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Abstract

Iron is an essential micronutrient for brain development, participating in mitochondrial respiration, myelination, and
neurotransmitter synthesis. However, previous studies have demonstrated that excessive iron during early postnatal life
induces oxidative reactions, leading to mitochondrial dysfunction and synaptic failure. These alterations compromise
energy metabolism and neuronal integrity, contributing to long-lasting cognitive dysfunction and increased brain vul-
nerability later in life. This study evaluated the effects of cannabidiol (CBD) and cannabigerol (CBG) on behavioral,
neuroinflammatory, and blood-brain barrier (BBB) outcomes in rats exposed to early-life iron overload. Male Wistar rats
received iron carbonyl (30 mg/kg, intragastrically) from postnatal day 12 to 14. At three months of age, they were treated
intraperitoneally with CBD, CBG (both at 10 mg/kg), or vehicle for 21 days. Cognitive performance was assessed in
the open field and object recognition tasks. We examined hippocampal levels of interleukin-1 beta (IL-1p), interleukin-6
(IL-6), tumor necrosis factor alpha (TNF-a), as proinflammatory markers, and occludin, a protein known to regulate BBB
permeability. Iron-exposed animals showed impaired recognition memory, with elevated TNF-a and IL-1B, while CBD
reversed memory deficits and reduced IL-1f in iron-treated animals, without affecting TNF-a. CBG restored memory,
decreased IL-1p in both iron-treated and controls, and increased TNF-a in controls. Also, iron overload reduced occludin
expression in vehicle-treated rats which was reversed by both CBD and CBG. These findings highlight inflammation and
BBB disruption as mediators of iron-induced cognitive dysfunction and show that both phytocannabinoids act through dis-
tinct but complementary mechanisms, supporting their therapeutic potential in neuroinflammation linked to iron overload.
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Introduction

Iron plays a vital role in the body and is an essential micro-
nutrient for the central nervous system (CNS), respiratory
chain, neurotransmitter synthesis, and myelination. How-
ever, iron redox activity between ferrous (Fe*") and ferric
(Fe*") forms, promotes the production of hydroxyl radicals
through the Fenton reaction (Papanikolaou and Pantopou-
los 2005; Ward et al. 2014). These radicals promote oxida-
tive stress (OS), inducing lipid peroxidation, mitochondrial
dysfunction, and DNA/protein damage. With aging, iron
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accumulates in brain regions vulnerable to neurodegen-
erative diseases (NDs), creating a favorable environment
to neuronal degeneration. Excess iron is now considered a
key contributor to the onset and progression of NDs such
as Alzheimer’s and Parkinson’s (Kenkhuis et al. 2021).
Moreover, accumulating evidence suggests an important
association of iron deposition in brain regions and cognitive
impairment observed in a variety of age-associated NDs
(Zhi et al. 2024; Lee et al. 2025).

Neuroinflammation and OS are recognized as key con-
tributors to these conditions, with disruption of the blood—
brain barrier (BBB) playing a central role. Under normal
conditions, the BBB tightly regulates the exchange of mole-
cules between blood and neural tissue through tight junction
(TJ) and adherens junction (AJ) proteins such as occludin,
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claudins, and zonula occludens-1 (ZO-1) (Rosenblum and
Kosman 2022). Inflammation reduces TJ protein expression
and compromises barrier function (Rochfort et al. 2016). A
weakened BBB not only allows greater iron entry into the
brain but also increases exposure to circulating inflamma-
tory mediators, amplifying neurotoxicity and accelerating
cognitive decline (Urrutia et al. 2021).

Our research group has long employed a neonatal iron
overload model in rats, in which iron is administered orally
during three days in the second postnatal week, a period
marked by intense neurogenesis and high transferrin recep-
tor expression in the brain (Schroder et al. 2013; Ward et
al. 2014). Moreover, the neonatal period represents a criti-
cal developmental window characterized by increased
BBB permeability to iron and consequent elevated CNS
iron uptake, allowing transient iron overload during the
first postnatal weeks to induce long-lasting neurobiological
consequences. This model reproduces key aspects of iron-
induced neurotoxicity observed in aging and NDs, includ-
ing persistent memory deficits, mitochondrial dysfunction,
0S8, and glial activation (de Lima et al. 2005; da Silva et al.
2014). Given its cumulative nature, it also provides a robust
platform for testing potential neuroprotective strategies.

Cannabidiol (CBD), the main non-psychoactive phyto-
cannabinoid of Cannabis sativa, has been extensively stud-
ied for its neuroprotective effects, including attenuation of
iron-induced memory deficits, restoration of synaptic pro-
teins and reduction of apoptotic signaling in iron-treated
rats (Fagherazzi et al. 2012; da Silva et al. 2014; Silva et
al. 2018a). More recently, interest has turned to cannabig-
erol (CBG) because of its antioxidant and anti-inflamma-
tory effects, promoting cell survival and neuroprotection
(De Petrocellis et al. 2011; Gugliandolo et al. 2018; Stone
et al. 2021), but it was never tested under iron overload
conditions.

This study aimed to compare the pharmacological effects
of both phytocannabinoids, CBD and CBG, on cognitive
function and neuroinflammation in animals subjected to
neonatal iron overload, which induces memory deficits sim-
ilar to those observed in NDs (Schrdder et al. 2013).

Materials and Methods

Study Design

The study followed a 2 x3 factorial design with two neo-
natal treatments (Vehicle [Sorbitol] or Iron) and three

adult treatments (Vehicle, CBD, or CBG). In total, 63 male
Wistar rats were utilized and randomized into six groups:
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Sorbitol-Vehicle (n=8), Sorbitol-CBD (n=10), Sorbitol—
CBG (rn=12); Iron—Vehicle (n=10), Iron—-CBD (n=12),
and Iron—CBG (n=11). Neonatal treatments were assigned
at the litter level, whereas individual animals served as the
experimental unit for adult treatments and outcome mea-
sures. To avoid any possible litter effect, each experimental
group was formed by animals from 3 to 4 different litters.
The Sorbitol-Vehicle group served as the control condition.

Outcome Measures

Primary outcomes were cognitive performance in the Object
Recognition Task and hippocampal cytokine levels, such as
interleukin-1 beta (IL-1pB), interleukin-6 (IL-6) and tumor
necrosis factor alpha (TNF-a). BBB integrity was evaluated
through occludin expression by Western blot. Consistent
with prior work in this model, behavioral and cytokine out-
comes were the main focus of this exploratory study.

