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ARTICLE INFO ABSTRACT

Keywords: Deficient bioenergetics and diminished redox conservation have been implicated in the development of cerebral
Cannabidiol ischemia/reperfusion injury. In this study, the mechanisms underlying the neuroprotective effects of
Ischemia/reperfusion cannabidiol (CBD), a nonpsychotropic compound derived from Cannabis sativa with FDA-approved anti-
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epilepsy properties, were studied in vitro using an oxygen—glucose-deprivation/reperfusion (OGD/R) model in
a mouse hippocampal neuronal cell line. CBD supplementation during reperfusion rescued OGD/R-induced cell
death, attenuated intracellular ROS generation and lipid peroxidation, and simultaneously reversed the
abnormal changes in antioxidant biomarkers. Using the Seahorse XF°24 Extracellular Flux Analyzer, we found
that CBD significantly improved basal respiration, ATP-linked oxygen consumption rate, and the spare
respiratory capacity, and augmented glucose consumption in OGD/R-injured neurons. The activation of
glucose 6-phosphate dehydrogenase and the preservation of the NADPH/NADP" ratio implies that the pentose-
phosphate pathway is stimulated by CBD, thus protecting hippocampal neurons from OGD/R injury. This study
is the first to document the neuroprotective effects of CBD against OGD/R insult, which depend in part on
attenuating oxidative stress, enhancing mitochondrial bioenergetics, and modulating glucose metabolism via

the pentose-phosphate pathway, thus preserving both energy and the redox balance.

1. Introduction

Cerebral ischemia is one of the commonest clinical conditions, and
is involved in many serious diseases, including stroke, cardiac arrest,
and respiratory arrest. The treatment for this condition usually involves
the restoration of blood flow as quickly as possible. However, this can
entail secondary injury to the ischemic area, referred to as ‘ischemia/
reperfusion injury’ (IRI)[1,2]. The restoration of the blood circulation
causes inflammation and oxidative-stress-induced damage in the area
affected by the absence of oxygen and nutrients during the period of
cerebral ischemia. Brain ischemia with reperfusion also results in
impaired mitochondrial oxidative metabolism and a depletion of the
reducing energy of neurons, which contribute to programmed cell
death [3]. Appropriate drugs are required to protect neurons from IRI,
to mitigate the pathological responses and control the process of
neuronal death.

Cannabidiol (CBD) is a nonpsychoactive cannabinoid derived from

Cannabis sativa and a weak CB1 and CB2 cannabinoid receptor
antagonist, with very low toxicity for humans. It has recently been
demonstrated in vivo and in vitro that CBD has a variety of therapeutic
properties, exerting antidepressant, anxiolytic, anti-inflammatory, im-
munomodulatory, and neuroprotective effects [4]. Increasing evidence
indicates that CBD is a molecule with potentially neuroprotective
properties that can be used to treat neurodegenerative disorders.
CBD had been shown to reverse the reduction in neuronal viability
and the increased excitoxicity, inflammation, and oxidative stress in
newborn piglets with hypoxic—ischemic brain damage by targeting the
receptors of 5HT; 4 and CB»[5]; and to protect PC12 and SH-SYS5 cells
from tert-butyl-hydroperoxide-induced oxidative stress, independently
of the CB; and CB, receptors [6]. CBD also displays better protective
activity against glutamate neurotoxicity than either ascorbate or alpha-
tocopherol, which suggests that it is a potentially effective antiox-
idant [7]. CBD also acts as a reactive oxygen species (ROS) scavenger,
reducing lipid peroxidation, and restores caspase 12, caspase 3, Bcl-2,
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and Bax mRNA levels [8-10]. CBD has recently been approved in the
United Kingdom and several other European countries as an important
component of an oromucosal spray that is used as a complementary
treatment for multiple sclerosis [11]. It has also received orphan drug
approval by the U.S. Food and Drug Administration (FDA) to treat
refractory childhood epilepsy [12]. To explore the positive effects of
CBD on cerebral IRI, we used the immortalized mouse hippocampal
neuronal cell line, HT22, and a model of oxygen—glucose deprivation/
reperfusion (OGD/R) to mimic the conditions for IRI in vitro. Our
results provide novel insight into the neuroprotective properties of
CBD, which involves the regulation of the mitochondrial bioenergetics
and the glucose metabolism of hippocampal neurons during OGD/R
injury.

