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Figure 1. Cannabidiol (CBD) reduces oxidative and nitrative stress in diabetic rétirRespresentative images show the distribution of
nitrotyrosine immunolocalization in different retinal layers, the ganglion cell layer (GCL), the inner plexiform layer (IPL), the inner nuclear
layer (INL), and the outer nuclear layer (ONL), and the retinal pigment epithelium (RPE) (magnification B20ds)phometric analysis

of fluorescence intensity in serial sections of rat eyes shows that diabetic rats had a significant increase in fluorescence compared with controls
Treatment with CBD (10 mg/kg/2 days) inhibited nitrotyrosine formation in the diabetic rats but not in the normal controls. Data shown are
the mean+SEM of six or seven animals in each grips0(05).C: Representative images show the distribution of dichlorofluorescein (DCF)
fluorescence in different retinal layers, the GCL, the IPL, the INL, and the ONL, and the RPE (magnificatio®:ZDBR)reduces peroxides

in the retinas of diabetic rats as represented by morphometric analysis of DCF fluorescence showing that diabetic rats had a significant increas
in fluorescence compared with controls. Treatment with CBD (10 g/kg/2 days) inhibited reactive oxygen species formation in diabetic rats
but not normal controls. Data shown is the mean+SEM of five or six animals in each group (*p<0.05).
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Figure 2. Cannabidiol (CBD) prevents Miiller cell activation in diabetic animals. Representative images of glial fibrillary acidic protein (GFAP)
showing abundant immunofluorescence at the end-feet of the Miiller cells and the radial processes stained intensely throughout both the inner
and outer retina in the diabetic retinas compared with normal controls. This effect was blocked by treatment with CBD (10 mg/kg/2days, i.p.).
Similar results were obtained from five additional animals per group.
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GS nitration in diabetic (D) animals.
Immunoprecipitation with anti-
glutamine synthetase (GS) and western
blot analysis using anti-nitrotyrosine
antibody  show  that  diabetes
significantly increased the tyrosine
nitration of GS compared with normal
retinas. This effect was blocked by
treatment with CBD (10 mg/kg/2days,
i.p.; n=4-6 retinas/group, *p<0.05,
versus control [standard error of mean]).
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studies have shown that Miiller cells are not among the retinal
cell population undergoing apoptosis early in diabetes [13].
Our current study demonstrated that Miiller cells are activated
as evidenced by an enhanced intensity of GFAP
immunoreactivity in the filaments of Miiller cells in diabetic
retinas that was blocked by CBD treatment.

Previous studies have documented the adverse effects of
diabetes on the function of Miiller cells in transporting
glutamate by glutamate transporter or in metabolizing
glutamate by GS [16-18,20]. Although alterations in
glutamate transporter activity during diabetes remain
controversial, impairment of GS activity has been previously
reported [38-40]. Interestingly, recombinant GS enzyme from
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Figure 4. Cannabidiol (CBD) restores
diabetes-impaired glutamine synthetase
(GS) activity. Glutamine synthetase
}V activity measured by the ability of the
sample to convert “C-glutamate to '#C-
glutamine demonstrated significant
inhibition of GS activity in diabetic rat
retinas compared with controls. The GS
activity was restored by treating the
diabetic animals with CBD (10 mg/kg/

2days, i.p.; n=4-5 retinas/group,
*p<0.05, versus control [standard error
of mean)).

D +CBD

E. coli, rat liver, or mammalian GS has been reported to be a
susceptible target for tyrosine nitration that might reduce its
activity [21,22,41]. Therefore, we investigated GS nitration
and its impact on GS activity in diabetic rat retinas. Our results
showed a 2.3 fold increase in GS tyrosine nitration that was
associated with a significant reduction (40%) in GS activity
in diabetic retinas compared with controls. Our results lend
further support to previous reports showing that diabetes can
alter glial function and impair GS activity [38,42,43].
Although the concept of GS nitration and the subsequent
impairment of its activity has been demonstrated at the
recombinant protein level, we believe our study provides the
first experimental evidence in a diabetic model. Further
studies of human samples should provide clinical evidence
and implications for GS nitration.