Animals

This study was conducted at the Center for Laboratory
Animal Reproduction and Experimentation (CREAL) at
the Federal University of Rio Grande do Sul (UFRGS),
Porto Alegre, RS, Brazil, following approval from the Eth-
ics Committee on Animal Use (CEUA-UFRGS), protocol
#45,127. All procedures complied with the guidelines of
the Brazilian Guidelines for the Care and Use of Animals
in Research and Teaching (CONCEA/MCTI, Resolutions
no. 55/2022 and 57/2022), as well as recommendations
from the Brazilian Society for Neuroscience and Behavior
(SBNeC) and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (8th Edition, 2011),
and the ARRIVE guidelines for reporting animal research.

Animals were obtained from the CREAL-UFRGS spe-
cific-pathogen-free colony. Pregnant Wistar (Rattus nor-
vegicus) dams were acquired at late gestation, and litters
were standardized within 48 h of birth. Pups were weaned
at postnatal day (PND) 21 and housed until adulthood (PND
90) under controlled temperature (22+1 °C) and a 12:12 h
light—dark cycle, with ad libitum access to food and water.
Animals were kept in groups of 3—4 animals in individu-
ally ventilated cages with sawdust bedding and enrichment
items (paper, tissue rolls, plastic blocks), refreshed at each
cleaning.

Animals were monitored daily for general health, pain,
distress, or abnormal behavior. Manipulations were mini-
mally invasive and performed using gentle handling and
appropriate needle sizes to reduce discomfort. No animals
reached humane endpoints, and no adverse events occurred.
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Randomization and Blinding

Neonatal treatments were assigned at the litter level using
simple randomization (random-number generator). After
weaning, litters were randomly allocated to the adult treat-
ment groups (Vehicle, CBD, CBG).

Experimenters responsible for behavioral testing, molec-
ular analyses, and data quantification were blinded to group
allocations. Cage positions were rotated weekly to mini-
mize location-related variability. All animal manipulation
and behavioral testing occurred during a fixed period of the
light phase.

Sample Size

Sample size was decided based on previous studies pub-
lished from our research group and others. Usually, behav-
ioral tasks, such as those used in the present study, require
a sample size between 8 and 15 animals in each group. The
use of this sample size allows consistent and reproducible
results for behavioral analysis (de Lima et al. 2005; Fagher-
azzi et al. 2012; da Silva et al. 2012; Figueiredo et al. 2016).
Based on previously published research by our group, for
biochemical analysis, including protein analysis using
Enzyme-Linked Immunosorbent Assay (ELISA) and west-
ern blot, we used sample sizes varying from 4 to 6 animals
in each group (Figueiredo et al. 2016; da Silva et al. 2018a;
b; Machado et al. 2019). No inclusion or exclusion crite-
ria were established a priori. No exclusions of animals or
data points were performed. Because both the iron-overload
model and CBD treatment were previously standardized
in males, the aim was to compare CBG under equivalent
conditions.

Pharmacological Treatment, Behavioral Tests, and
Experimental Design

On PND 12-14 (body weight varying from 20 to 35 g),
male pups received a once-daily intragastric administration
of either vehicle (5% sorbitol in water) or iron carbonyl (30
mg/kg; >97% Fe basis, powder form; Sigma-Aldrich, prod-
uct number C3518, CAS 7439-89-6), following established
protocols (Fagherazzi et al. 2012). This experimental model
mimics early-life iron supplementation in humans, applied
in a timepoint that coincides with a critical developmen-
tal window characterized by high brain iron uptake during
the first two postnatal weeks (Schrdoder et al. 2001, 2013;
Ward et al. 2014). Previous studies using this model have
demonstrated that neonatal iron overload induces persistent
neurobiological alterations, including OS and long-term
cognitive deficits that extend into adulthood (de Lima et al.
2005; Schroder et al. 2013).

At three months of age (body weight ranging from 350 to
400 g), rats were randomly assigned to receive daily intra-
peritoneal injections of vehicle (Tween-80/saline, 1:16),
CBD (10 mg/kg), or CBG (10 mg/kg) for 21 consecutive
days. This time point was selected to target established and
persistent neurobiological alterations induced by early-life
iron exposure, which are already evident in young adult-
hood, while still representing a window in which therapeu-
tic intervention may be effective. Both CBD and CBG were
administered as a crystalline isolate (=99% purity; PurMed
Global, USA). Certificates of Analysis (CoAs) provided by
the supplier are available as Supplementary Material S1
(CBD) and Supplementary Material S2 (CBG). The CBG
CoA confirmed>99.9% CBG purity, non-detectable levels
of CBD and A9-THC, such as the absence of detectable pes-
ticide residues and residual solvents. The CBD CoA also
confirmed the purity specifications and phytocannabinoid
profile of the material supplied.

The 21-day treatment period was selected to enable sus-
tained modulation of molecular processes underlying iron-
induced cognitive deficits, rather than transient or acute
effects. This timeframe, together with the selected CBD
dose, has previously been shown to be sufficient to reverse
behavioral and molecular alterations in this model (Fagher-
azzi et al. 2012; da Silva et al. 2014). The CBG dose was
chosen based on evidence demonstrating its neuroprotec-
tive effects in experimental models of neurodegeneration
(Valdeolivas et al. 2015; Gugliandolo et al. 2018; Stone et
al. 2021).

Behavioral testing occurred from the 14th to the 16th
day after the beginning of pharmacological treatments in
adult life. Behavioral assessments were conducted prior to
the final experimental endpoint to evaluate functional out-
comes under ongoing and stable treatment conditions. The
open-field test was performed 24 h before the training phase
of the Object Recognition Task and served as habituation
to the apparatus (Fagherazzi et al. 2012; Figueiredo et al.
2016). Before testing, animals were allowed to habituate to
the experimental environment. The arena consisted of a ply-
wood box (45 x40 x 60 cm) with a glass front wall. The floor
was divided into 12 equal squares to allow quantification of
the locomotor activity, and the central zone was defined as
the inner area corresponding to approximately 25% of the
total arena surface. Each animal was placed individually in
the same spot of the arena and allowed to explore freely
for 5 min. Locomotion and exploratory parameters (latency
to start locomotion, number of line crossings, rearing fre-
quency, and time spent in the center zone) were recorded
and later analyzed by a blinded experimenter, using manual
counters and stopwatches.

