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Abstract

Background Cannabidiol (CBD), main non-psychoactive ingredient of Cannabis sativa L. is known to have anti-
ischemic, antidiabetic and neuroprotective effects. Ischemia-reperfusion injury of the retina is reportedly involved
in deterioration of its function in diabetic retinopathy. The study was aimed to evaluate the in vivo potential
retinoprotective role of CBD in type Il diabetes mellitus.

Methods Zucker Diabetic Fatty (ZDF) rats were treated with CBD orally and electroretinographical analysis was
carried out. In order to confirm the disease model and to assess other antidiabetic effects of CBD in ZDF rats, fasting
blood glucose, oral glucose tolerance test, weight measurements and histology also took place.

Results Weight and glucose-related analyses supported our used diabetic animal model. CBD reduced diabetic
weight gain without affecting glucose levels of ZDF rats, suggesting glucose-independent mechanisms of its retinal
actions. CBD treatment selectively increased dark-adapted ERG amplitudes, while leaving light-adapted responses
unaffected. It did not alter reduced amplitudes and prolonged implicit times of diabetic oscillatory potentials (OPs),
but lowered variability of OP amplitudes and flicker peak intervals. A potential indirect mechanism for its effects
beside glutamatergic inhibition is the ability of CBD to decrease thickening of diabetic retina.

Conclusions CBD exerted glucose-independent retinoprotective effects in ZDF rats by normalizing weight gain and
preventing retinal thickening. While glycemic levels were unaffected, CBD selectively enhanced rod-mediated ERG
amplitudes and reduced variability indicators of OPs and flickers.
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Background

Cannabidiol (CBD) is one of the main components of
Cannabis sativa L. beside the famous psychoactive ingre-
dient, the tetrahydrocannabinol (THC), a closely related
derivative (Fava et al. 2024). CBD acts on multiple canna-
binoid receptors, including the two prominent CB1 and
CB2 receptors, as well as the orphan G protein-coupled
receptors (GPR) GPR55, GPR18, and GPR119 (Irving et
al. 2017; Ye et al. 2019). Effects through CB1 and CB2
are generally mediated by Gi signal transduction cas-
cade. However, CB1 is also able to couple to the coun-
teractive Gs type G-protein, based on localization and/
or activating ligand (Ye et al. 2019). And the co-local-
ization of CB1/2 with GPR-type receptors (e.g., GPR55)
likely complicates action-mechanisms further (Ye et al
2019; Ramirez-Orozco et al. 2019; Papadogkonaki et al.
2019). Of note, CBD can also act on the transient recep-
tor potential vanilloid (TRPV) and the peroxisome pro-
liferator-activated receptor gamma (PPARY), or modulate
endocannabinoid signaling indirectly (Pisanti et al. 2017;
Peng et al. 2022). Endocannabinoids themselves, such as
arachidonyl-ethanolamine (anandamide, AEA) or 2-ara-
chidonoyl-glycerol (2-AG), are phospholipid-derived
ligands and enzymatically cleaved from the cell mem-
brane (Papadogkonaki et al. 2019; Prospero-Garcia et al.
2019; Chen et al. 2005).

A complex consequence of these facts is that canna-
binoid effects can be very diverse, and even opposing
effects are conceivable depending on tissue specificity,
dose, or ligand. The principal effects of CBD encompass
anti-epileptic, anxiolytic, and anti-psychotic actions. In
diabetes, CBD may improve outcomes by mitigating pan-
creatic inflammation, diabetic neuropathy, and contrib-
uting to metabolic homeostasis (O’Sullivan et al. 2023;
Swenson 2025). Beyond these, CBD also shows promise
for improving sleep quality, alongside possessing anti-
emetic and analgesic properties (O’Sullivan et al. 2023;
Swenson 2025). Furthermore, CBD demonstrates nota-
ble organ-protective anti-ischemic effects, as have been
exhibited in models of cerebral (Xu et al. 2023), cardiac
(Naya et al. 2024), and renal ischemia (Fouad et al. 2012).

In the retina, CB1, CB2, GPR55, and GPR18 have been
detected in different mammals (Straiker et al. 1999;
Lopez et al. 2011; Bouskila et al. 2013; Cherif et al. 2015;
Maclntyre et al. 2014). However, evidence for GPR119
remains indirect (Sloan et al. 2023). Endocannabinoids
in the retina may regulate retinal development (Cherif et
al. 2015; Silva et al. 2018), neuroprotection (Slusar et al.
2013; Nucci et al. 2007; Krishnan and Chatterjee 2014),
and neurotransmission (Schwitzer et al. 2016), particu-
larly the electrophysiology of scotopic vision (Bouskila et
al. 2016).

CBD, as the main exocannabinoid, also exhibits nota-
ble retinal activity on its own. For instance, El-Remessy
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et al. have proved its role in counterbalancing NMDA-
excitotoxicity in glaucoma through innate antioxidant
actions (El-Remessy et al. 2003). They further demon-
strated CBD’s capacity to mitigate type I diabetic reti-
nal pathology by reducing vascular permeability and cell
death (El-Remessy et al. 2006). The underlying mecha-
nisms involve alleviating oxidative stress, inhibiting p38
MAPK signaling, and suppressing the levels of tumor
necrosis factor-a, vascular endothelial growth factor,
and intercellular adhesion molecule-1 (El-Remessy et al.
2003, 2006). Other researchers indicated that CBD exerts
anti-inflammatory effects in the retina by enhancing ade-
nosine signaling, specifically through the inhibition of
adenosine uptake (Liou et al. 2008). More recently, Conti
et al. revealed CBD s neuroprotective effects in a model
of AMPA-induced retinal damage (Conti et al. 2025).
However, the potential in vivo retinoprotective role of
CBD in type II diabetes mellitus remains undetermined.
To address this, the present study aimed to evaluate this
role in Zucker Diabetic Fatty (ZDF) rats.

