain.

Current randomized controlled trials support the effectiveness of cannabis for pain
treatment [52]. Piper et al. [53] evaluated the chronic pain perspectives of 984 north-
eastern U.S. patients suffering from various conditions such as neuropathic pain, back
pain, arthritis, post-surgical pain, headaches, and abdominal pain regarding their use
of medical cannabis. Most patients reported pain relief as the primary benefit, but also
noted disadvantages such as economic costs and stigma. On the other hand, preclinical
studies reveal the complexities of its antinociceptive effects [54]. Research into the anti-
inflammatory and analgesic properties of CBG has gained momentum, giving it unique
and overlapping mechanisms with THC and CBD [54-56]. It is already known that CBG, a
non-psychoactive phytocannabinoid [57], shows potential antinociceptive agent, though
few preclinical studies investigated this in detail [58]. Here, our results demonstrate the
antinociceptive effects of orally administered CBG-rich cannabis extract in acute and chronic
pain rodent models.

The hot plate and formalin tests assess spontaneous nociceptive behaviors that engage
higher brain centers [59]. We observed that CBG reduced acute hypersensitivity in hot
plate and formalin tests in mice and rats, respectively. The hot plate test, sensitive to central
antinociceptive mechanisms, showed a 36% analgesic effect compared to the vehicle group,
without affecting locomotion, consistent with Brierley et al. [30]. CBG did not produce
any significant alteration in locomotor functions of the animals when compared with the
DMSO-treated control group; hence, the substance did not show any motor effect. In HI
P30 and P45 animals, 50 mg/kg CBG reduced formalin-induced nociceptive behavior in
both neurogenic and inflammatory phases. Interestingly, Sepulveda et al. observed that
CBD (10 mg/kg, i.p.) effectively reduced nociceptive behaviors in C57BL /6 wild-type male
mice, but only during phase I of the formalin test. However, it did not reduce nociceptive
behaviors in female mice during the same test. These findings highlight the potential
cannabis compounds differences in the antinociceptive effects, underscoring the need for
further research to fully understand their mechanisms of action.

As found in our model, other preclinical studies have also highlighted CBG as a promis-
ing antinociceptive agent for alleviating inflammatory and neuropathic pain. A recent
study conducted by Wen et al. [60] demonstrated that CBG had a superior antinociceptive
effect in the carrageenan-induced inflammatory pain model, surpassing cannabichromene
(CBC) and CBD, and its efficacy was comparable to some positive control drugs. How-
ever, CBG exhibited a fast onset but a short duration of sustained analgesia. While CBG
had no effect on arthritis inflammation, it showed a better antinociceptive effect when
administered locally, indicating its effectiveness after topical peripheral administration in
the collagen-induced arthritis (CIA) model. Additionally, the data showed that CBG can
also alleviate neuropathic pain. Another important study observed that CBG significantly
reduced mechanical hypersensitivity in a mouse model of cisplatin-induced peripheral
neuropathy (CIPN) after 7 and 14 days of treatment, without causing tolerance or adverse
effects. The treatment decreased pain sensitivity by 60-70% and was effective in both male
and female mice, regardless of the estrous cycle [61].

Here, we demonstrated the antinociceptive effects of CBG in HI animals using the SNL
model, a well-established method for studying chronic neuropathic pain. Furthermore,
CBG’s reduction of TNF«x expression in HI male animals supports its role in modulating
inflammatory responses, potentially affecting central pain modulation pathways. In HI
female animals, we already observed the decrease in Nav1.7 mRNA levels with CBG.
Hormonal fluctuations in females are known to affect cannabinoid receptor expression and
efficacy [62-67], and estrogen’s pro-inflammatory effects contribute to the higher incidence
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of chronic pain in females. Our data reinforce the complexity of interactions between sex,
the endocannabinoid system, and immune response.

Some studies indicate that SNL leads to upregulation of TNF-« and Nav1.7 expression
in the DRG, highlighting these as key mechanisms involved in pain modulation following
nerve injury [68-70]. Furthermore, the reduction in inflammatory mediators may contribute
to the observed decrease in pain sensitivity [71]. TNF«, produced by microglia, promotes
the release of other inflammatory mediators, enhancing pain perception [41,72-74]. Using
a TNF«x antibody or TNF receptor antagonist can reduce pain hypersensitivity in vari-
ous pathological pain models [75-77]. Beyond its role in regulating TRPV1 membrane
translocation, TNF« has also been found to elevate TRPV1 total protein levels through
translational regulation [78]. Wang et al. [79] demonstrated that TNF« sensitizes TRPV1
by upregulating its expression, leading to mechanical allodynia and thermal hyperalge-
sia in vincristine-treated rats. Although phytocannabinoids have been proposed as an
anti-inflammatory and analgesic agent [80,81], studies evaluating TNF expression after
CBG treatment are still controversial. In RAW?264.7 cells, CBG did not reduce IL-6, iNOS,
TNFax, and NLRP3 mRNA levels [82]. However, Calapai et al. [83] observed that CBG
pre-treatment reduced inflammation, as evidenced by lower IL-13, TNF«, IFN-y, and PPAR
protein levels in NSC-34 cells treated with the medium from RAW264.7 cells stimulated
with lipopolysaccharide (LPS).