In the Object Recognition Task, rats explored two iden-
tical objects (Al and A2) for 5 min. Long-term memory
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(LTM) was assessed 24 h later by replacing one object with
a novel object (B). Object placement, spacing, and clean-
ing procedures followed standardized methods (Fagherazzi
et al. 2012). Exploration was defined as sniffing or touch-
ing with nose or forepaws. All behavioral sessions were
videotaped and subsequently analyzed by an experimenter
blinded to animals’ experimental condition, using two stop-
watches to quantify exploration times, and the recognition
index was calculated as TB/(TA+TB), where: TA=time
spent exploring the familiar object (A), and TB=time spent
exploring the new object.

Molecular analyses were performed at the end of the
treatment period to capture cumulative effects of chronic
phytocannabinoid administration. Twenty-four hours after
the final injection, rats were euthanized by decapitation in
a separate room to minimize stress. Hippocampi were rap-
idly dissected, frozen, and stored at —80 °C for ELISA and
Western blot analyses. The overall experimental timeline is
illustrated in Fig. 1.

ELISA

To analyze the expression of inflammatory cytokines
IL-1B, IL-6, and TNF-a, commercial ELISA kits (BMS630,
ERA31RB, and KRC3011, respectively, Invitrogen, Thermo
Fisher Scientific, USA) were used. Hippocampi from ran-
domly selected animals from each group were weighed and
homogenized in 1X cell extraction buffer (50 mM Tris-HCl,
pH 7.3;0.9% NacCl; 0.1% SDS), supplemented with a protease
inhibitor cocktail (SigmaFast S8820, Sigma-Aldrich, USA),

a

Animals kept

0 PND12 - 14 PND21 growing without
Days intervention until 3
Weaning months of age
Only males

Single daily dose ™\, selected

30 mg/kg iron
carbonyl or sorbitol

Fig.1 The in vivo experimental design used in the study is represented
as a timeline. (a) Male pups (n=63) from randomly distributed litters
received intragastric administration of iron carbonyl (30 mg/kg/day)
or vehicle (5% sorbitol in water) from postnatal days 12 to 14. After
treatment, males were maintained until adulthood (3 months old), at
which point they were further divided into 6 experimental groups. (b)
Animals received intraperitoneal (i.p.) administration of cannabidiol
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at a ratio of 90 pL buffer per 10 mg of tissue. Homogeniza-
tion was performed on ice using a mechanical homogenizer
to ensure complete tissue lysis. After 30 min of incubation on
ice, the homogenates were centrifuged at 13,500 rpm for 10
min at 4 °C. The supernatant was collected and stored at —20
°C until use (da Silva et al. 2018a). Protein concentrations
were quantified using the Bradford method.

For the ELISA assays, 100 uL aliquots of samples, stan-
dards, and blanks were plated in duplicate. Absorbance
readings were taken at 450 nm using a Zenyth 220RT micro-
plate reader (Biochrom Ltd., UK). Cytokine concentrations
were calculated from standard curves generated using the
MyCurveFit online tool, applying four-parameter logistic
(4PL) interpolation. Results were expressed as picograms
per milligram (pg/mg) of protein.

Western Blot

To assess occludin protein expression, Western blot analysis
was performed. Hippocampi from randomly selected ani-
mals from each group were weighed and homogenized in
lysis buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA; 100
mM NaCl; 0.5% Triton X-100; 0.1% SDS), supplemented
with protease inhibitor tablets (SigmaFast S8820, Sigma-
Aldrich, US), using a ratio of 10 pL buffer per mg of tissue.
Homogenization was carried out on ice with a mechanical
homogenizer, followed by 30 min of incubation on ice and
centrifugation at 13,500 rpm for 10 min at 4 °C. The result-
ing supernatant was collected, and total protein concentra-
tion was determined using the Bradford method.

b Euthanasia and
collection of structures

Single daily dose § \
Vehicle, CBD or CBG (10mg/kg) \\/
/ A
y <> N
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were collected
\ and stored at
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Open field Novel Object Recognition Test

(training and testing)

(CBD 10 mg/kg/day), cannabigerol (CBG 10 mg/kg/day), or vehicle
(VEH - saline with Tween 80) for 21 consecutive days (P90-P111).
Behavioral evaluation included the open field and object recognition
tasks (P104-P106). After completion of pharmacological treatment,
the animals were euthanized, and the hippocampi were collected and
stored at —80 °C for subsequent molecular analyses
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Protein samples (40 pg/lane) were separated on 10%
SDS—polyacrylamide gels and transferred onto nitrocellu-
lose membranes (Bio-Rad, USA). Membranes were blocked
with 3% BSA (#A7030-50G, Thermo Fisher Scientific) in
Tris-buffered saline containing 0.1% Tween-20 (TBST)
for 1 h at room temperature, then incubated overnight at 4
°C with primary antibodies diluted in TBST: anti-occludin
(1:200, Thermo Fisher Scientific, #40-4700) and anti-
GAPDH (1:500, Cell Signaling Technology, #8884S). On
the next day, the membranes were washed and incubated for
1 h at room temperature with HRP-conjugated goat anti-rab-
bit secondary antibody (1:5000, Abcam, #ab97051). Immu-
noreactive bands were detected using the ECL Substrate Kit
(High Sensitivity, Abcam, #ab133406) and imaged with the
iBright FL1000 Imaging System (Thermo Fisher Scientific,
US). Band intensity was quantified using ImageJ software
and normalized to GAPDH levels.

Bands’ molecular weight was confirmed using two types
of ladders: SuperSignal™ Molecular Weight Protein Lad-
der (Thermo Fisher Scientific, #84785) and Precision Plus
Protein™ Kaleidoscope™ Standards (Bio-Rad, #1610375).

Statistical Analysis

Statistical analyses were performed using SPSS v27.0
(IBM, NY, USA) and a significance level of p<0.05 was
adopted. Data normality was assessed using the Shapiro-
Wilk test, while homogeneity of variances was verified
using Levene’s test. These assumptions guided the selection
of the most appropriate statistical tests. All graphs were gen-
erated using GraphPad Prism® v8.4.3 (GraphPad Software,
MA, USA).