Materials and methods

Animals and groups

Zucker Diabetic Fatty (ZDF) rats and their control, Lean
rats, were bought from international animal retailer
(Charles River Laboratories International, Inc. (Wilm-
ington, MA, USA)) at the age of 10 weeks. ZDF rats,
used as Type 2 diabetes model animals, develop glucose
intolerance and hyperinsulinemia, hyperglycemia and its
consequences due to their leptin-resistance caused by
mutation (Al-Awar et al. 2016). The animals were kept
in our animal house with ad libitum water and standard
rodent chow until 6 months of age after which 1 month
of treatment commenced. Three groups were formed
(n=6): ZDF control, CBD-treated ZDF rats and Lean.
The number of animals was calculated to align with cur-
rent regulatory requirements to minimize animal use in
research, although the small sample size might be consid-
ered as a limitation of the study. ZDF rats were assigned
randomly to CBD-treated or vehicle-treated groups.
Orally gavaged through a feeding tube, vehicle treatment
consisted of sunflower oil, while CBD was dissolved in
the same oil in 60 mg/kg/day dosage. The used dose was
based on human oral acceptable daily intake (ADI) dose
(10 mg/kg/day) established by Food Standards Agency
(2023) and on rat doses used in other studies (Singh et
al. 2023; Hlozek et al. 2017). Flowchart of the research is
shown in Fig. 1.

All treatments and protocols received ethical clear-
ance by the Laboratory Animal Research Committee
of the University of Debrecen (9/2022/DEMAB) and
were conducted in accordance with the 3R principles
(replacement, reduction and refinement) and ARVO
Statement for the Use of Animals in Ophthalmic and
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Fig. 1 Flowchart of the research

Vision Research. The animals received humane care cor-
responding to the ‘Principles of Laboratory Animal Care’
by EU Directive 2010/63/EU.

Fasting blood glucose

To validate the diabetic animal model, glucose related
measurements were carried out as detailed in this and
the following chapter. The animals underwent an over-
night fasting and on the following morning fasting blood
glucose was measured. For recording Accu-Check glu-
cose meter (Roche Diagnostics, Mannheim, Germany)
was used; blood was collected from the tail vein of rats
(Wachal et al. 2020).

Oral Glucose Tolerance Test (OGTT)

Oral glucose tolerance test was carried out by a formerly
used protocol (Wachal et al. 2021). Briefly, after measur-
ing their fasting blood glucose, animals were gavaged 2
g/bwkg of glucose through a feeding tube. Blood glucose
levels were measured from tail vein repeatedly at 15, 30,
60, 90 and 120 minutes using Accu-Check glucose meter
(Roche Diagnostics, Mannheim, Germany) and a time-
glucose level curve was constructed from the results.

Electroretinography

Our electroretinography (ERG) method, as also
described previously (Takacs et al. 2024), is an electro-
physiological measurement which makes it possible to
analyze in vivo the electrical functioning of the retina
upon light stimulus. The used protocol is based on the
current standard electroretinography protocol recom-
mended by International Society for Clinical Electro-
physiology of Vision (ISCEV) for both clinical application
and research purposes (Robson et al. 2022). A Ganzfeld-
type flash lamp is utilized for stimulus generation and a
Hand-held Multi-species ElectroRetinoGraph (HMsERG,
OcuScience, Henderson, NV, USA) for data acquisition,
both fixed securely in position inside a Faraday-cage
along with a heated pad. The rat lies in a prone position
on the heated pad (ATC 2000, WPI, Sarasota, FL, USA);
ERG measurements are performed under general anes-
thesia (ketamine-xylazine; 100/10 mg/kg) and mydriasis

(cyclopentolate, Humapent, Teva Ltd., Debrecen, Hun-
gary). For conduction of retinal electrical activity the
method utilizes 5 electrodes: two corneal contact lens
electrodes (ERG-jet Contact Lens Electrode, Fabrinal
SA, Switzerland) with conductive gel and two reference
needle electrodes, the latter being inserted into the cheek
of the animal; the system also includes a general earth
needle electrode inserted into the midline of the animal.

Measurements are first carried out after a 20-minute
dark adaptation, later with standard (30 cd-s/m?) back-
ground light adaptation. The HMsERG is capable of reg-
istering electrical activity of both eyes simultaneously
with a bandpass filter (1 to 300 Hz width) and with time-
integrated luminance (strength) of a single flash rang-
ing from -2.5 to 1 log cd-s/m? (10, 100, 300, 1000, 3000,
10000, 25000 mcd-s/m?). Electroretinograms (a-waves,
b-waves, their implicit times, oscillatory potentials (OP)
and flickers) were analyzed with ERGView software (ver-
sion 4.380, OcuScience, Henderson, NV, USA).

The commonly analyzed a- and b-waves were identi-
fied, measured and their implicit times were calculated
by the software automatically, while in case of OPs and
flickers, the following two methods were used within
the same software. To make OPs visible, after acquisi-
tion of the electroretinogram a bandpass filter of 100 to
300 Hz was applied. Waveform morphology, amplitude
and implicit time of OPs of 3000 mcd-s/m? stimuli were
evaluated as regular (Wachtmeister 1998). The maximal
amplitude of oscillatory potentials was measured from
the baseline of 0 uV selecting the highest peak and the
lowest trough (a negative number), absolute values of
which were then summed up together. The implicit time
of OPs were measured between the flash stimulus and the
highest peak. Results were averaged from 4-4 OP-mea-
surements from each eye of all animals in a group. Vari-
abilities for OP amplitudes were calculated by GraphPad
Prism software as Coefficient of Variation, dividing the
Standard Deviation of the OP amplitude data-points
with their mean. Flicker method was carried out after
the light-adapted recordings (with the same backlight)
with 30.30 Hz, 3000 mcd-s/m? light stimuli. Intervals
between two consecutive highest peaks following the
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light stimulus were analyzed. Results were averaged from
4-4 flicker measurements of animals of each group. Vari-
abilities of flicker peak intervals were calculated similarly
to OP amplitude variability by GraphPad Prism software.