2. Materials and methods
2.1. Drugs and reagents

Cannabidiol (HPLC purified, 99.8%; dissolved in dimethyl sulfox-
ide) was purchased from Biotrend (Cologne, Germany). The reagents
and materials supplied with each kit are mentioned with each method.

2.2. Cell culture and OGD/R model

HT22 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (Gibco) and 1% penicillin—streptomycin (Sigma-Aldrich,
St. Louis, MO, USA), in a humidified atmosphere at 37 °C under 5%
COo. Briefly, the HT22 cells were cultured under normal conditions for
24 h, then moved to glucose-free DMEM (Gibco) and placed under
ischemic conditions (3% O, 92% N, 5% CO») at 37 °C for 8 h. Finally,
the medium was discarded and the cells were cultured in normal
medium under normoxic conditions (95% air, 5% CO,) for another
24 h for reperfusion, to induce OGD/R injury. Cells incubated in
complete medium under a normoxic atmosphere were used as the
control.

2.3. Cell viability

Approximately 3x10® HT22 cells were cultured in 96-well plates
under normal conditions for 24 h. The cells were treated with oxygen—
glucose deprivation (OGD) for 8 h and then returned to normal culture
conditions with or without CBD (1, 2.5, 5, or 10 uM) for another 24 h.
Cell viability was evaluated with the Cell Counting Kit-8 (CCK-8)
(#CKO04; Dojindo, Japan), and all the experiments were performed
according to the manufacturer’s instructions. Absorbance was mea-
sured at 450 nm with a microplate reader (Synergy H1 Hybrid Reader,
BioTek, USA). The optical density values are shown as percentages of
the control values.

2.4. Lactate dehydrogenase (LDH) release assay

The release of cytoplasmic LDH indicates the loss of cell membrane
integrity, which represents the death of the cell [13]. We used a
commercial LDH Cytotoxicity Assay Kit purchased from Jiancheng
Bioengineering Institute (#A020-2; Nanjing, China), according to the
manufacturer’s instructions. In brief, 20 pul of supernatant from each
cell culture well was collected for a coupled enzymatic reaction in which
LDH catalyzed the conversion of lactate to pyruvate via the reduction
of NAD* to NADH for 15 min at 37 °C. It was then reacted with 2,4-
dinitrophenylhydrazine for another 15 min to form a brownish red
product, which was measured spectrophotometrically at 450 nm with a
microplate reader (Synergy H1 Hybrid Reader). To measure the total
LDH released, the cells were incubated with 100 pl of lysis solution/
well at 37 °C for 30 min and then centrifuged to remove the cellular
debris. The values are shown as percentages of the total LDH
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(intracellular plus supernatant LDH).

2.5. Caspase 3 and poly (ADP-ribose) polymerase (PARP) activity
assays

Caspase 3 activity was measured with a colorimetric method based
on the hydrolysis of acetyl-Asp—Glu—Val-Asp p-nitroanilide (Ac-
DEVD-pNA) and the release of the p-nitroaniline (pNA) moiety, with
a Caspase 3 Colorimetric Assay Kit (#CASP3C; Sigma-Aldrich). In
brief, the cells were harvested with lysis buffer at a concentration of 107
cells per 100 pl, incubated on ice for 20 min, and centrifuged at
16,000x g for 15 min at 4 °C. The caspase 3 activity was detected in 5
ul of supernatant with Ac-DEVD-pNA (2 mM) in reaction buffer at
37 °C for 2 h and the absorbance was read at 405 nm. PARP activity
was measured with a commercial ELISA kit purchased from Trevigen
(#4684-096-K; Gaithersburg, MD, USA) as described previously [14].
Briefly, the cells were collected and incubated in lysis buffer for 30 min
on ice. After they were transferred to the wells of a histone-coated
plate, the cell lysates were incubated with a PARP substrate cocktail
(containing assay buffer, activated DNA, and NAD*) for 30 min at
room temperature. An anti-PAR antibody, a goat anti-mouse IgG
antibody—horseradish peroxidase (HRP) conjugate, and a colorimetric
substrate were used to generate a signal, which was detected at 450 nm
with a microplate reader. The results are expressed as the fold activity
relative to the control.