In the open field test, behavioral variables were analyzed
using Generalized Linear Models (GLM) according to the
distribution of each dataset. The variables “number of cross-
ings” and “number of rearings” exhibited normal and homo-
geneous distributions, representing count data, which are
better modeled by discrete probability distributions. There-
fore, these variables were analyzed using a Poisson GLM
with a log link function (Pearson’s Chi-square goodness-of-
fit; Wald statistics), with neonatal treatment (vehicle or iron)
and adult treatment (vehicle, CBD, or CBG) as between-
subject factors. Post hoc pairwise comparisons were based
on estimated marginal means (EMMs) with Sidak correction
for multiple comparisons. The variables “latency to initiate
locomotion” and “time spent in the center” did not meet
normality criteria and exhibited a right-skewed distribution.
Consequently, they were analyzed using a Gamma GLM
with a log link function (maximum likelihood estimation;
Wald statistics), with post hoc comparisons also based on
EMMs with Sidak adjustment. The use of GLM, instead of
a traditional two-way ANOVA, was chosen because GLM

allows for flexible modeling of non-normally distributed
data and the use of appropriate link functions for each vari-
able type, ensuring a more accurate and robust estimation of
treatment effects.

The recognition index (training and test phase) did not
meet normality assumptions and was analyzed using a GLM
with a Gamma distribution and log link function, includ-
ing neonatal treatment, adult treatment, and their interaction
as factors. Post hoc pairwise comparisons were based on
EMMs with Sidak correction for multiple comparisons.

The TNF-a level was examined with GLM because
Levene’s test indicated violations of variance homogene-
ity for both main factors. Post hoc pairwise comparisons
were based on EMMs with Sidak correction for multiple
comparisons. Similarly, normalized levels of IL-1f did
not meet the assumptions of normality and were also ana-
lyzed using GLM with the same factors and EMM-based
Sidak-corrected pairwise comparisons. In contrast, 1L-6
data met all statistical assumptions, allowing analysis via
two-way ANOVA with Tukey’s post hoc test for multiple
comparisons.

Occludin expression data did not meet the assumption
of homogeneity of variances, as indicated by Levene’s test,
and were therefore analyzed using GLM, including neonatal
treatment, adult treatment, and their interaction as fixed fac-
tors. Post hoc pairwise comparisons were based on EMMs
with Sidak adjustment for multiple comparisons.

Results
Behavioral Tests
Open Field Test

To control for possible alterations in locomotor and explor-
atory behavior induced by neonatal iron or adult phytocan-
nabinoid treatments, which could interfere with memory
acquisition, we performed an analysis of open-field behav-
ior 24 h before the object recognition training session (Fig.
2).

Regarding the number of crossings (Fig. 2a), the GLM
revealed no significant main effects of neonatal treatment
[Wald %2(1)=0.941, p=0.332] or adult treatment [Wald
¥¥(2)=3.114, p=0.211], and no significant interaction
between the two factors [Wald ¥*(2)=0.569, p=0.752].

Similarly, rearing behavior (vertical exploratory activ-
ity, Fig. 2b) showed no effect for the neonatal factor [Wald
¥*(1)=1.487, p=0.223] or the adult treatment factor [Wald
¥}(2)=3.554, p=0.169], and no significant interaction
between the two factors [Wald y*(2)=3.168, p=0.205].
These findings suggest that neither neonatal iron exposure
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Fig. 2 Behavioral parameters in the open field test. Graphs rep-
resent the behavioral performance in the open field of adult Wistar
rats treated neonatally with Sorbitol or Iron, followed in adulthood
by treatment with Vehicle, CBD, or CBG. Group sizes were as fol-
lows: Sorbitol-Vehicle (n=8), Sorbitol-CBD (n=10), Sorbitol-CBG
(n=12); Iron—Vehicle (»=10), Iron-CBD (n=12), Iron-CBG (n=11).
Analyses included: (a) number of crossings (horizontal locomotion;
GLM, Poisson log-linear model); (b) number of rearings (vertical

nor phytocannabinoid treatment in adulthood affected spon-
taneous locomotor activity or exploratory behavior.

Concerning the latency to initiate locomotion (Fig. 2c),
GLM analysis revealed no significant main effects of the neo-
natal treatment [Wald y*(1)=0.049, p=0.826] or adult treat-
ment [Wald ¥*(2)=1.331, p=0.514]. Moreover, no significant
interaction between neonatal and adult treatments [Wald
1?4(2)=4.589, p=0.101] on the latency to initiate locomotion
was found, indicating that neither early-life iron exposure nor
the adult administration of phytocannabinoids significantly
altered the time required to start spontaneous locomotion.

The time spent in the central zone (Fig. 2d) showed no
statistically significant differences between the neonatal
treatment groups [Wald y*(1)=2.896, p=0.089] or between
the adult treatment groups [Wald ¥*(2)=1,383, p=0.501],
and also no significant interaction between the two factors
[Wald *(2)=0.151, p=0.927], suggesting absence of anxi-
ety-like behavior.

@ Springer

exploration, GLM, Poisson log-linear model); (¢) latency to initiate
locomotion (GLM, Gamma distribution, log link); and (d) time spent
in the center of the arena (GLM, Gamma distribution, log link). Data
are presented as mean+SEM with individual data points. Statistical
comparisons and post hoc analyses were based on estimated marginal
means (EMMs). Parametric (a and b) and non-parametric (¢ and d)
variables did not reach statistical significance in the open field analysis
(»p>0.05 for all factors)

Overall, these findings indicate that locomotor and
exploratory behaviors and anxiety were not influenced by
either neonatal iron exposure or adult phytocannabinoid
treatment, supporting the interpretation that subsequent
cognitive assessments are not confounded by alterations in
general activity or anxiety-like behavior.

Object Recognition Task

Our primary objective was to investigate whether pharma-
cological treatment with CBD or CBG in adulthood could
mitigate memory deficits induced by iron overload during
the neonatal period, an experimental model of memory defi-
cits associated with aging and NDs.

In the recognition index analysis in the training phase (Fig.
3), no effects were observed for the neonatal group [Wald
¥*(1)=0.915, p=0.339], adult group [Wald ¥*(2)=0.527,
p=0.768], or their interaction [ Wald ¥*(2)=0.240, p=0.887].
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The LTM recognition index (from the test session, Fig.
3) demonstrated significant main effects for both neonatal
group [Wald y*(1)=9.779, p=0.002] and the adult group
[Wald *(2)=10.215, p=0.006], as well as their interac-
tion [Wald ¥*(2)=7.329, p=0.026], indicating that the
memory-improving effects of adult treatment with CBD
or CBG were observed in rats exposed to iron during the
neonatal period.