Histology

For histological analysis, enucleated eyes of the animals
were sectioned after embedding them into Histowax
(Histolab Products AB, Gothenburg, Sweden) as dis-
cussed in details before (Takacs et al. 2024). Briefly, right
after enucleation, samples were fixated in paraformalde-
hyde solution (PFA, pH 7.4, 4% in phosphate buffer: 10
g paraformaldehyde, 50 uL. 10 N NaOH, 25 mL 10x PBS,
200 ml ddH20), which was later washed out and the tis-
sue was dehydrated in ascending alcohol and xylene. Four
um thick sections were then cut from the tissue blocks
with a microtome. After deparaffinization and rehydra-
tion, sections were stained with hematoxylin and eosin
(Sigma-Aldrich-Merck KGaA, Darmstadt, Germany).
Sections (#=10/animal) were analyzed with a Nikon
Eclipse 80i microscope through a 40x objective (Nikon
Plan Fluor 40x/0.75 DIC M/N2 «/0.17 WD 0.66) with a
DS-Fi3 Microscope Camera attached. Thickness of the
layers were measured with the software of the micro-
scope (Nikon NIS-Elements BR, Ver5.41.00).

Statistical analysis

Statistical analyses were done in GraphPad Prism soft-
ware (version 8.0, GraphPad Software Inc., La Jolla, CA,
USA) as discussed before (Takacs et al. 2024). Briefly,
after Shapiro-Wilk normality test for determination of
distribution of data points, either one-way analysis of
variance (one way ANOVA), or non-parametric Krus-
kal-Wallis test, or two-way analysis of variance (two-
way ANOVA) was used. Comparisons were regarded
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significant in case of a lower than 0.05 probability value.
Various signs (*, #) were used to mark significance in dif-
ferent comparisons (e.g. * to **** for p < 0.05, p < 0.01, p <
0.001, and p < 0.0001, respectively; and similarly with #).
Data were presented as mean and standard error of the
mean (SEM).

Results

Results of bodyweight measurements are seen in Fig. 2,
according to which baseline mean values (+tSEM) of
the groups were measured to be 388.8 + 7.615, 364.5 +
25.825 and 368.125 + 14.181 grams, for Lean, ZDF and
ZDF+CBD groups, respectively, while endpoint values
were 413.2 + 8.208, 403.5 + 28.895 and 398.375 + 17.557
grams, in the same order. There were significant dif-
ferences between baseline and endpoint weights in all
groups (effect of time factor), which is shown as the hori-
zontal pairwise comparison in Fig. 2A, but there were
no differences between the groups in any time points
(effect of group factor), which is shown as the vertical
pairwise comparisons on both sides of Fig. 2A. Opposed
to this, the change in bodyweight (the slope of the lines
in Fig. 2A) were significantly different between groups:
untreated ZDF animals gained significantly more weight
than the Lean group (Fig. 2B). Values of weight-change
in Lean, ZDFE, ZDF+CBD group were 24.40 + 1.067, 39.00
+ 7.853 and 30.25 + 4.427 grams, respectively. Endpoint
glucose measurements are shown in Fig. 3. Fasting blood
glucose values were measured to be 5550 + 0.1078,
21.80 + 1.613 and 20.53 + 1.731 mmol/l for Lean, ZDF
and ZDF+CBD groups, respectively (Fig. 3A). Accord-
ing to the OGTT measurements glucose values of the
Lean group in any time points significantly differed from
the other two groups, but there were no significant dif-
ferences between treated and untreated ZDF groups in

B

Change in bodyweight (g)
¢

T
Lean ZDF ZDF+CBD

Fig. 2 Bodyweight changes in the different animal groups. A Baseline and endpoint bodyweight values; results are group means +SEM, ns=no signifi-
cant difference in any possible comparisons between groups in a given time point, *=p < 0.05 in any comparisons between group values within the same
group in different time points. B Change in bodyweight in the different animal groups. Results are group means+SEM, * marks statistically significant

comparison (p <0.05)
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Fig. 4 Dark-adapted electroretinographical waveforms elicited by flash light series (from the bottom to the top: 10, 100, 300, 1000, 3000, 10000, 25000

mcd-s/m?). A Lean group; B ZDF group; C ZDF 4+ CBD group

any time points (Fig. 3B). Electroretinography results are
shown in the several following figures as described below.
Dark-adapted wave results are shown in Figs. 4, 5 and 6:
representative waveforms are shown in Fig. 4, while mean
amplitude and implicit time values are shown in Fig. 5,
most important comparisons are detailed in Fig. 6.
According to dark-adapted ERG measurements a-wave
as well as b-wave amplitudes were the highest in ZDF +
CBD group on most stimulus strengths. Exact values are
shown in Table 1. This was not the case with the implicit
times, where we observed longer a-wave and shorter
b-wave implicit times for ZDF + CBD group in most
stimulus strengths. In particular, under DA 25 a-waves’

amplitude and their implicit times were significantly
higher in the two ZDF groups compared to Lean, while
ZDF + CBD group values were the highest significantly
differing from untreated ZDF group as well. B-waves’
amplitude was significantly higher in ZDF + CBD group
compared to Lean, while significantly lower in ZDF com-
pared to ZDF + CBD group. Implicit times for b-waves
were significantly the shortest in ZDF + CBD group com-
pared to both Lean and ZDF groups.