The expression of Nav1.7 in nociceptive sensory neurons of the DRG has become a crit-
ical focus in understanding pain modulation [84,85]. Additionally, human genetic studies
have underscored Nav1.7 as a key regulator of pain modulation, emphasizing its crucial in-
volvement in pain perception mechanisms [86-88]. Consequently, Nav1.7 has emerged as a
promising target for pain relief in preclinical models, leading to the development of several
sodium channel blockers. Among these, Compound 33, a quinoline amide, demonstrated
potent inhibitory activity against Nav1.7 and efficacy in rat models of inflammatory and neu-
ropathic pain [89]. Another compound, N-[(R)-1-((R)-7-chloro-1-isopropyl-2-oxo-2,3,4,5-
tetrahydro-1H-benzo[b]azepin-3-ylcarbamoyl)-2-(2-fluorophenyl)-ethyl]-4-fluoro-2-
trifluoromethyl-benzamide (BZP), selectively targets Nav1.7 with high affinity, providing
significant anti-nociceptive effects in both inflammatory and neuropathic pain models
while avoiding CNS side effects [90]. Furthermore, studies employing a pharmacokinetic—
pharmacodynamic approach confirmed that the in vivo and ex vivo inhibition of ectopic
activity in the spinal nerve ligation model correlates well with in vitro Nav1.7 inhibition,
suggesting these models are useful for predicting clinical efficacy and guiding the develop-
ment of new Nav1.7-targeting analgesics [91].

Huang et al. [92] demonstrate that CBD interacts with Nav1.7 channels at sub-micromolar
concentrations in a state-dependent manner. They identify specific binding sites for CBD,
and mutations in these residues significantly diminish CBD’s state-dependent inhibition.
This suggests that CBD stabilizes the inactivated state of Nav1.7 channels through direct
binding. Previous studies have explored the interactions of Nav channels also with CBG, re-
vealing that CBG is more effective at inhibiting maximal sodium conductance (Gmax) than
at stabilizing inactivation [80]. Interestingly, Ghovanloo et al. [93] found that Cannabinol
(CBN) is slightly less effective at inhibiting Nav1.7 compared to either CBD or CBG. In our
study, we observed a restoration of Nav1.7 mRNA levels to normal in spinal cord samples
(L1-Lé6 region) following treatment with CBG in the spinal nerve ligation model. Corrobo-
rating our findings, Fukuoka et al. [94] observed an increase in Nav1.7 mRNA levels in the
L5 after SNL. Notably, our study is the first to demonstrate that CBG, a phytocannabinoid,
can reduce Nav1.7 expression in a pain model.

5. Limitations of the Study

While this study provides valuable insights into the antinociceptive effects of CBG
in acute and chronic pain models, it is not without limitations. First, the study primarily
used rodent models, which, although widely accepted in preclinical research, may not
fully replicate human pain conditions. Thus, the translational applicability of the results
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to clinical settings requires further validation. Second, while the study explored both
male and female subjects, sex-related differences in cannabinoid receptor expression and
hormonal variations, particularly in females, could have introduced variability in responses.
A more comprehensive analysis of the role of sex hormones in CBG’s effects is needed to
better understand this variability. Additionally, the dosing regimen focused on a single
dose of 50 mg/kg CBG. Exploring a wider range of doses could provide more nuanced
information regarding its efficacy and safety. Furthermore, the pharmacokinetic profile
of CBG was not assessed, leaving potential gaps in understanding its bioavailability and
metabolism in vivo. Finally, while molecular analyses were performed, the study did
not explore the potential long-term effects of CBG on neural tissues beyond the 14-day
treatment period. Further studies are warranted to investigate the sustained efficacy and
safety of CBG in chronic pain models over an extended period. These limitations should
be addressed in future research to strengthen the understanding of CBG'’s therapeutic
potential in pain management.

6. Conclusions

In conclusion, our study provides evidence for the antinociceptive and anti-inflammatory
effects of CBG-rich cannabis extract in animals subjected to prenatal hypoxia-ischemia
in both acute and chronic pain models. These findings support the potential of CBG as
a therapeutic agent for pain management, emphasizing the need for further research to
elucidate its mechanisms and optimize its clinical use. Given the regulatory landscape
in Brazil, continued scientific investigation is crucial to ensure that safe and effective
cannabis-based therapies are available to patients.
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