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Exploring the neuroprotective effects @
of phytocannabinoids on oxygen-glucose
deprived neurons in an in vitro model

of stroke
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Abstract

Background Stroke is a leading cause of death and disability worldwide, but therapeutic options to reduce or
prevent neuronal damage are extremely limited. Cannabinoids exhibit antioxidant, anti-inflammatory, and receptor
modulatory actions that may offer neuroprotection. While research on the potential of cannabinoids has expanded
in epilepsy and neurodegeneration, the neuroprotective potential of this class of natural compounds in stroke
remains underexplored. Here, we evaluated a panel of phytocannabinoids (PCs) for their ability to mitigate ischemia—
reperfusion injury in an in vitro human model of stroke.

Methods Human induced pluripotent stem cell (iPSC)-derived cortical neurons were subjected to 60 min of
oxygen—glucose deprivation (OGD) followed by reperfusion. Neuronal survival was quantified over seven days using
longitudinal live-cell imaging. Twenty-eight PCs were screened for their effect on reducing neuronal death.

Results Among 28 PCs screened, seven demonstrated modest effects, with cannabigerorcinic acid (CBGOA)
significantly improving post-OGD neuronal survival. While OGD exposure led to increased cell death via activation of
caspase 3, CBGOA treatment did not impact that pathway, suggesting that other caspase-independent pathways may
be implicated.

Conclusions This pilot study identifies CBGOA as a candidate cannabinoid with neuroprotective potential in an in
vitro model of ischemic stroke. The use of iPSC-derived human cortical neurons strengthens translational relevance,
but the modest effects observed, and the limitations of in vitro systems, underscore the need for in vivo validation
and further mechanistic studies. Collectively, these results provide a foundation for exploring CBGOA and related
cannabinoids as potential neuroprotective agents in stroke.
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Background

Nearly 15 million people worldwide experience a stroke
each year, leaving approximately 5 million individuals
permanently disabled [1]. Stroke is defined by the sudden
interruption of glucose and oxygen delivery to a select
region of the brain. This results from two primary forms
of cerebrovascular injury: hemorrhagic, caused by rup-
ture of a brain blood vessel, or ischemic, caused by vas-
cular occlusion. Ischemic strokes account for more than
80% of all cases [2]. When cerebral blood flow is blocked,
oxygen-glucose deprivation (OGD) triggers acute neu-
ronal death and long-term damage to the affected brain
regions. However, even after blood flow is restored
through pharmacological or surgical intervention, neu-
rons remain highly susceptible to secondary injury [3, 4].
In fact, while the rapid restoration of blood flow is cru-
cial for improving long-term outcomes, it also initiates a
second wave of neuronal death through a process known
as ischemia-reperfusion injury (IRI). During ischemia,
the lack of oxygen halts ATP synthesis, leading to mito-
chondrial damage and the disruption of cellular energy
production. Upon reperfusion, the sudden influx of oxy-
gen- and glucose-rich blood triggers oxidative stress,
driven by the overproduction of free radicals and reac-
tive oxygen species (ROS). These ROS overwhelm the
cell’s natural antioxidant defenses, while already damaged
mitochondria further amplify ROS production, overall
exacerbating cellular dysfunction and neuronal death
through the activation of the apoptotic cascade [3-6].

Due to the combined effects of these acute and sub-
acute injuries, stroke survivors are at increased risk for
several long-term complications, including paralysis,
cognitive impairment, and emotional and behavioral
changes [7-9]. Therefore, early and effective treatments
to minimize neuronal death and reduce stroke-related
long-term disabilities are of the utmost importance for
these patients. Critically, the delayed wave of cell injury
during reperfusion offers a promising window for thera-
peutic intervention to limit neuronal damage. To that
end, antioxidants and anti-inflammatory compounds
have been investigated for their potential neuroprotective
or recovery-enhancing activity in post-stroke patients.
Among these, derivatives from the Cannabis sativa plant
are of great promise due to their broad-spectrum antioxi-
dant properties and high lipophilicity [10].