Light-adapted ERG results are shown in Figs. 7 and
8: representative waveforms are shown in Fig. 7, while
numeric results are shown in Fig. 8.
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amplitudes (uV); B Dark-adapted a-wave mean implicit times (msec); C Dark-adapted b-wave mean amplitudes (uV); D Dark-adapted b-wave mean
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Regarding light-adapted ERG measurements, we found
no differences between amplitudes of treated and non-
treated ZDF groups. Amplitudes of ZDF + CBD group
were significantly lower than in Lean group under both
lightings, while implicit times were significantly longer in
this group compared to Lean group in case of both stim-
ulus strengths. Exact values are shown in Table 2.

Oscillatory potentials were also recorded during the
experiment: Figs. 9 and 10 show dark-adapted while
Figs. 11 and 12 light-adapted oscillatory potential data,
furthermore Fig. 13 shows variability of oscillatory
potentials.

The waveform morphology of dark-adapted oscilla-
tory potentials of animals in both ZDF animal groups
resembled that of untreated lean animals (Fig. 9); there
were no extra or missing peaks and the course of the
curves also showed great similarity. The measured mean
amplitudes were, nevertheless, significantly higher
in the ZDF+CBD group compared to the lean group
(103.4+5.278 vs 73.26+3.222 uV, respectively; p<0.0001).
The untreated ZDF group did not differ from neither

of the other two groups (87.51+6.505 V). There was a
similar trend in case of the implicit times of the oscilla-
tory potentials, where we recorded significant longer
implicit times for the ZDF + CBD group compared to
Lean group (31.34+0.8318 vs 25.93+0.4688 msec, respec-
tively; p<0.0001). Here the untreated ZDF group also dif-
fered significantly from the Lean group (28.62+0.7310 vs
25.93+0.4688 msec, respectively; p<0.001).

There were slight differences between the waveform
morphology of the light-adapted oscillatory potentials
of ZDF animals and Lean animals. At the lower light
strength an extra wave was recorded in ZDF animals
beyond the two peaks seen in case of Lean animals, while
at the higher light strength a third peak was recogniz-
able even in case of Lean animals, however, this peak
was much smaller in case of ZDF animals. Regarding
the maximal amplitude and the time to reach this maxi-
mal amplitude measurements showed significant differ-
ences between Lean and ZDF groups: mean amplitudes
of Lean light-adapted oscillatory potentials were sig-
nificantly higher than in any ZDF groups (10.33+0.3647
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Fig.6 Dark-adapted ERG measurements with 25000 mcd-s/m? flash light (DA25). A mean a-wave amplitudes of the different groups (uV); B mean a-wave
implicit times (msec); C mean b-wave amplitudes (uV); D mean b-wave implicit times (msec). All results are shown as group means+SEM. **=p <0.01;

#**=p<0.001 and ****=p <0.0001

vs 7.719+£0.5713 and 7.666+0.4017 puV, for Lean vs ZDF
and ZDF + CBD groups respectively; p<0.0001), while
implicit times were longer in ZDF animals compared to
Lean (38.85+0.7678 vs 46.94+0.9039 and 49.33+0.5593
msec, for Lean vs ZDF and ZDF + CBD groups respec-
tively; p<0.0001).

Variabilities for the measured Oscillatory Potentials
were calculated by GraphPad Prism software as Coef-
ficient of Variation, dividing the Standard Deviation of
the OP data points with their mean (Fig. 13A and C).
Variability tells us about the scatter of OPs, which is
also graphically shown as a violin plot in Fig. 13B and
D. Since neither Standard Deviation (SD) nor Standard
Error of the Mean (SEM) could be associated to the bars
of the graphs in Fig. 13, due to the nature of the calcu-
lation of Coefficient of Variation, no statistical analyses
could be carried out on the data, however, the trend is
clearly visible: in case of the variability of all OP ampli-
tudes measured in the group of ZDF + CBD treated
animals, percentage of variability resembles more to
that of Lean group, while ZDF group variability is much
higher both in case of dark-adapted and Light-adapted

OP-measurements. A similar trend can be seen in the
violin plots (Fig. 13B and D) where the scatter of the indi-
vidual OPs are illustrated: the most OP data points of
ZDF + CBD animals lie in the same range as in case of
Lean animals, while non-treated ZDF data points show a
dumbbell-shaped distribution.

Flicker measurement results are shown in Fig. 14.