2.6. TUNEL staining

The apoptosis of HT22 cells was evaluated with the terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling
(TUNEL) In Situ Cell Death Detection Kit (#12156792910; Roche,
Mannheim, Germany). Cells were fixed with freshly prepared 4%
paraformaldehyde for 20 min at room temperature and washed twice
with PBS. They were then incubated with 50 ul of TUNEL reaction
mixture in a humidified atmosphere for 60 min at 37 °C in the dark.
The cells were rinsed three times with PBS and incubated with 4’,6-
diamidino-2-phenylindole (DAPI) for 10 min. The images were cap-
tured with a fluorescence microscope (Leica DMI 3000 B, Germany).
The index of apoptosis is shown as the ratio of TUNEL-positive cells to
the total number of cells counted within five randomly chosen fields per
condition.

2.7. Mitochondrial ROS detection

The intramitochondrial production of ROS in live HT22 cells was
assessed with the MitoSOX Red mitochondrial superoxide indicator
(#M36008; Carlsbad, CA, USA). The cells were reacted with a 5 uM
working solution of MitoSOX Red for 10 min at 37 °C, and then
carefully washed twice with PBS and images were obtained with a
fluorescence microscope, and the fluorescence intensity was evaluated
with the Image J software (National Institutes of Health, MD, USA).
The data are shown as the mean intensities in the entire fields of view
in six random graphs per condition and are expressed as the fold
intensity relative to the control.

2.8. Malondialdehyde (MDA), Reduced Glutathione (GSH),
Superoxide dismutase-1 (SODI1) and Glutathione Peroxidase (GPx)
determination assay

HT22 cells were incubated in six-well plates at a density of 4x10%
cells/well. After treatment with OGD/R with or without the adminis-
tration of CBD, the cells were collected, homogenized in PBS, and
centrifuged at 1000x g for 10 min at 4 °C. The supernatants were
collected to measure the MDA and GSH contents and the activities of
SOD1 and GPx with a microplate reader, according to the manufac-
turer’s instructions (#A001-3, A003-4, A006-2; Jiancheng,
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Bioengineering Institute, Nanjing, China; #CGP1; Sigma-Aldrich).
Briefly, lipid peroxidation was determined by the reaction of MDA
with thiobarbituric acid, acetic acid, and sodium dodecyl sulfate at
95 °C for 80 min to form thiobarbituric acid reactive substances
(TBARS), which were detected at 530 nm. An aliquot (100 pl) of the
supernatant was reacted with 100 pl of a working mixture containing
5,5’-dithiobis(2-nitrobenzoic acid) and 25 pl of NADPH solution
(0.12 mg/ml) for 6 min at room temperature, and reduced GSH was
detected spectrophotometrically at 405 nm as the yellow product, 5-
thio-2-nitrobenzoic acid. Another aliquot (20 pl) of the supernatant
was reacted with 200 ul of WST-1 (a highly water-soluble tetrazolium
salt) and 20 pl of the enzyme working solution for 20 min at 37 °C to
measure the SOD1 activity as the production of water-soluble for-
mazan, detected at 450 nm. The GPx activity in the supernatant was
measured by a reaction with the GPx detection working solution from
the kit (0.25 mM NADPH, 2.1 mM reduced GSH, 0.5 unit/ml glu-
tathione reductase, and 300 uM tert-butyl hydroperoxide), in which
the reduction in NADPH absorbance was indicative of the GPx activity,
detected at 340 nm after an initial delay of 15 s and monitored every
10s for 1min at 25°C. A BCA assay (Beyotime Biotechnology,
Nantong, China) was performed to normalize the results to the protein
content. The data are shown as fold activities of the corresponding
controls.