The Iron—Vehicle group displayed the lowest object rec-
ognition index among all groups (p=0.004 vs. Sorbitol-
Vehicle), confirming that neonatal iron overload impairs
recognition memory.

Post hoc analysis revealed that adult treatment with
CBD (p=0.008) or CBG (p=0.002) significantly improved
recognition memory in iron-exposed rats compared to the
Iron—Vehicle group. These findings indicate that both phy-
tocannabinoids exert neuroprotective effects. No signifi-
cant differences were observed among the Sorbitol-treated
groups.

Taken together, these results suggest that neonatal expo-
sure to iron was associated with cognitive damage, and
adult intervention with phytocannabinoids had a significant
effect on LTM and was able to reverse iron-induced mem-
ory impairment.

1.0;

Recognition index
o
s
g
cjcm
IIIJJ]#D o

Neuroinflammation

To gain a better understanding of the potential mechanisms
underlying iron-induced deficits, we investigated the effects
of iron overload during the neonatal period on inflamma-
tory parameters in the hippocampus of adult rats. Given the
known anti-inflammatory effects of phytocannabinoids, we
also aimed to investigate whether their potential in revers-
ing iron-induced memory deficits could be related to coun-
teracting neuroinflammation.

TNF-a

Statistical analysis of hippocampal TNF-a levels (Fig. 4a)
revealed a significant effect of neonatal treatment (Wald
¥*(1)=6.472, p=0.011). Neonatal treatment had a sig-
nificant main effect on TNF-a levels, indicating an overall
increase associated with iron exposure. The adult treat-
ment factor showed a marginally significant effect (Wald
¥*(2)=5.862, p=0.053), while the interaction between fac-
tors was not significant (Wald ¥3(2)=0.568, p=0.753), sug-
gesting that phytocannabinoid treatments did not reverse the
iron-induced elevation of TNF-o, as further supported by
post hoc comparisons.
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Fig. 3 Object recognition task. The bar graphs represent the recogni-
tion index data presented as mean+SEM with individual data points.
Adult Wistar rats treated neonatally with Sorbitol or Iron, followed
by adult treatment with Vehicle (VEH), cannabidiol (CBD), or can-
nabigerol (CBG). Object recognition performance expressed as train-
ing session and long-term memory (LTM) retention. Group sizes
were: Sorbitol-Vehicle (n=28), Sorbitol-CBD (n=10), Sorbitol-CBG
(n=12); Iron—Vehicle (»=10), Iron-CBD (n=12), Iron-CBG (n=11).
No differences were observed in the training session. In contrast, the
test session (LTM) revealed significant main effects of neonatal treat-
ment (p=0.002), adult treatment (p=0.006), and their interaction

Iron

(»=0.026). Cognitive deficits were induced by neonatal iron overload,
as evidenced by the lowest recognition index in the Iron—Vehicle group
when compared to the Sorbitol-Vehicle group (p=0.004). Treatment
with CBD (p=0.008) and CBG (p=0.002) significantly improved
performance in iron-exposed animals, restoring levels comparable to
those of the Iron—Vehicle group. Statistical comparisons and post hoc
analyses were based on estimated marginal means (EMMs) with Sidak
correction. * Indicates significant differences between Iron - Vehicle
vs. Sorbitol - Vehicle, p<0.05; # indicates significant differences
between Iron - Vehicle vs. Iron — CBD and Iron - CBG, p<0.05
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Fig. 4 Hippocampal cytokine levels (TNF-a, IL-1pB, and IL-6) in adult
rats treated with CBD or CBG following neonatal iron overload. (a)
Tumor Necrosis Factor-o (TNF-a). Bar graphs represent TNF-o con-
centrations in animals treated neonatally with Sorbitol or Iron and, in
adulthood, with Vehicle (VEH), cannabidiol (CBD), or cannabigerol
(CBGQG). Group sizes: Sorbitol-VEH (n=4), Sorbitol-CBD (n=4), Sor-
bitol-CBG (n=5); Iron—-VEH (n=4), Iron—-CBD (n=4), Iron-CBG
(n=4). Neonatal iron exposure significantly increased TNF-a levels
(»=0.011). CBG increased TNF-o under basal conditions (Sorbitol—
CBG vs. Sorbitol-VEH, p=0.049), whereas CBD had no effect. *
Indicates p<0.05, Sorbitol vs. Iron (main effect); ** indicates p<0.05,
Sorbitol-CBG vs. Sorbitol-VEH; (b) Interleukin-1f (IL-1B). IL-1f
concentrations for the same groups. Group sizes: Sorbitol-VEH (n=7),
Sorbitol-CBD (n=7), Sorbitol-CBG (n=6); Iron-VEH (n=7), Iron—
CBD (n=38), Iron—-CBG (n=28). Adult treatment (»p<0.001) and the
interaction between neonatal and adult treatments (p<0.05) were sig-

Pairwise analyses indicated that CBD treatment did not
alter TNF-a expression under either condition. In Sorbitol-
treated animals, TNF-a levels were nearly identical between
the Sorbitol-CBD and Sorbitol-Vehicle groups (p=0.995).
Similarly, in Iron-exposed animals, TNF-a concentrations
in the [ron—CBD group did not differ from the Iron—Vehicle
group (p=0.907). Thus, CBD failed to modulate hippocam-
pal inflammation, suggesting a limited or pathway-specific
anti-inflammatory effect under the conditions tested.

CBG showed a different profile. The Iron—-CBG group
did not differ significantly from the Iron—Vehicle group
(p=0.295), indicating no protective effect against iron-
induced inflammation. However, in the absence of iron
overload, the Sorbitol-CBG group displayed significantly
higher TNF-a levels than the Sorbitol-Vehicle group
(»=0.049). This result suggests that CBG may even pro-
mote a mild pro-inflammatory response under basal condi-
tions, rather than exerting anti-inflammatory effects.