Tyrosine nitration and the subsequent loss of protein
function have been documented in response to peroxynitrite
[11,30,44-46]. Furthermore, the impact of GS nitration and its
impairing activity is evidenced by glutamate accumulation, as
reported in the vitreous humor of diabetic patients [19] and in
the retinas of diabetic animals [16,17,20]. Glutamate
excitotoxicity occurs via the activation of NMDA receptors
to induce calcium influx and the release of superoxide and
nitric oxide, leading to the formation of peroxynitrite and
neuronal death [47,48]. Diabetes-impaired GS activity should
lead to the accumulation of glutamate and the formation of
peroxynitrite, which in turn can sustain tyrosine nitration and
the inhibition of GS activity. This vicious cycle of glial
dysfunction will result in cell death and the injury of adjacent
retinal neurons. Therefore, we next evaluated neuronal cell
death in the diabetic animals. Indeed, our results showed
significant increases in TUNEL-positive cells that were
mainly localized in retinal ganglion cells and inner retinal
layers in the retinas of diabetic animals compared with
controls. Additional immunolocalization studies using
caspase-3, a known apoptotic marker, and Brn-3, the specific

retinal ganglion cell marker, confirmed apoptosis of ganglion
cells in the diabetic animals. As further support, previous
studies have demonstrated retinal ganglion cell loss in
response to STZ diabetes within the same time frame, eight
weeks [49], that continues to happen later during the
progression of the disease [32]. Retinal ganglion cells
represent about 60%—65% of neurons in addition to displaced
amacrine cells in the ganglion cell layer. These findings
suggest a loop where diabetes-induced oxidative and nitrative
stress alter the function of Miiller cells by impairing GS
activity, leading to glutamate neurotoxicity and sustaining
retinal neuronal death.

Treating diabetic animals with CBD blocked the
increases in oxidative and nitrative stress and significantly
reduced the number of apoptotic cells. Neurons are highly
susceptible to oxidative stress, which can induce apoptosis;
therefore, it is likely that diabetes-induced oxidative stress
leads to neuronal injury. Several reports have described the
neuroprotective effects of CBD via blocking reactive oxygen
species or nitrotyrosine formation in glutamate-induced cell
death in neuron cultures and in an NMDA-induced
neurotoxicity [9,12,15,25]. Here, we demonstrate a novel role
of CBD in restoring GS activity by reducing its tyrosine
nitration in diabetic animals. This effect was associated with
a significant reduction in Miiller glial cell activation, which
confirms the preservation of its morphology and function in
the diabetic animals. Together, our present findings suggest
that CBD represents novel therapeutics in the treatment of
diabetes and stress-mediated retinal damage. Furthermore,
CBD is an attractive medical alternative to smoked marijuana
or plant extract because of its lack of psychoactive effect and
because it is well tolerated in humans when administered
chronically [50,51]. In addition, CBD has been approved for
the treatment of inflammation, pain, and spasticity associated
with multiple sclerosis in humans (reviewed in [52]). In
conclusion, the data presented here provide experimental
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Figure 5. Retinal neuroprotective effect of cannabidiol (CBD) in experimental diabetes. A: Representative images show the terminal
deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) labeling of frozen eye sections from the diabetic rats (eight weeks) in different
retinal layers. TUNEL-positive cells (arrows) were distributed mainly in the inner retinal layers. B: Statistical analysis of TUNEL-positive
nuclei in various groups. At least four fields per mid-peripheral retina were counted for each retina from one animal. (n=4-5 retinas/group,
*p<0.05, versus control [standard error of mean]). Treating the diabetic animals with CBD (10 mg/kg/2 days, i.p.) prevented neuronal death.
C: Representative images show the localization of the apoptotic marker caspase-3 in the ganglion cell layer and the inner retinal layer in
diabetic retina sections but not in other groups. D: Enlarged window of retina sections showing colocalization (yellow) of the apoptotic marker
caspase-3 (green) within the retinal ganglion cell layer labeled with Brn-3 (red). The layers shown are the ganglion cell layer (GCL), the inner
plexiform layer (IPL), the inner nuclear layer (INL), and the outer nuclear layer (ONL).
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evidence that diabetes-activated retinal glial cells represent a
central player in retinal neurodegeneration.
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