More than 120 cannabinoids have been isolated and
characterized from Cannabis [10], representing a chemi-
cally diverse class of terpenophenolic compounds dis-
tinguished by their lipophilicity and ability to readily
cross the blood-brain barrier [11]. This unique chemi-
cal nature enables cannabinoids to interact with multiple
molecular targets in the CNS to modulate key processes
involved in neuronal survival, making them particularly
promising candidates for the treatment of CNS disorders
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characterized by neuronal injury and/or dysregulated
immune responses [12, 13]. While most research has
centered on major cannabinoids such as cannabidiol
(CBD) and A’-tetrahydrocannabinol (A’-THC), emerg-
ing evidence suggests that minor cannabinoids may
exert distinct and sometimes stronger biological effects
[14, 15]. These lesser-studied compounds often display
anti-inflammatory, antioxidant, and neuroprotective
actions through mechanisms beyond classical cannabi-
noid receptors, underscoring their potential in neuroin-
flammatory conditions [15-17]. Here, we evaluated an
established comprehensive in-house library of structur-
ally defined phytocannabinoids (PCs) [18] for their neu-
roprotective potential in an iPSC-derived cortical neuron
model of ischemic stroke. This unique resource enables
structure—activity relationship analyses to link specific
chemical scaffolds to biological effects, advancing the
discovery of novel cannabinoids capable of mitigating
IRL

Methods

Phytocannabinoids library

A library of structurally characterized minor phytocan-
nabinoids (PCs) was established as described in our ear-
lier work [18]. The library includes cannabidiolic acid
methyl ester (1; CAME), A’-tetrahydrocannabutol (2; A°-
THCB), cannabinol (3; CBN), cannabinodiol (4; CBND),
cannabicitran (5; CBT), tetrahydrocannabinolic acid
A (6; THCA-A), 11-nor-9-carboxy-A’-THC (7; THC-
COOH), cannabidivarin (8; CBDV), cannabichromene
(9; CBC), 11-hydroxy- A’-THC (10; 11 H- A°-THC),
tetrahydrocannabivarin (11; THCV), cannabidiolic acid
(12; CBDA), cannabigerovarinic acid (13; CBGVA), can-
nabichromevarin (14; CBCV), cannabigerovarin (15;
CBGYV), varinolic acid [16], cannabicyclol (17; CBL),
A8-tetrahydrocannabinolic acid A (18; A%-THCA-A),
cannabinol monomethyl ether (19; CBGM), cannabi-
varin (20; CBV), cannabigerorcinic acid (21; CBGOA),
6a-hydroxy-cannabidiol (22; 6 H-CBD), cannabig-
erol (23; CBG), cannabigerolic acid (24; CBGA), can-
nabidibutol (25; CBDB), cannabidiphorol (26; CBDP),
A°-tetrahydrocannabiphorol (27; A>THCP), and canna-
bidiol (28; CBD) (Supplementary Table 1).

Cortical neuron differentiation

Human induced pluripotent stem cells (iPSCs; KOLF2.1
], Jackson Laboratories) were maintained under standard
conditions as described and differentiated into corti-
cal neurons using the i3 method [19-21]. This approach
relies on the targeted integration of a gene expression
cassette into the CLYBLI safe-harbor locus to drive the
expression of the neuronal-specific transcription fac-
tor NGN2, together with an NLS-mApple fluorescent
reporter and a blasticidin resistance gene (Addgene
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plasmid #124229) [22]. To enable integration, iPSCs were
transfected with this plasmid along with Cas9 nuclease
and a site-specific gRNA (Synthego). Colonies were posi-
tively selected based on blasticidin resistance (10 pg/ml)
and NLS-mApple expression, pooled to minimize clonal
variability, and expanded (Supplementary Fig. 1). Positiv-
ity for the stem cell marker Oct4 (Abcam, 2750) was con-
firmed by immunofluorescence (see below).