2.9. Measurement of mitochondrial bioenergetics and glucose
metabolism

The oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) were measured by sequentially adding specific compounds
from the Seahorse XF Cell Mito Stress Test Kit and XF Glycolysis Stress
Test Kit (#103015-100, 103020-100; Seahorse Bioscience, USA) using
the Seahorse XF°24 Extracellular Flux Analyzer, according to the
manufacturer’s protocol. Briefly, cells were incubated at a density of
2x10* cells/well in XF®24 microplates. Before the assay, the cells were
washed thoroughly with assay medium (#102353-100; Seahorse
Bioscience) and incubated in a CO,-free incubator at 37 °C for about
1 h. The microplates were then loaded into the XF°24 Analyzer. Three
compounds, oligomycin (1.0 uM), carbonylcyanide-4-(trifluoro-
methoxy) phenylhydrazone (FCCP; 1.0 uM), and a mixture of rotenone
and antimycin A (0.5 uM), were sequentially injected in the OCR
measurement to obtain the values for the basal mitochondrial respira-
tion, ATP-linked oxygen consumption rate, maximal respiration, and
spare respiratory capacity. ECAR was measured after the sequential
injection of glucose (10 mM), oligomycin (1.0 uM), and 2-deoxy-
glucose (2-DG, 50 mM) at the specified time points, as the basal
ECAR, maximal ECAR, and reserve capacity. After the assays, the
microplates were stored and stained with DAPI to calculate the number
of cells in each well using the Operetta High-Content Imaging System
(PerkinElmer, USA) to normalize the results.

2.10. Quantification of NADPH/NADP*

The NADPH/NADP™ ratio was measured by a commercial NADPH/
NADP"* quantification kit (#MAKO038; Sigma-Aldrich). Briefly, the cells
were extracted with extraction buffer, homogenized, and centrifuged at
10,000x g for 10 min to isolate the NADPH/NADP*-containing super-
natant. An aliquot of the supernatant was heated at 60 °C for 30 min to
decompose the NADP*, cooled on ice, and spun quickly to remove the
precipitate. Another aliquot of the supernatant was not heated. Both
aliquots were reacted with NADP™ cycling buffer and enzyme mix
(containing glucose-6-phosphate dehydrogenase [G6PDH]) for 5 min
at room temperature to convert NADP* to NADPH. The solutions were
then incubated with NADPH developer for 2h and the absorbance
measured at 450 nm. The amount of NADPH (heated sample) and the
total NADP* and NADPH (unheated sample) were quantified from an
NADPH standard curve.
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2.11. Glucose-6-phosphate dehydrogenase (G6PDH) activity
determination

G6PDH is a cytosolic enzyme that catalyzes the conversion of
glucose-6-phosphate (G6P) to 6-phosphogluconolactone, consequently
supplying reducing energy to cells via the pentose-phosphate pathway.
G6PDH activity was detected using a commercial kit by the colori-
metric assay (#MAKO015; Sigma-Aldrich). In brief, cells were collected
and rapidly homogenized in the ice cold PBS and centrifuged at
15,000x g for 10 min. The supernatant was reacted with the GGPDH
substrate mix (containing glucose-6-phosphate and NAD") and the
developer mix from the kit for 3 min to convert NAD" to NADH,
generating an intensely colored product with an absorbance at 450 nm.
The absorbance was measured again after the reaction was incubated at
37 °C for 30 min. The amount of NADH generated between two time
points was determined from an NADH standard curve, and the GGPDH
activity was calculated as the nmol of NADH generated per minute per
mg protein. The data are expressed as the fold activity relative to the
control.

2.12. Statistical analysis

The data are presented as means+SEM, and were analyzed
statistically with one-way ANOVA and Tukey’s multiple comparisons
test using GraphPad Prism 6.0 (San Diego, CA, USA). A value of p <
0.05 was defined as statistically significant.