IL-1B

The overall model was statistically significant [Omnibus
test: ¥%(5)=27.929, p<0.001], confirming the fit of the
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nificant. [Iron—VEH animals showed elevated IL-1p vs. Sorbitol-VEH
(»=0.016). Both CBD and CBG reduced IL-1f levels in iron-exposed
rats (»<0.001). CBD also reduced IL-1B below Sorbitol-CBD lev-
els (p=0.038), and CBG reduced IL-1p even in controls. * Indicates
»<0.05 (Iron—VEH vs. Sorbitol-VEH); ** indicates p<0.001 (Iron—
CBD vs. Iron-VEH); *** Indicates p<0.001 (Iron—CBG vs. Iron—
VEH); # indicates p <0.05 (Iron—CBD vs. Sorbitol-CBD). ## Indicates
p<0.05, Sorbitol-CBG vs. Sorbitol-Vehicle. (¢) Interleukin-6 (IL-6).
IL-6 levels in the same treatment groups. Group sizes: Sorbitol-VEH
(n=4), Sorbitol-CBD (n=4), Sorbitol-CBG (n=5); Iron—-VEH (n=4),
Iron—-CBD (n=5), Iron—CBG (n=06). There were no significant effects
of neonatal treatment, adult treatment, or their interaction (all p>0.05).
Data are presented as mean+ SEM with individual data points. Statis-
tical comparisons for TNF-o and IL-1p were performed using GLM
with EMMs and Sidak-corrected post hoc comparisons. IL-6 data were
analyzed using two-way ANOVA followed by Tukey’s post hoc test

analysis. Examination of hippocampal IL-1 levels (Fig.
4b) revealed no effect of neonatal treatment alone [Wald
¥¥(1)=0.014, p=0.907], while significant effects emerged
for adult treatment [Wald %*(2)=28.399, p<0.001] and
for the interaction between factors [Wald ¥*(2)=10.199,
p=0.006]. Pairwise comparisons indicated that the Iron—
Vehicle group displayed significantly higher IL-1 concen-
trations compared to the Sorbitol-Vehicle group (p=0.016),
confirming that neonatal iron overload enhanced hippocam-
pal inflammation. CBD significantly reduced IL-1f levels
under iron-overload conditions. Animals in the Iron—-CBD
group had significantly lower IL-1p levels than those in the
Iron—Vehicle group (p<0.001). In contrast, CBD did not
alter cytokine levels under basal conditions, as the Sorbi-
tol-CBD group and Sorbitol-Vehicle group did not differ
significantly (p=0.590). Notably, IL-1B concentrations
were even lower in the Iron-CBD group compared with the
Sorbitol-CBD group (p=0.038), suggesting that CBD not
only counteracted iron-induced inflammation but may also
enhance anti-inflammatory signaling beyond baseline levels
under injury conditions.

Similarly, CBG treatment reduced IL-1p expression
in animals that underwent neonatal iron overload. The



Neurotoxicity Research (2026) 44:48

Page9of 14 48

Iron—CBG group showed significantly lower cytokine levels
than the Iron—Vehicle group (p<0.001). In addition, CBG
decreased IL-1B under basal conditions, as the Sorbitol-
CBG group exhibited significantly reduced levels compared
to the Sorbitol-Vehicle group (p=0.027). Together, these
findings highlight a modulatory effect of CBG on IL-1B
levels, effective both in the presence and absence of iron-
induced hippocampal inflammation.

These findings indicate that CBD and CBG modulate
inflammatory responses in a cytokine-specific manner, par-
ticularly by reducing IL-1f levels.

This profile supports their potential use as therapeutic
tools in neuroinflammatory conditions, and CBG may even
have a broader anti-inflammatory profile, functioning even
in the absence of an apparent inflammatory trigger.

IL-6

Statistical comparisons of IL-6 levels (Fig. 4c) indicated
no statistically significant effects. No significant effects
of adult group [F(2,18)=0.322; p=0.729] or neonatal
group [F(1,18)=0.864; p=0.365] were observed, nor
interaction between neonatal and adult treatment groups
[F(2,18)=0.258; p=0.776]. The overall model was also non-
significant [F(5,18)=0.404; p=0.839], with low explana-
tory power (R? = 0.101; adjusted R? = —0.149), suggesting
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Fig. 5 Normalized occludin levels (mean+SEM) and a representative
immunoblot in the hippocampus of adult rats subjected to neonatal
treatment with sorbitol or iron, followed by adult treatment with vehi-
cle (VEH), cannabidiol (CBD), or cannabigerol (CBG). Group sizes
were as follows: Sorbitol-Vehicle (n=6), Sorbitol-CBD (n=5), Sor-
bitol-CBG (n=5); Iron—Vehicle (n=5), Iron-CBD (n=4), and Iron—
CBG (n=4). A significant interaction was observed between neonatal
and adult treatments (p=0.023). Post hoc analysis revealed that neo-

that neither neonatal nor adult treatments had a significant
influence on IL-6 levels under the tested conditions.

BBB Integrity

To investigate whether neuroinflammatory condition
induced by neonatal iron overload could influence BBB
integrity and pharmacological treatment with CBD or CBG
in adulthood would be able to counteract a proposed iron-
induced BBB disruption, Western blot analysis of occludin
was performed and expressed as estimated marginal means
from generalized linear model analysis (Fig. 5).

GLM analysis revealed that neither factor alone had
a significant effect (adult treatment: Wald ¥*(2)=2.946;
p=0.229; neonatal treatment: Wald x*(1)=0.001; p=0.975).
However, a statistically significant interaction between neo-
natal and adult treatments was detected [Wald y3(2)="7.530;
p=0.023].

Pairwise comparisons showed that neonatal iron over-
load significantly reduced occludin expression compared
to controls (»p=0.026). In animals exposed to neonatal iron
overload, CBD treatment significantly increased occludin
levels compared with the iron-vehicle (p=0.025), and CBG
treatment had an even stronger effect (p=0.007). No sig-
nificant differences among adult treatments were observed
within the Sorbitol groups.
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natal iron overload significantly reduced occludin levels compared to
neonatal sorbitol in vehicle-treated animals, and that both CBD and
CBG in adulthood significantly increased occludin expression in the
iron-exposed groups compared to vehicle treatment. Data are pre-
sented as mean+ SEM with individual data points. Statistical compari-
sons and post hoc analyses were based on estimated marginal means
(EMMs) obtained from generalized linear model analysis. * Indicates
p<0.05 versus the indicated group
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These results indicate that neonatal iron overload dis-
rupts BBB integrity, and both CBD and CBG treatments in
adulthood can restore occludin expression, preserve the bar-
rier and counteract TJ disruption possibly associated with
early-life iron-induced neuroinflammation.