According to flicker measurements there were some
minor differences between the mean intervals of flicker
peaks: mean interval of Lean group turned out to be
32.94+0.06862 msec, that of ZDF + CBD group was mea-
sured to be 32.97+0.1054 msec while in case of untreated
ZDF group this interval was 33.11+0.1532 msec, how-
ever, the differences did not reach the level of statistical
significance. The variability of the flicker peak intervals
were the highest in the ZDF group, and the range was
also the greatest in this group, while results of the ZDF
+ CBD group resembled more, both in case of variability
and distribution, to the results of Lean animals. Range of
individual interval values were 3.1 (31.2 - 34.3) msec in
Lean group, 3.8 (31.1 - 34.9) msec in ZDF + CBD group
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Table 1 Dark-adapted ERG Values
Lean ZDF ZDF+CBD
DA 0.01 a-wave mean amplitudes (uV) 13.07+0.6142 16.36+0.9842 14.25+0.8329
mean implicit times (msec) 21.18+04278 31.12£0.7486 28.55+0.7456
b-wave mean amplitudes (uV) 2793+5.829 3423+6.992 366+7.053
mean implicit times (msec) 90.36+0.6108 105.9+£0.9913 106+£0.8041
DA 0.1 a-wave mean amplitudes (uV) 31.01+0.9771 37.76+1.272 283+1.024
mean implicit times (msec) 23.07+0.2514 28.21+0.2828 28.35+0.3271
b-wave mean amplitudes (uV) 319.8+5.449 378+7.494 4374+6334
mean implicit times (msec) 62.83+0.4296 65.89+0.9251 65.62+0.7027
DAO03 a-wave mean amplitudes (uV) 64.11+1.71 73.06+235 60.32+1.674
mean implicit times (msec) 2234+0.123 2535+0.1709 26.28+0.1468
b-wave mean amplitudes (uV) 367.8+5.873 375.8+7.331 416.8+6.181
mean implicit times (msec) 60.52+0.4237 56.82+0.9392 50.95+0.8038
DA 1 a-wave mean amplitudes (uV) 113.6+2.391 134.1£3.195 131.1+£2.855
mean implicit times (msec) 20.87+0.08232 23.09+0.1399 24.01+0.1328
b-wave mean amplitudes (uV) 4269+6.349 404.6+8.367 433.7+7.251
mean implicit times (msec) 59.49+0.5341 61.01+0.8563 50.57+0.7761
DA3 a-wave mean amplitudes (uV) 1288+2211 1706+4.116 184.9+3.703
mean implicit times (msec) 19.37+0.09953 21.32+0.1452 2262+0.1234
b-wave mean amplitudes (uV) 440.0+6.090 418.6+8.938 457.1+7.258
mean implicit times (msec) 59.39+05610 56.55+0.8108 50.35+0.6789
DA 10 a-wave mean amplitudes (uV) 100.3+2.047 143+5.328 1724+3.709
mean implicit times (msec) 1641+0.1288 19.05+0.2104 21.05+0.1782
b-wave mean amplitudes (LV) 381.6+5623 372.8+9.371 401.2+6.95
mean implicit times (msec) 57.99+0.6299 55.87+0.7553 55.46+0.4867
DA 25 a-wave mean amplitudes (uV) 211.5+2.968 292.0+5.368 336.1+5.676
mean implicit times (msec) 10.40+0.04428 11.73+0.09626 12.91+0.08102
b-wave mean amplitudes (uV) 577.1+7.689 564.1+11.74 612.0+8.722
mean implicit times (msec) 69.10+1.066 61.28+1.559 50.99+1.169

B

20uV

20msec

20uV

20msec

Fig. 7 Representative light-adapted electroretinographical waveforms (blue line for 3000 and black line for 10000 mcd-s/m? light stimuli). A Lean, B ZDF,

C ZDF +CBD group

and the most scattered 6.3 (30.1 - 36.4) msec in ZDF

group as depicted in Fig. 14C.

Results of histological analysis are shown in Fig. 15.

According to histological analysis significant differ-

ences were measured between the thicknesses of the
different layers of the retina in the different treatment
groups: in every measurement layer thicknesses of ZDF
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Table 2 Light-adapted ERG values
Lean
107.0+1.504

ZDF
70.92+2.247

ZDF+CBD
65.37+1318

LA3  b-wave mean
ampli-
tudes
(Wv)
mean
im-
plicit
times
(msec)
mean
ampli-
tudes
(Wv)
mean
im-
plicit
times
(msec)

4278+0.1409 44.59+0.3230 44.42+0.3030

LAT0 b-wave 153.8+2.047 1055+£2.281 107.7£1.676

49.49+0.2698 49.73+0.3537 50.94+0.1755

animals were the highest, while those of ZDF+CBD
group were significantly lower than ZDF, resembling
Lean. As with all layers measured separately, in case of
OLM-ILM thickness as well, ZDF group had significantly
higher values compared to both Lean and ZDF+CBD

groups. Individual values of bar graphs of all measure-
ments are shown in a supplementary figure. Exact reti-
nal thickness values of histological analysis are shown in
Table 3.

Discussion

In our study Zucker Diabetic Fatty (ZDF) rats were
treated with Cannabidiol (CBD) in order to evaluate in
vivo potential retinoprotective role of CBD in type II dia-
betes mellitus.

Effects on bodyweight and glucose levels

In line with scientific literature ZDF animals did not
become obese, but instead remained on a lower body-
weight (Srinivasan and Ramarao 2007). However,
untreated ZDF group exhibited a faster growth rate com-
pared to Lean animals (Fig. 2), which was likely attribut-
able to diabetic metabolic changes (Schuster and Duvuuri
2002). CBD treatment normalized weight gain to lev-
els comparable with the Lean group. Given the absence
of distress signs, this normalization suggests a systemic
metabolic effect of CBD, extending previous observa-
tions in Wistar (Ignatowska-Jankowska et al. 2011) and
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Sprague Dawley rats (Henderson et al. 2023), to the ZDF
model for the first time.

ZDF rats tend to develop insulin resistance and hyper-
glycemia as early as 10-15 weeks of life (Al-Awar et al.
2016). ZDF animals in our experiment were not provided
antidiabetic or insulin treatment, thus, were maintained
in uncontrolled diabetes and reached ~20 mmol/l fasting
glucose, which CBD treatment failed to mitigate (Fig. 3).

Literature on the glycemic effects of CBD is ambigu-
ous: some studies report CBD to decrease (Bielawiec et
al. 2020), others to increase fasting insulin (Zorzenon et
al. 2019). Effect of CBD on glucose levels are also con-
tradictory as studied in various (Wistar and Sprague
Dawley) rat models (Chaves et al. 2020; Santiago et al.