3. Results

3.1. CBD protects hippocampal cells against OGD/R- induced
cytotoxity

To investigate the neuroprotective effects of CBD on hippocampal
cells with OGD/R injury, we first performed cell viability and LDH
release assays. As shown in Figs. 1A and B, the average viability of the
HT22 cells decreased significantly to 39.5% and the average LDH
release increased from 5.6—-38.7% after OGD/R insult. Remarkably,
CBD reversed the OGD/R-induced cytotoxicity in the HT22 cells,
improving cell viability and reducing the release of LDH (Fig. 1A, B;
p <0.01, n =5). OGD/R injury also induced morphological changes in
the neurons, which became shrunken and rounded. The administration
of CBD during reperfusion markedly attenuated the morphological
damage and the cells maintained a normal appearance (Fig. 1C). We
used 5uM CBD to perform the subsequent experiments because,
according to the results described above, it afforded the most effective
protection against OGD/R.

3.2. CBD attenuates OGD/R-induced cell death in hippocampal
neurons

Activated caspase 3 and PARP were significantly upregulated
during OGD/R injury, and this was attenuated by the administration
of CBD during the course of reperfusion (caspase 3 activity decreased
by ~56% and PARP activity by ~43%) (Fig. 2A, B). TUNEL staining of
HT22 cells under OGD/R showed a marked increase in apoptotic
bodies, which were reduced by ~17.8% in the presence of CBD during
reperfusion (p <0.01, n =5) (Fig. 2C). These results demonstrate the
protective effects of CBD during neuronal OGD/R, insofar as it
attenuated apoptosis and PARP-dependent cell death.

3.3. CBD reduces OGD/R-induced oxidative stress in hippocampal
neurons

Several researchers have demonstrated that the potent neuropro-
tective property of CBD is associated with its antioxidant capacity [6,7],
so we explored the effects of CBD on OGD/R-induced oxidative stress
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Fig. 1. CBD reduces OGD/R-induced cytotoxicity in HT22 cells. Cells were treated under OGD-inducing conditions for 8 h and then reoxygenated in the presence of 2.5 or 5 uM CBD for
24 h. (A) Cell viability was detected with a CCK-8 assay. (B) Cell cytotoxicity was determined with an LDH release assay. (C) Cell morphology was evaluated with a biological microscope.
Three independent experiments were performed. Data shown are means + SEM, n =5. **p < 0.01 vs control, “p < 0.01 vs OGD/R group.

by detecting the relevant biomarkers. Significant increases in MDA and
mitochondrial ROS levels (Fig. 3A, E), a reduction in the reduced
glutathione content (Fig. 3B), and attenuated glutathione peroxidase
and SOD1 activities (Fig. 3C, D) relative to the control levels were
observed, and the changes were reversed by the administration of CBD.
These results demonstrate the outstanding antioxidative ability of CBD
against the oxidative stress induced during OGD/R injury (see Fig. 3A—
E).