Discussion

Neonatal iron overload is a well-established model of per-
sistent neurobiological alterations. In the present study, it
was associated with impaired recognition memory in adult-
hood, consistent with previous reports of long-term cogni-
tive dysfunction (de Lima et al. 2005; Schrdder et al. 2013).
Importantly, deficits were specific to memory retention, not
related to motor or exploratory changes.

Previous studies indicate that excess iron promotes OS,
glial activation, apoptosis, and loss of synaptic proteins,
particularly those associated with synaptic integrity and
plasticity, such as synaptophysin (de Lima et al. 2005; da
Silva et al. 2014). Our findings reinforce this, showing for
the first time that neonatal iron exposure induces long-last-
ing hippocampal alterations while sustaining a pro-inflam-
matory state, marked by elevated TNF-a and IL-1f. These
cytokines knowingly impair synaptic function and memory,
indicating neuroinflammation as a key mechanism (Allan et
al. 1ca2005; Feng et al. 2017; Khaksar and Bigdeli 2017).

Mechanistically, this response can be attributed to iron’s
ability to generate hydroxyl radicals via Fenton chemistry,
causing oxidative damage. Also, OS activates microglia and
astrocytes, which release proinflammatory mediators and
amplify neuronal injury (Kenkhuis et al. 2021). Accord-
ingly, we have previously demonstrated increased reactive
astrocytosis, revealed by densitometry of glial fibrillary
acidic protein (GFAP) immunoreactive astrocytes, in the
hippocampus of iron-treated adult rats when compared to
age-matching controls (Fernandez et al. 2011). Thus, the
persistent inflammatory alterations may contribute to the
cognitive deficits observed after neonatal iron overload,
possibly in combination with other mechanisms previously
verified, including neuronal and synaptic alterations.

The role of TNF-a in neurodegeneration has been increas-
ingly recognized. In neurons, TNF-a promotes apoptosis,
excitotoxicity, and synapse loss (Kenkhuis et al. 2021; Wang
et al. 2022). In glial cells, it maintains a self-amplifying
inflammatory cycle by stimulating further release of cyto-
kines and ROS (Khaksar and Bigdeli 2017). Consequently,
TNF-0 emerges as both a mediator and amplifier of iron-
induced toxicity. Additionally, it has been demonstrated that
persistent elevation of IL-1f impairs long-term potentiation
(LTP), reduces dendritic spine density, and interferes with
neurogenesis (Allan et al. 2005). These mechanisms might
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explain the memory deficits, suggesting chronic neuroin-
flammation as a mediator.

Although CBD is known to inhibit TNF-o production
via NF-kB pathway suppression and TNF receptor down-
regulation (Esposito et al. 2006, 2007; Carrier et al. 2006;
Khaksar and Bigdeli 2017), in our study it did not signifi-
cantly reduce this cytokine in iron-overloaded animals. This
lack of effect likely reflects a state of chronic inflammation,
where NF-«B signaling becomes persistently activated and
less responsive to modulation. Therefore, CBD’s ability to
suppress TNF-a appears more effective in acute or transient
inflammatory contexts (de Lima et al. 2005; Atalay et al.
2019; Urrutia et al. 2021), rather than long-term, as is the
case of the current model.

In contrast, CBD reduced IL-1f levels in iron-exposed
animals, even below basal levels. This suggests that other
mechanisms, including partial NF-xB inhibition (Esposito
et al. 2007; Atalay et al. 2019), 5-HT1A receptor activa-
tion, and adenosine uptake (Carrier et al. 2006; Pazos et al.
2013), were sufficient to attenuate IL-1p signaling despite
chronic inflammation. These selective effects likely under-
lie the observed improvement in recognition memory, given
IL-1B’s established role in disrupting LTP and synaptic
plasticity.

CBG exhibited a markedly distinct pharmacologi-
cal profile compared with CBD. It significantly increased
hippocampal TNF-a levels compared to vehicle controls.
This unexpected elevation suggests that CBG and CBD
act through different pathways, and that CBG might have
dual features, depending on the baseline inflammatory
state. Interestingly, CBG displayed a significant effect on
IL-1B, by reducing its level in animals exposed to iron
while also lowering the cytokine levels under basal condi-
tions. This dual outcome indicates that CBG’s actions are
context-dependent (De Petrocellis et al. 2011; Borrelli et al.
2013; Gugliandolo et al. 2018). Mechanistically, the effects
of CBG relate to its broad receptor activity. Unlike other
phytocannabinoids, it lacks CB1 affinity, has partial CB2
agonism, and indirectly elevates anandamide (AEA) by
inhibiting fatty acid amide hydrolase (FAAH), though less
effectively than CBD (De Petrocellis et al. 2011; Stone et al.
2021). CBG also engages peroxisome proliferator-activated
receptors (PPARs), particularly PPARy (Hind et al. 2016;
Gugliandolo et al. 2018; Stone et al. 2021), and modulates
o2-adrenergic and serotonin 5-HT1A receptors, linking it
to metabolic, anti-inflammatory, and neuroprotective func-
tions in the CNS (Mendiguren et al. 2023).

This pharmacological profile helps explain the contrast-
ing outcomes observed and their association with neuropro-
tective effects (Valdeolivas et al. 2015; di Giacomo et al.
2020; Stone et al. 2021). In control animals, where there
is no significant inflammatory challenge, activation of
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o2-adrenergic and serotonergic pathways may shift signal-
ing toward a mild pro-inflammatory state, consistent with
the increase in TNF-a. In contrast, under iron-induced neu-
roinflammation, CBG’s ability to engage PPARY, modulate
CBI1 through AEA elevation, and activate protective TRP
pathways appears to dominate, leading to a reduction in
IL-1PB and improved cognitive performance. The absence
of an effect on TNF-a in the iron group suggests that this
cytokine may be less sensitive to the mechanisms activated
by CBG.

No changes were observed in hippocampal IL-6 levels
after neonatal iron overload. It is possible that the peak
of IL-6 expression was not captured in this study or that
a stronger stimulus is required for its detection. As previ-
ous studies indicate, IL-6 often shows transient fluctuations,
particularly under phytocannabinoid influence (De Petro-
cellis et al. 2011; Gugliandolo et al. 2018; di Giacomo et
al. 2020). Thus, the absence of alterations here suggests that
IL-6 is unlikely to be a useful neuroinflammatory marker in
the neonatal iron overload model.