2019; Reyes-Cuapio et al. 2021; Hopkins et al. 2023). Our
findings confirm that CBD does not improve glycemic
control in the ZDF model. In light of this, the observed
effects of CBD on ZDF rats appear to be independent of
glucose-related metabolic pathways, a novel observation
in this specific strain.

Effects on electroretinogram

The effect of isolated CBD on the ZDF rat retina has not
yet been studied using flash electroretinography. The
following reviews provide a good summary of available
data in this field (Wang and Danesh-Meyer 2021; Zan-
tut et al. 2020). Prior human studies on cannabis con-
sumers reported increased background noise on the
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electroretinogram (Lucas et al. 2019), but this study failed
to isolate the specific role of CBD from other compounds
naturally found in hemp (Cerino et al. 2021). According
to our results, diabetic state and CBD treatment altered
the electroretinogram statistically significantly.
Dark-adapted measurements in general reflect the
functionality of mainly rods (a-wave), and rod-secondary
cells (b-wave), especially bipolars, with the addition that
brighter dark-adapted stimuli elicit mixed rod and cone
(a-wave) and mixed rod-secondary and cone-secondary
(b-wave) cell activity (Nixon et al. 2001). Light-adapted

b-waves (in rats, light-adapted a-waves may not always
be clearly discernible and suitable for reliable analysis,
as they are potentially masked by larger b-waves accord-
ing to the literature (Nixon et al. 2001; Bui and Fortune
2006)) reflect electrical activity of cone-secondary cells,
since the background light saturate rods (Calcagni et al.
2024).

Dark-adapted ERG results
Our results indicate that the diabetic state slowed
down photoreceptor electric function, i.e. prolonged
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dark-adapted a-wave implicit times (Fig. 5), consistent
with observations by Johnson et al. in 22-week-old ZDF
rats (Johnson et al. 2013). In the present study CBD was
unable to improve this delay, further elongation was
observed. A hypothesis might be impaired photoreceptor
kinetics: either the pathway to closure of cGMP-mediated
Na+-channels (“eliciting time”), or the pathway to gener-
ate electric activity (the closure itself) is more sluggish

(“pathway time”). While these two specific kinetic com-
ponents remain to be isolated, degeneration of retinal
neurons associated with chronic diabetes remains the
most plausible explanation for these findings (Tan and
Wong 2022).

In contrast to the reduced a-wave amplitudes we mea-
sured in aged, 68-week-old ZDF rats (Wachal et al. 2021),
the present study found higher dark-adapted a-wave
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amplitudes in 7-month-old ZDF animals compared to
Lean controls, consistent with 22-week-old ZDF rats
(Johnson et al. 2013). CBD-treated ZDF rats exhibited
even greater amplitudes specifically at high stimulus
strength in our current study. While one hypothesis could
be retinal cell survival supported by the observed reduc-
tion in edema (please see 'Histological changes' section),
immunohistological cell counting was not performed.
Another hypothesis might be based on CBD-mediated
inhibition of glutamate release and subsequent photore-
ceptor hyperpolarization (El-Remessy et al. 2003; Peres et
al. 2018) leading to the highest a-wave amplitudes mea-
sured in the ZDF+CBD group. Although the mechanism
remains to be elucidated, this study provides novel evi-
dence that CBD treatment can improve the amplitude
while slowing the kinetics of dark-adapted a-waves.
Dark-adapted b-waves generally showed greater ampli-
tudes in CBD-treated ZDF animals compared to Lean.
This is consistent with the increased amplitudes observed
in case of a-waves. Since higher b-wave amplitudes

occurred even at light stimulus strengths where a-wave
amplitudes did not increase, CBD-elicited improved
survival of post-receptoral cells may be considered as a
hypothesis. Again a more plausible hypothesis is related
to the decreased release of glutamate from photorecep-
tors resulting in depolarization of second-order neurons.
While untreated ZDF animals exhibited b-wave changes
consistent with diabetic retinal degeneration (Tan and
Wong 2022), CBD-treated rats showed both significantly
higher amplitudes and shorter implicit times compared
to Lean controls. A hypothesis might be that CBD may
accelerate and enhance post-receptoral cell activation,
potentially through modulated glutamatergic signaling. A
novel finding of this study is that dark-adapted b-waves
in CBD-treated ZDF animals exhibited significantly
higher amplitudes and shorter implicit times compared
to the Lean control group.
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Table 3 Histology — retinal thickness values
Lean ZDF
23.02+0.2033 31.38+0.3228

ZDF+CBD
24.25+03183

Retinal
thickness

photo-
receptor
layer (PL)
outer
nuclear
layer (ONL)
outer
plexiform
layer (OPL)
inner
nuclear
layer (INL)
inner
plexiform
layer (IPL)
ganglion
cell layer
(GCL)
outer to
inner limit-
ing mem-
brane
(OLM-ILM)

19.07+0.2085 3044+0.5596 26.72+0.2713

7114£0.1743 10.17£02192 8.187+0.1111

11.08+£0.1195 21.83£0.5268 16.86+0.2061

29.16+0.2490 4532+0.8474 340704156

13.88+0.2741 1632+04698 14.31+£0.2566

80.31+£05422 12412033 100.2+0.8944

Light-adapted ERG results

Results of light-adapted ERG further clarify the effect
of CBD since cone-elicited secondary responses in
ZDF+CBD group were reduced and delayed compared
to Lean (Fig. 8). Amplitudes of light-adapted b-waves
did not differed significantly from untreated ZDF, which
means that CBD was not able to enhance cone-second-
ary electrical activity. Consequently, the elevated mixed
rod-cone dark-adapted b-wave responses likely stem
from CBD-mediated increases in the electrical activity of
rod-driven secondary cells, marking a novel result of this
study.