3.4. CBD enhances mitochondrial bioenergetics and regulates glucose
metabolism in OGD/R-injured neurons

Previous research has demonstrated that global cerebral ischemia/
reperfusion causes mitochondrial damage [15]. To identify the effects
of CBD on mitochondrial bioenergetics during OGD/R, we measured
mitochondrial respiration using the Seahorse XF°24 Extracellular Flux
Analyzer. As shown in Fig. 4B, the OGD/R injury in HT22 cells caused
a significant decline in their basal respiration compared with the
control (p < 0.01, n =9), which was largely reversed by treatment with
CBD (p <0.01, n =9). The first compound injected in the assay was
oligomycin, a complex V inhibitor, used to determine the proportion of
ATP-linked OCR in the basal respiration. The next compound injected
was FCCP, an uncoupling agent, used to determine the maximal
respiration and calculate the spare respiratory capacity. OGD/R insult
reduced the ATP production-linked oxygen consumption rate, the
maximal respiration, and the spare respiratory capacity to ~55%,
~52%, and ~26%, respectively, compared with the control, and these
reductions were strongly reversed by the simultaneous exposure of the
cells to CBD in the course of reperfusion (Fig. 4C—E; p < 0.01). Marked
increases in the four phases of respiration measured were also observed
in the normal hippocampal neurons after CBD treatment (Fig. 4B—E; p
< 0.01), confirming the specificity of CBD in enhancing mitochondrial
bioenergetics.
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ECAR was measured to investigate the involvement of CBD in
glucose metabolism, during which ATP is also produced via through
the Krebs cycle. Moderate increases in the basal and maximal ECAR
were observed in HT22 cells under OGD/R relative to the control (p <
0.05 and p < 0.01, respectively). Intriguingly, greater glucose consump-
tion and an attenuated reserve capacity were observed in the neurons
supplemented with CBD during the course of reperfusion compared
with those in the OGD/R group (Fig. 4G-I; p <0.01). Considering
these data together, we inferred that the cell metabolism was compre-
hensively enhanced by CBD treatment under OGD/R-inducing condi-
tions.

3.5. CBD enhances the pentose-phosphate pathway of glucose
metabolism in OGD/R-injured hippocampal neurons

The NADPH/NADP* ratio and G6PDH activity were measured to
further test whether the augmentation of glucose metabolism by CBD
occurs via the pentose-phosphate pathway, a major branch of glyco-
lysis that enhances the antioxidant defenses under stress conditions.
OGD/R injury reduced the NADPH/NADP" ratio by ~60% and slightly
increased the activity of GGPDH compared with the control (Fig. 5A, B;
p<0.01 and p < 0.05, respectively, n =6), indicating the depletion of
reducing energy in HT22 cells under OGD/R conditions. When
neurons were cultured in medium supplemented with CBD during
reperfusion, the NADPH/NADP" ratio was maintained (Fig. 5A) and
G6PDH was significantly activated compared with the control (Fig. 5B;
p<0.01, n =6). This suggests that CBD helps to maintain the redox
balance and enhances the antioxidant defenses by activating the
pentose-phosphate pathway in hippocampal neurons during OGD/R

injury.
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Fig. 2. CBD (5 uM) administered during reperfusion attenuated OGD/R-induced apoptosis and PARP-dependent cell death in HT22 cells. (A) Caspase 3 activity. (B) PARP activity. (C)
TUNEL apoptosis assay was examined with a fluorescence microscope (magnification 10x objective field, scale bar =200 pm). Three independent experiments were performed. Data

shown are means + SEM, n=5. **p < 0.01 vs control, “p < 0.01 vs OGD/R group.
4. Discussion

Cerebral ischemia is a common cause of death worldwide, after
cardiovascular diseases and cancer, and its prevalence increases with
increasing age [16]. The consequences of transient cerebral ischemia
are often severe and have selectively harmful effects on the vulnerable
regions involving the pyramidal neurons of the CA1 hippocampus [17].
Therefore, it is necessary to determine the underlying mechanism of
cerebral ischemia/reperfusion injury and to develop effective strategies
to circumvent this pathological condition. Oxygen—glucose depriva-
tion/reperfusion is an in vitro model that mimics in vivo ischemia/
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reperfusion injury and initiates a series of devastating cascades that
lead to the overproduction of ROS, the excessive release of excitatory
amino acids, disturbance of the ionic balance, the overexpression of
proapoptotic factors, the stimulation of a serious inflammatory re-
sponse, and damage to mitochondrial functions [18,19]. CBD is a
nonpsychoactive component of marijuana, which exerts potent anti-
oxidant and anti-inflammatory effects in vivo and in vitro. It is
considered to have a neuroprotective property that is independent of
the cannabinoid 1 and 2 receptors [4,20]. Here, we demonstrate for the
first time the potent neuroprotective effects of CBD against OGD/R-
injury-induced cytotoxicity, energy crisis, and disturbance of the
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Fig. 3. CBD administered during the reperfusion period shows potent antioxidant effects in neurons exposed to OGD/R injury. CBD enhanced the intracellular SOD1 and GPx activities,
elevated the GSH level, and reduced the MDA level and mitochondrial ROS generation. (A) MDA level. (B) Reduced glutathione (GSH) content. (C) GPx activity. (D) SOD1 activity. (E)
MitoSOX fluorescence intensity. Three independent experiments were performed. Data shown are means + SEM, n=6. **p < 0.01 vs control, p < 0.01 vs OGD/R group.