Differentiation was induced by adding doxycycline
(2 pg/ml; Sigma Aldrich, D52071G) for 2 days, during
which proliferating cells were eliminated using BrdU
treatment (40pM). Cells were plated on poly-lysine
(Sigma Aldrich, P7405/P3655) coated coverslips (200,000
cells/well) or 96-well plates (30,000 cells/well) and main-
tained in neuronal medium (Neurobasal supplemented
with 2% B27, 1% N2, 1% NEAA, and 1 pg/ml laminin) for
up to 14 days before exposure to ischemic injury. Success-
ful neuronal differentiation was verified by immunostain-
ing for MAP2 (Thermo Fisher Scientific, PA1-16751), Tau
(Thermo Fisher Scientific, MN1000), GluA1 (NeuroMab,
75-327), and NR2A (NeuroMab, N327-95) (Supplemen-
tary Fig. 1). Differentiation efficiency was evaluated by
scoring the number of DAPI-positive nuclei that stained
positive for MAP2. Evaluation over 3 independent differ-
entiations indicated an average efficiency of 81% (Supple-
mentary Fig. 1).

Ischemic injury

To model stroke in vitro, iPSC-derived neurons were sub-
jected to 60 min of oxygen—glucose deprivation (OGD),
which was selected and optimized based on estab-
lished protocols [23, 24]. The complete neuronal culture
medium was removed and replaced with glucose-free
Neurobasal medium, and cells were immediately trans-
ferred to a hypoxia chamber (1% O,, 37 °C) for 60 min.
Following OGD, cultures were returned to normoxic con-
ditions, and the glucose-free medium was replaced with
one of the following: (i) complete neuronal medium with
DMSO (OGD + DMSO), (ii) complete neuronal medium
containing test PCs at the desired concentrations (OGD
+ PC), or (iii) complete neuronal medium supplemented
with 25 mM sodium arsenite to induce rapid cell death.
To control for the possible cell death caused by cell han-
dling, control neurons underwent similar media changes
as OGD neurons but were kept under normal oxygen and
glucose concentration for the duration of the experiment
(CtrD).

Compound screening

The panel of 28 PCs was screened for their ability to
enhance neuronal survival relative to OGD-DMSO con-
trols. Each compound was randomly assigned an iden-
tification number (i.e., 1 to 28) and these IDs were used
consistently across all experiments (Supplementary Table
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1). After a 60-minute OGD, cells grown in 96-well plates
were treated with each compound at a final concentra-
tion of 1 pM in triplicates and monitored for survival
over seven days. A subset of seven compounds was fur-
ther evaluated across a dose range (0.25, 0.5, 1, 2, and 4
uM) using the same OGD paradigm and imaging pro-
tocol described above. An untreated control (i.e. OGD-
DMSO) and negative control (i.e., sodium arsenite) were
always included. The distribution of compounds across
the plate was randomized for each biological replicate. To
assess neuronal survival, cells were imaged in the Incu-
Cyte system (S3, Sartorius) at 20x magnification in both
phase contrast and red fluorescence channels to detect
mApple expression, used as a marker of viability. Raw
32-bit red fluorescence images were exported and pro-
cessed in Fiji/Image] [25] using ROF denoise (theta = 25),
top-hat (radius = 20 pixels), despeckle, and smooth fil-
ters, followed by thresholding and particle analysis (Sup-
plementary Fig. 2). Live neuron counts were quantified as
the number of red fluorescent bodies per image. A lower
limit of 30 pxls? was used to remove artifacts and ensure
only live cells were counted. To account for variability
across experiments, counts at each time point were nor-
malized to the corresponding baseline (i.e., day 0).