Collectively, our findings show that phytocannabinoids
might modulate hippocampal inflammation in a cytokine-
specific way. Both CBD and CBG reduced IL-1p under
iron-induced neuroinflammation and even in baseline
conditions, but neither reversed TNF-o increases. Thus,
IL-1B emerges as a more sensitive target, while TNF-a
may require stronger or additional stimuli for modulation.
These results are particularly relevant given the major
role of neuroinflammation in hippocampal vulnerability
and memory impairment. Elevated IL-1B and TNF-a are
central to processes associated with learning and memory
impairment, while reducing inflammatory signaling can
restore cognitive function (Allan et al. 2005; Feng et al.
2017). However, additional mechanisms previously asso-
ciated with iron overload, including neuronal damage and
synaptic dysfunction, may also contribute to the observed
memory impairment.

Loss of BBB integrity is a well-known consequence of
OS and neuroinflammation (Rochfort et al. 2016; Rosen-
blum and Kosman 2022), and our results extend this precept
to neonatal iron overload. Excess iron promotes ROS gen-
eration and ferroptosis, releasing redox-active iron that may
perpetuate cellular and vascular damage (Zhao et al. 2023).
Previous studies have shown that matrix metalloproteinases
(MMPs), induced under OS conditions, can degrade basal
lamina components and TJ proteins (Rosenberg et al. 1995;
Rosenberg 2002), potentially contributing to the reduc-
tion in occludin expression observed in the present study.
In addition, inflammatory cytokines have been reported
to downregulate TJ proteins and impair BBB-associated
pathways, increasing barrier permeability (Rochfort et al.
2016). Thus, early-life iron exposure may induce persistent

alterations in proteins associated with BBB structural orga-
nization, which could then contribute to long-term neuro-
biological dysfunction.

CBD and CBG treatments in adulthood reversed the
reduction of occludin expression in animals exposed to neo-
natal iron overload. These findings suggest that phytocan-
nabinoids may modulate molecular components associated
with BBB structure and protect its integrity under iron-over-
load conditions. Previous studies support a potential BBB-
related effect of CBD through modulation of inflammatory
and oxidative pathways. In traumatic brain injury, CBD
reduced TNF-a and IL-1PB while increasing TJs proteins
(Jiang et al. 2021). Similar effects were seen in cerebral
ischemia, where CBD reduced TNF-a, TNFR1, and NF-xB
signaling, accompanied by decreased BBB permeability
(Khaksar and Bigdeli 2017). After intraventricular hemor-
rhage, CBD decreased MMPs activity and partially restored
occludin expression which was associated with NF-«B inhi-
bition and TNF-a reduction (Pozo et al. 2024). Together,
these findings from previous studies are in line with our
results and suggest the possible involvement of inflamma-
tory and BBB-related pathways in the effects observed after
phytocannabinoid treatment.

Although evidence is still limited, CBG appears to be a
promising neuroprotective agent for BBB integrity. In vitro
studies with human BBB cells showed that CBG reduced
pro-inflammatory markers and proteins linked to DNA dam-
age, such as p53, which contributes to ferroptosis and bar-
rier dysfunction (Stone et al. 2021; Zhao et al. 2023).

Iron accumulation in humans, as seen in conditions such
as NDs, has been associated with cognitive impairment and
memory deficits (Spence et al. 2020). These findings rein-
force the translational relevance of our model, and suggest
that phytocannabinoids, may modulate molecular altera-
tions associated with iron-induced neurotoxicity (Fagher-
azzi et al. 2012; da Silva et al. 2012) in patients as well.

Overall, both CBD and CBG modulated occludin expres-
sion after neonatal iron overload, consistent with previ-
ously reported neuroprotective and immunomodulatory
properties. Previous studies suggest that CBD may influ-
ence inflammatory and oxidative pathways associated with
TJ regulation, whereas the mechanisms underlying CBG
effects remain less understood. Importantly, molecular
alterations in inflammatory markers and occludin expres-
sion were accompanied by improved recognition memory,
supporting the possibility that phytocannabinoids may
attenuate persistent neurobiological alterations induced by
early-life iron exposure.

This study has some limitations that should be consid-
ered when interpreting the findings. First, only male rats
were included, and the present results cannot be general-
ized to females, particularly given the known sex-related
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differences in neuroinflammatory responses and endocan-
nabinoid signaling. Second, although occludin expres-
sion was used as a molecular marker of BBB integrity,
no functional assessment of BBB permeability was per-
formed. Therefore, our findings demonstrate restoration of
a TJ-associated protein rather than direct recovery of BBB
function. Third, the inflammatory analysis was restricted
to some cytokines, and additional inflammatory mediators,
glial activation markers, OS parameters, and signaling path-
ways were not investigated. Consequently, the mechanisms
underlying the neuroprotective effects of CBD and CBG
remain only partially characterized. Therefore, while the
present findings support an association between phytocan-
nabinoid treatment, reduced neuroinflammation, restoration
of occludin expression, and improved recognition memory,
the precise molecular mechanisms underlying these effects
remain to be elucidated.

The present study extends previous investigations of
neonatal iron overload by providing the first comparative
assessment of CBD and CBG in this model. By following
the experimental conditions previously used in this model,
it was possible to directly compare the present findings with
earlier studies from our group. Altogether, our findings sup-
port CBG as a promising and yet underexplored therapeu-
tic candidate for neuroinflammation and iron-related brain
dysfunction.

Conclusions

In summary, our findings confirm that neonatal iron overload
induces persistent memory impairments, and further show
that these deficits are associated with neuroinflammation
and increased BBB permeability, as indicated by reduced
occludin expression. In line with the primary aim of this
study, the comparative evaluation of CBD and CBG dem-
onstrated that both cannabinoids restored occludin expres-
sion while attenuating neuroinflammation, changes that
were accompanied by improved recognition memory per-
formance. Together, these findings support the hypothesis
that modulation of neuroinflammatory responses and BBB
integrity contributes to cognitive recovery in adulthood fol-
lowing early-life iron overload and highlight both CBD and
CBG as promising therapeutic candidates for iron-related
neurological disorders.
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