cellular metabolism by its: (i) attenuation of oxidative stress; (ii)
enhancement of mitochondrial bioenergetics; and (iii) activation of
the pentose- phosphate pathway to compensate for the diminished
antioxidant defenses under stress conditions.

Consistent with many previous studies, cerebral ischemia/reperfu-
sion significantly elevated the ROS content and reduced the antioxidant
enzyme activities of neurons, causing oxidative damage and cell
death [21,22]. MDA, a product of lipid peroxidation, is a common
and important marker of oxidative stress, which is markedly influenced
by the excessive generation of ROS. Cells also have antioxidant defense
mechanisms that involve enzymatic components such as GPx and
SOD1, and nonenzymatic mechanisms, such as GSH. GSH, SOD1, and
GPx act as endogenous free-radical scavengers, whereas GPx also
functions biochemically to reduce lipid hydroperoxides to the corre-
sponding alcohols [23]. In this study, OGD/R injury in HT22 cells
caused excessive mitochondrial ROS generation, elevated MDA levels,
and reductions in the GPx and SOD1 activities and the GSH content.
After CBD treatment during the reperfusion period, the levels of
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mitochondrial ROS and MDA were dramatically reduced, simulta-
neously with the significant upregulation of GSH and increases in
SOD1 and GPx activities. This suggests that neuroprotection is afforded
by CBD by reducing the oxidative stress produced under OGD/R
conditions. These results are consistent with the attenuation of
oxidative damage by CBD in a diabetic retinopathy model [24], in
PC12 cells stimulated with B-amyloid [9], and in oligodendrocyte
progenitor cells treated with H»0,[8], and with the antioxidant
property of CBD in rats with renal ischemia/reperfusion injury [25].
Furthermore, consistent with previous studies [26—28], we found that
OGD/R insult markedly reduced cell viability and induced apoptosis
and PARP-dependent cell death, which were significantly attenuated by
the administration of CBD.

Mitochondria are the important energy production centers in
neurons under physiological conditions, so mitochondrial dysfunction
strongly affects neuronal function and survival [29]. A devastating well-
known consequence of reperfusion following brain ischemia is grossly
enhanced ROS production, followed by severe oxidative stress, which
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Fig. 4. CBD enhances mitochondrial respiration and glucose metabolism in OGD/R-injured hippocampal neurons. The oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) were determined with the Seahorse XF°24 Extracellular Flux Analyzer. (A) OCR was recorded at baseline and after the sequential injection of oligomycin (1 uM), FCCP
(1 uM), and a mixture of rotenone and antimycin (1 pM). (B) Basal respiration, (C) ATP production, (D) maximal respiration, and (E) spare respiratory capacity were calculated. (F)
ECAR was recorded after the sequential injection of glucose (10 mM), oligomycin (1 pM), and 2-deoxy-glucose (50 mM). (G) Basal ECAR, (H) maximal ECAR, and (I) the reserve
capacity were calculated. Three independent experiments were performed. Data shown are means + SEM, n =9. *p < 0.05, **p < 0.01 vs control; “p < 0.05, "p < 0.01 vs OGD/R group.