Apoptosis assay

To evaluate the activation of the apoptotic pathway,
neurons were cultured on glass coverslips (15 mm) and
exposed to OGD * compound as described above. Neu-
rons were then fixed in 4% paraformaldehyde for 15 min
and processed for immunofluorescence as described [19,
20]. Fixation and staining were performed at 0, 1, and
7 days post-treatment. Primary antibodies were incu-
bated at 4 °C overnight and included anti—cleaved cas-
pase 3 (Cell Signaling — 9661) and anti-MAP2 (Thermo
Fisher Scientific - PA1-16751), and anti-GluA1 (Neuro-
Mab - 75-327). Species-specific secondary antibodies
conjugated with Alexa Fluor 488 and 647 dyes (Jackson
Immunoresearch) were incubated at room temperature
for 1 h.

Coverslips were imaged at 20x magnification using a
Leica DMi8 Thunder widefield microscope equipped
with a cooled cMOS camera (DFC9000 GTC, Leica) and
analyzed using Fiji/Image]J in blind. To quantify cleaved
caspase 3 fluorescence intensity, the fluorescent signal
was thresholded with a fixed threshold across experimen-
tal conditions and the background was cleared. Regions
of interest (ROIs) were defined based on DAPI staining
to identify cell bodies, and cleaved caspase 3 fluorescence
intensity was measured within these ROIs.

Statistical analyses
Normality of data was assessed with the Shapiro-Wilk
test for small dataset. Data where points were matched
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between the groups (averaged biological replicates) were
analyzed by ratio paired ¢ tests. For experiments involv-
ing multiple treatment groups relative to a common
untreated control, mixed-effects one-way or two-way
ANOVAs were used, followed by Dunnett’s multiple
comparisons post soc test to correct for multiple testing.
Nonlinear regression analysis of survival time course was
performed using one-phase decay function, defined as

y = (yw — Plateau)e™

where y,, represents neuronal survival at time 0, Plateau
represents y value at infinite times, and k is the decay
constant expressed as days~, with higher values indicat-
ing slower decay. The decay constant k was calculated for
each biological replicate and compared between DMSO
and PC-treated samples. All analyses were performed
in GraphPad Prism 9.0. P values<0.05 were considered
significant. Effect sizes (d) were calculated by dividing
the mean of differences by the standard deviation of dif-
ferences for paired t tests, or by the residuals standard
deviation for mixed effects analyses. Given the small
sample sizes, d was corrected using the factor J (for n=4,
]=0.7236; for n=5, J=0.7833). Effect sizes and 95% con-
fidence intervals (CI) were reported in the figure legends.
Independent biological replicates are shown as separate
data points.

Experimental reproducibility

All experiments were repeated across at least 3 inde-
pendent iPSC differentiations, with technical replicates
included for each condition. For survival assays, 3-5
wells (i.e. technical replicates) were averaged per condi-
tion per biological replicate (i.e. independent neuronal
differentiation). For cleaved caspase 3 assays, a minimum
of 100 cells were quantified per condition and averaged
per biological replicate. All statistical analyses were per-
formed only considering data from biological replicates.
The number of independent replicates per experiment is
specified in each figure legend as #.

Results

OGD causes neuronal death

To establish an in vitro model of stroke, we exposed
2-week-old iPSC-derived cortical neurons (iCNs) to
60-minute oxygen—glucose deprivation (OGD) and
tracked their survival every 24 h over a period of 7 days.
As control for the accuracy of the analysis pipeline, neu-
rons were treated with a high dose of sodium arsenite,
which led to a quick and dramatic increase in cell death
(Supplementary Fig. 2). We found that OGD-exposed
neurons showed a significantly lower survival rate 7 days
after the initial injury when compared to control neurons
that were maintained under normoxic conditions (69.2%
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OGD vs. 77.7% Ctrl survival, Fig. 1A-C). To investigate
whether apoptosis contributes to OGD-induced neuro-
nal death, we quantified the levels of cleaved (i.e., active)
caspase 3 expression in control and OGD neurons at day
0, day 1, and day 7. OGD neurons displayed a significant
increase in cleaved caspase 3 expression on day 1 but
not day 7 (Fig. 1D), suggesting that the activation of the
apoptotic cascade is an early but transient event follow-
ing ischemic stroke in vitro. Overall, these data support
the use of this stress paradigm to assess the potential of
cannabinoids to modulate neuronal toxicity after stroke.