Light-adapted electroretinogram of ZDF animals
showed smaller and sometimes slower b-waves, likely
reflecting diabetic retinal degeneration (Tan and Wong
2022) and a reduced number of cone-secondary cells.
This is further corroborated by our Histology results,
which showed greater edema in ZDF group. Although,
without immunohistochemistry we cannot rule out
the hypothesis that perhaps the same amount of cone-
secondary cells function less efficiently, which CBD was
unable to counterbalance. In the literature light-adapted
ERG measurements of ZDF animals are scarce and pub-
lished results are quite inconsistent. For instance, fluc-
tuating light-adapted b-wave amplitudes were noted by
Johnson et al. depending on the developmental stage
(Johnson et al. 2013). Nevertheless, in case of 22 weeks
old ZDF rats, the age group most comparable to our
7-month-old animals, significantly prolonged implicit
times and (non-significantly) diminished amplitudes
were measured by them, aligning with our present
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findings. Light-adapted ERG results indicate that CBD
did not significantly alter signal transmission kinetics
along the cone photoreceptor to cone bipolar cell path-
way, a novel observation in this model.

Oscillatory potentials and flicker ERG results

While decreased oscillatory potential (OP) amplitudes
are hallmarks of human diabetes (Midena et al. 2021),
rodent models show inconsistent trends: sometimes no
change (Hancock and Kraft 2004; Ablonczy et al. 2018),
or even increased OP amplitudes (Allen et al. 2023) may
be observed. A characteristic feature of diabetes, even
in rats, is an elongated OP implicit time, which was also
shown in our study (Fig. 10). We observed increased
dark-adapted and decreased light-adapted OP ampli-
tudes in the diabetic group; however, CBD treatment
failed to reverse these alterations. This study provides
the first evidence that CBD does not mitigate diabetes-
induced changes in OP amplitudes or implicit times in
the ZDF model.

Interestingly however, CBD demonstrated a variabil-
ity-lowering property of both dark-adapted and light-
adapted OP amplitudes (Fig. 13). Violin plots reveal that
while untreated ZDF rats exhibited a bimodal (two-
poled) distribution of individual amplitudes, distribu-
tion of the most likely variants of OP amplitudes (the
widest part of the violin) of ZDF+CBD and Lean groups
are comparable. Consistent with this the OP amplitude
variability is higher in ZDF group, while CBD treatment
decreased it in the diabetic animals, which is a novel
result. Considering the high intra- and intersubject vari-
ability typically associated with (human) OP amplitudes,
some authors came to the conclusion, that instead of OP
amplitudes, OP implicit times could be better indicators
of retinopathy (Kothe et al. 1989; Polo et al. 1995). Simi-
larly to OP implicit times, our findings suggest that OP
amplitude variability may serve as a more sensitive diag-
nostic marker for early retinopathy than absolute ampli-
tudes. If proven to be a sensitive indicator of diabetes
or therapeutic response, OP variability could potentially
detect retinal changes even before amplitude changes
appear. However, further research is required.

Flicker ERG was employed to assess cone-driven
responsiveness under rod-saturating conditions using
stroboscopic stimuli, to determine the ability of the retina
to react to rapid light flashes with the same frequency
(McAnany et al. 2022; Kondo and Sieving 2001). Similarly
to OPs, variability of flicker peak intervals was calculated.
Untreated ZDF rats exhibited more scattered flicker peak
mean intervals and and higher flicker interval variability
compared to Lean controls. CBD was demonstrated to
decrease flicker peak interval variability, which is a novel
result. Similarly to OP variability, flicker interval vari-
ability may represent a potential novel diagnostic tool in
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retinal electrophysiology. While these results are promis-
ing, further studies are required to validate their clinical
utility.

Histological changes

Histology results are shown in Fig. 15. According to our
measurements CBD was able to significantly decrease
diabetes-related thickening of each retinal layer of ZDF
animals, which is a novel result. This finding aligns with
our previous work with sour cherry seed extract, which
similarly reduced retinal edema in ZDF rats (Varga et al.
2017), and supports the potential of herbal compounds in
mitigating retinal ischemia-reperfusion injury shown in
other rat models (He et al. 2014; Huang et al. 2015; Han
et al. 2020; Tan et al. 2017).

Although untreated ZDF rats exhibited increased reti-
nal thickness and higher ERG amplitudes, these findings
do not appear to stem from an increased cell number.
On the contrary, edema is a documented consequence
of ischemia (Kaur et al. 2008) and a prognostic marker of
retinal cell death (Kaur et al. 2008; Song et al. 2025). And
ischemia is a proven pathomechanism of diabetes (Tan
and Wong 2022; Gettinger et al. 2025). Conversely, CBD-
mediated reduction in tissue edema likely promotes
retinal cell survival, potentially underlying the enhanced
dark-adapted ERG amplitudes. While due to the lack of
immunohistochemical cell counting, a limitation of the
study, this correlation remains a hypothesis, our findings
provide a strong basis for further exploring CBD’s thera-
peutic potential in diabetic retinopathy.

Conclusion

Our study demonstrates that CBD exerts functional
retinoprotective effects in ZDF rats through a glucose-
independent mechanism, normalizing weight gain and
preventing retinal thickening. CBD selectively enhanced
rod-mediated (dark-adapted) ERG amplitudes without
affecting the cone pathway, and reduced variability in
OPs and flicker intervals. We introduce OP amplitude
variability and flicker interval variability as two novel
indicators of early retinal dysfunction and therapeutic
response. Our results highlight the therapeutic poten-
tial of CBD in diabetic retinopathy and warrant further
research.