leads to mitochondrial dysfunction. Emerging evidence also suggests
that substantially decreasing activities of mitochondrial complexes I
and IV followed by irreversible impaired mitochondrial function and a
consequently deficient energy supply often occur in the later stages of
reperfusion [3,30]. Moreover, the cerebral ischemia/reperfusion injury
also results in delayed neuronal death after reperfusion by releasing
apoptogenic factors, including cytochrome C (Cytc) and apoptosis
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inducing factor (AIF) from mitochondria [31,32]. According to our
OCR data, CBD attenuates the reduction of ATP production-linked
OCR and the diminished mitochondrial capacity induced by OGD/R.
This is consistent with previous studies that demonstrated that CBD
modulates mitochondrial function and biogenesis to protect against
doxorubicin-induced cardiomyopathy'?; increases the activity of mito-
chondrial complexes in the rat brain [33]; exerts neuroprotective
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Fig. 5. CBD maintains the NADPH/NADP" ratio and enhances the activity of GGDPH in OGD/R-injured HT22 cells. (A) NADPH/NADP" ratio, and (B) G6DPH activity were quantified
with a colorimetric assay (450 nm). Three independent experiments were performed. Data shown are means + SEM, n =6. *p < 0.05, **p < 0.01 vs control; ~p < 0.01 vs OGD/R group.

effects against mitochondrial toxins, and restores intracellular Ca®*
homeostasis in human neuroblastoma cell lines (SH-SY5Y)[34]. Taken
together, these data suggest that CBD is a mitochondria-targeting drug
that markedly enhances mitochondrial function and bioenergetics, thus
exerting potent protective effects against pathological conditions.

Glucose, which is widely thought to be the vital oxidative substrate
providing energy to the brain, can be further metabolized by glycolysis
or the pentose-phosphate pathway (PPP) after phosphorylating glucose
to glucose-6-phate (G6P) by hexokinase [35]. The two pathways share
common pools of fructose-6-phosphate and glyceraldehyde-3-phos-
phate, and both produce pyruvate, which is converted to acetyl-
coenzyme A and is fully oxidized through the tricarboxylic acid (TCA)
cycle, contributing to energy conservation [36,37]. Supporting the
involvement of CBD in the regulation of glucose metabolism, we found
that OGD/R injury moderately stimulated the glucose metabolism in
hippocampal neurons, and that CBD supplementation during reperfu-
sion induced greater glucose consumption and lactate release, implying
that the stimulation of glucose metabolism by CBD protects hippo-
campal neurons from energy stress. As we know, neurons are particu-
larly vulnerable to oxidative stress because their antioxidant defenses
are weak and their ability to maintain energy homeostasis is poor [38].
Emerging evidence also indicates that neurons have a low capacity to
metabolize glucose via glycolysis because they have low levels of
PFKFB-3, an enzyme that supports the equilibrium between glycolysis
and the pentose-phosphate pathway. Neurons are also more likely to
utilize G6P through the pentose-phosphate pathway under oxidative
stress, allowing the efficient regeneration of NADPH and the reduction
of glutathione disulfide (GSSG) to GSH, which enhances the antiox-
idant defense system [36,39,40]. To further test whether the stimula-
tion of the pentose-phosphate pathway is involved in neuronal glucose
metabolism under OGD/R stress, the NADPH/NADP" ratio and the
activity of G6PDH, a rate-limiting enzyme of the pentose-phosphate
pathway, were measured. In OGD/R-injured neurons, CBD supple-
mentation increased the G6PDH activity and maintained the NADPH/
NADP* ratio, implicating the activation of the pentose-phosphate
pathway in the protection of hippocampal neurons by CBD under
oxidative stress. Therefore, we propose, for the first time, that CBD
stimulates glucose metabolism through the pentose-phosphate path-
way to maintain the redox balance and energy conservation during
neuronal ischemia/reperfusion injury.
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5. Conclusion

In summary, our results suggest that CBD exerts a potent neuro-
protective effect against ischemia/reperfusion injury by attenuating
intracellular oxidative stress, enhancing mitochondrial bioenergetics,
and optimizing glucose metabolism via the pentose-phosphate path-
way, thus strengthening the antioxidant defenses and preserving the
energy homeostasis of neurons. More in-depth studies are required to
investigate the precise mechanism underlying the success of CBD
treatment and to determine the actual role of CBD in cerebral ischemia.
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