Cannabinoid treatment reduces neuronal death in a
concentration-dependent manner

After confirming that OGD significantly decreases neu-
ronal survival, we screened a panel of 28 phytocan-
nabinoids (PCs) on post-OGD neurons to assess their
potential neuroprotective effect. Neurons were treated
with each compound (1 uM) immediately after OGD and
survival was monitored for up to 7 days. DMSO was used
as vehicle control. Under these conditions, we found that
several compounds had no obvious effect on neuronal
survival compared to DMSO-treated controls at day 7 (1,
2,4,5,7,9,13,16,17, 18, 19, 20, 23, 26, and 27), or mildly
increased toxicity (8, 22, 24, and 25). However, a subset of
compounds demonstrated a mild protective effect, even
though it did not reach statistical significance (3, 6, 10,
11, 15, 21, and 28; Fig. 2 and Supplementary Fig. 3).

Based on these observations, we wondered whether the
effects of these compounds could be enhanced by either
increasing or decreasing their concentration. Thus, we
selected a smaller panel of compounds that had shown
some effect in at least two of the three trials: 3 (CBN), 6
(THCA-A), 10 (11 H-A°-THC), 11 (THCV), 15 (CBGV),
21 (CBGOA), and 28 (CBD). Neurons were treated with
each compound at five decreasing concentrations (4, 2, 1,
0.5, and 0.25 pM) immediately after OGD, and their sur-
vival was monitored as described above over the course
of 7 days (Fig. 3). Not all compounds showed consis-
tent dose dependence, but overall lower concentrations
(0.25-0.5 uM) tended to perform as well or better than
the 1 pM dose used in the initial screen. Among these,
0.5 pM cannabigerorcinic acid (CBGOA, compound 21)
significantly increased neuronal survival compared to
OGD-DMSO controls (65.3% versus 58.0%; Fig. 3).

To assess whether CBGOA treatment rescued neuronal
survival via the downregulation of the apoptotic pathway,
we quantified caspase 3 activation in neurons exposed to
OGD and treated with CBGOA or DMSO only. Surpris-
ingly, we found that CBGOA treatment did not impact
cleaved caspase 3 levels in OGD-exposed neurons rela-
tive to controls (Supplementary Fig. 4), suggesting that
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Fig. 1 OGD reduces neuronal survival and induces caspase 3 activation in iCNs. A. Schematics of the experimental timeline. Two-week-old human iCNs
were subjected to 1 h of oxygen-glucose deprivation (OGD), followed by a 7-day recovery period. B. Representative phase contrast and mApple fluo-
rescence images of control (Ctrl) or OGD-exposed iCNs at Day 0 and Day 7 following stress. C. Quantification of neuronal survival at day 7 shows an 8%
reduction in survival in OGD-treated neurons compared with CTRL (77.9+2.6 Ctrl vs. 69.3+4.6 OGD, paired two-tailed t test, n=5, p=0.0183,d=1.35,Cl
=-14.77 10 -2.389). D. Representative immunofluorescence images of cleaved caspase 3 (green) and DAPI (blue) in Ctrl and OGD neurons at recover day
1. E. Quantification of cleaved caspase 3 mean fluorescence intensity (MFI) at recovery day 0, 1, and 7. Caspase 3 activation was significantly increased on
day 1in OGD neurons relative to Ctrl (14.56 +6.24 Ctrl vs. 42.92+9.13 OGD, ratio paired two-tailed t test, n=4, p=0.0315,d=1.38,CI=1.261to 12.51), but
not at Day 0 or Day 7. Data are shown as mean =+ SEM. Scale bars: 100 um in B, 50 um in D
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Fig. 2 Screening of phytocannabinoids identifies candidates that modulate neuronal survival after OGD. iPSC-derived cortical neurons were subjected
to OGD and subsequently treated with a panel of 28 PCs (1 uM) or vehicle control (DMSO). Quantification of neuronal survival on day 7 identified a subset
of samples (3,6, 10, 11,15, 21, and 28) with mild protective effects. Data were normalized to the DMSO control to correct for inter-experimental variability
(see Supplementary Fig. 3 for raw values). Data are presented as mean + SEM, with individual biological replicates shown (n = 3, one-way ANOVA with
mixed effects model, not significant)
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Fig.3 CBGOA improves survival after OGD in concentration-response testing. A Survival of iCNs exposed to OGD and treated with decreasing concentra-
tion of phytocannabinoids (survival is shown as percentage of initial cell numbers). Cells were treated with each compound at 4, 2, 1,0.5, and 0.25 uM,
and survival was measured after 7 days. CBGOA (0.5 puM) significantly increased neuronal survival compared to DMSO-treated controls (mixed-effects
ANOVA with Dunnett's correction for multiple comparisons (DMSO vs. PC), n=4, p=0.0136,d=0.9, Cl =-11.80 to -2.699). Data are shown as mean + SEM,
with individual biological replicates indicated. B Representative phase contrast and mApple fluorescence images of DMSO- and CBGOA-treated neurons
at day 0 and day 7. Scale bar, 50 um. C Time-course analysis of neuronal survival across 7 days of recovery shows prolonged preservation of viability with
CBGOA treatment compared to DMSO alone (multiple paired t test with Bonferroni-Dunn correction, n=4, p=0.028 at day 5, p=0.005 at day 7). Nonlinear
regression analysis is superimposed to the experimental data. D Decay constant K, extrapolated from regression analysis, shows a significant increase in
CBGOA-treated iCNs, indicating slower decay and longer survival (mean increase from 0.28 to 0.36 days™', ratio paired t test, n=4, p=0.0315, d=1.58,

Cl=1.063t0 1472)

CBGOA may mitigate OGD-induced neuronal death
through alternative pathways.

Discussion
Stroke is a leading cause of death and long-term disabil-
ity in the US and globally, and yet therapeutic options
that can lessen the neuronal damage caused by the acute
ischemic and subacute reperfusion injuries are limited.
In this study, we assessed the potential of phytocannabi-
noids (PCs) to promote survival of iPSC-derived cortical
neurons (iCNs) exposed to 60 min oxygen-glucose depri-
vation (OGD).

Our findings indicate that among a panel of 28 PCs
tested in our in vitro model, CBGOA demonstrated a
modest but significant neuroprotective effect, increasing

neuronal survival after OGD by 7.25% compared to
DMSO-treated neurons. While CBGOA was the only
compound to achieve a statistically significant effect,
other phytocannabinoids (i.e., CBN, THCA-A, 11 H-A’-
THC, THCV, CBGV, and CBD) demonstrated mild pro-
tective effects. Interestingly, this subset of compounds
shares notable structural similarities that may underlie
their biological activity. These cannabinoids largely pre-
serve the core dibenzopyran or olivetol-derived back-
bone characteristic of phytocannabinoids, while varying
in side-chain length, degree of oxidation, and the pres-
ence of acidic or neutral functional moieties. Prelimi-
nary structure—activity relationship observations suggest
that minor modifications on the resorcinol ring and the
length or branching of the alkyl side chain can markedly
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influence neuroprotective efficacy. For instance, the
enhanced activity of CBGOA relative to its biosynthetic
precursors (CBG and CBGA) may derive from the pres-
ence of the olivetolic acid moiety, which could improve
receptor interaction [26]. Similarly, the mild but relatively
consistent protection observed among CBN, THCV, and
11 H-A°-THC analogs implies that partial oxidation and
short alkyl substitutions do not abolish activity but may
modulate target affinity or lipid membrane interaction
[27].

CBGOA is a precursor in the biosynthesis of A°-THC,
which is the principal psychoactive component of Can-
nabis. While limited studies are available on the cellular
effects of this PC, it was recently shown to have anti-
convulsant effects in a Scnla*/~ mouse model of Dravet
syndrome, implicating interactions with GPR55, TRPV1
channels, and GABA, receptors [28]. While further
experimental evidence is needed to assess the relevance
of these pathways to PCs activity in stroke, previous stud-
ies have shown their involvement in mediating excitotox-
icity [29], calcium dysregulation [30], and neuronal death
[31], processes that are activated in ischemic tissues.
While the precise mechanism of action of CBGOA in
iCNs remains unclear, its distinct pharmacological profile
compared to more abundant cannabinoids such as CBD
or A°-THC suggests that it may act through complemen-
tary or novel pathways. It is noteworthy that CBGOA’s
chemical stability likely plays a critical role in its bioavail-
ability and therapeutic efficacy. As an acidic cannabinoid,
it is susceptible to decarboxylation and oxidation, which
may limit its translational potential. Further studies,
including evaluation of its stability and pharmacokinetics
in animal models, are warranted to advance cannabinoid-
based therapeutics for IRI. Nevertheless, the findings
from this pilot study add to this emerging evidence, posi-
tioning CBGOA as a candidate for further mechanistic
and translational studies.

Cannabinoid research has gained considerable momen-
tum in recent years, with accumulating evidence sup-
porting their therapeutic potential in neurological
disorders such as epilepsy [32], Alzheimer’s disease [33],
and Parkinson’s disease [34]. In contrast, their role in
stroke pathophysiology and recovery remains underex-
plored. Despite decades of research, no neuroprotective
agents have been approved for stroke, leaving a criti-
cal therapeutic gap. Cannabinoids, with their combined
antioxidant, anti-inflammatory, and receptor-modulat-
ing actions, may be uniquely positioned to address this
unmet need [35]. Our results build on prior work show-
ing that cannabinoids can influence neuronal survival
and excitotoxicity [33-36]. We extend these findings by
identifying CBGOA as a modest but significant modu-
lator of neuronal survival and a potential candidate for
future in vivo studies for post-stroke neuroprotection.
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Limitations

An important strength of this study is the use of iPSC-
derived human cortical neurons, which provides a trans-
lationally relevant platform compared to rodent primary
cultures. This model enables the evaluation of human-
specific neuronal responses and improves the potential
applicability of findings to human disease [37, 38]. How-
ever, it is important to note that in vitro systems cannot
fully recapitulate the cellular complexity of the brain or
the systemic factors involved in stroke injury and recov-
ery, including vascular and immune responses to the
injury [39, 40]. The observed effects, while encourag-
ing, are modest and cannot be assumed to translate to
in vivo efficacy or clinical benefit without further vali-
dation. Comprehensive follow-up studies, including in
vivo stroke models, expanded dose-response testing,
and mechanistic validation, will be essential before any
assessment of clinical relevance can be made. Future
studies including known neuroprotective compounds of
clinical relevance would also be helpful to evaluate the
magnitude of the pro-survival effect of PCs.

Finally, safety and pharmacological considerations
must be acknowledged. Phytocannabinoids vary in their
psychoactive and physiological effects, and CBGOA’s
safety profile has not been extensively characterized.
Future investigations will therefore need to consider
pharmacokinetics, tolerability, and off-target effects
alongside efficacy.

Conclusions

This study provides new evidence supporting the neuro-
protective effect of the phytocannabinoid CBGOA in an
in vitro model of stroke. While future studies should be
carried out to dissect the molecular targets and cellular
pathways modulated by CBGOA, the data presented in
this brief report suggest this class of compounds may
represent a novel tool to reduce neuronal damage follow-
ing brain ischemia.
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