Abbreviations

CBD Cannabidiol

ERG Electroretinography
GCL Ganglion Cell Layer

ILM Inner Limiting Membrane
INL Inner Nuclear Layer

IPL Inner Plexiform Layer
OGTT  Oral Glucose Tolerance Test

oM Outer Limiting Membrane
ONL Outer Nuclear Layer

OopP Oscillatory Potential

OPL Outer Plexiform Layer
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PL Photoreceptor Layer

SD Standard Deviation

SEM Standard Error of the Mean
THC Tetrahydrocannabinol

ZDF Zucker Diabetic Fatty

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/542238-026-00421-z.

[ Supplementary Material 1. ]

Acknowledgements
Not applicable.

Authors’ contributions

Conceptualization, BT, AS. and B.V,; methodology, B.V. and D.P; software,

B.T, validation, B.V. and Z.Sza,; formal analysis, M.B,; investigation, B.T. and B.V,
resources, B.J. and Z.Szi.; data curation, AM.S. and R.G,; writing—original draft
preparation, B.V. and B.T.; writing—review and editing, B.V; visualization, B.V.
and PO,; supervision, BV. and B.J,; project administration, B.T. and ZW., funding
acquisition, B.J. and Z.5zi.. All authors have read and agreed to the published
version of the manuscript.

Funding

Open access funding provided by University of Debrecen. The work was
supported by GINOP-2.3.4-15-2016-00002 and GINOP-2.3.4-15-2020-00008
projects. The research was financed by the Thematic Excellence Programme
of the Ministry for Innovation and Technology and was also supported by
the National Research, Development and Innovation Fund of Hungary within
the frameworks of the preclinical thematic programme of the University of
Debrecen (TKP2020-NKA-04) and within the frameworks of the Therapeutic
Purpose Development thematic programme of the University of Debrecen
(TKP2020-IKA-04). The research was implemented with the support provided
by the National Research, Development and Innovation Fund of Hungary
(TKP2021-EGA-18). The work/publication is supported by the GINOP-2.3.3-
15-2016-00021. "Developing Pharmaceutical Technology R&D Infrastructure
on the University of Debrecen” project. The project is co-financed by the
European Union and the European Regional Development Fund.

Data availability

Dataset available on request from the authors, however restrictions may apply
as the datasets presented in this article are the property of the University of
Debrecen. Requests to access the datasets should be directed to the authors.

Declarations

Ethics approval and consent to participate
The animal study protocol was approved by local Ethics Committee of the
University of Debrecen (9/2022/DEMAB).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 18 February 2025 / Accepted: 6 March 2026
Published online: 17 March 2026

References

Ablonczy Z, Giancarlo C, Schillo C, Violette K, Guberski D, Yahalom B, et al. Delay
of oscillatory potentials links animal models to diabetes in the human eye.
Invest Ophthalmol vis Sci. 2018;59(9):4445-.

Agency FS. Food Standards Agency and Food Standards Scotland update con-
sumer advice for CBD. 2023. Available from: https.//www.food.gov.uk/news-a


https://doi.org/10.1186/s42238-026-00421-z
https://doi.org/10.1186/s42238-026-00421-z
https://www.food.gov.uk/news-alerts/news/food-standards-agency-and-food-standards-scotland-update-consumer-advice-for-cbd

Takacs et al. Journal of Cannabis Research (2026) 8:57

lerts/news/food-standards-agency-and-food-standards-scotland-update-co
nsumer-advice-for-cbd.

Al-Awar A, Kupai K, Veszelka M, Szucs G, Attieh Z, Murlasits Z, et al. Experi-
mental diabetes mellitus in different animal models. J Diabetes Res.
2016;2016:9051426.

Allen RS, Khayat CT, Feola AJ, Win AS, Grubman AR, Chesler KC, et al. Diabetic rats
with high levels of endogenous dopamine do not show retinal vascular
pathology. Front Neurosci. 2023;17:1125784.

Bielawiec P, Harasim-Symbor E, Konstantynowicz-Nowicka K, Sztolsztener K,
Chabowski A. Chronic cannabidiol administration attenuates skeletal muscle
de novo ceramide synthesis pathway and related metabolic effects in a rat
model of high-fat diet-induced obesity. Biomolecules. 2020;10(9):1241. https:
//doi.org/10.3390/biom10091241.

Bouskila J, Javadi P, Casanova C, Ptito M, Bouchard JF. Rod photoreceptors express
GPR55 in the adult vervet monkey retina. PLoS ONE. 2013;8(11):¢81080.

Bouskila J, Harrar V, Javadi P, Casanova C, Hirabayashi Y, Matsuo |, et al. Scotopic
vision in the monkey is modulated by the G protein-coupled receptor 55. Vis
Neurosci. 2016;33:E006.

Bui BV, Fortune B. Origin of electroretinogram amplitude growth during light
adaptation in pigmented rats. Vis Neurosci. 2006;23(2):155-67.

Calcagni A, Neveu MM, Jurkute N, Robson AG. Electrodiagnostic tests of the
visual pathway and applications in neuro-ophthalmology. Eye Lond.
2024;38(12):2392-405.

Cerino P, Buonerba C, Cannazza G, D'Auria J, Ottoni E, Fulgione A, et al. A review
of hemp as food and nutritional supplement. Cannabis Cannabinoid Res.
2021,6(1):19-27.

Chaves YC, Genaro K, Stern CA, de Oliveira GG, de Souza Crippa JA, da Cunha
IM, et al. Two-weeks treatment with cannabidiol improves biophysical and
behavioral deficits associated with experimental type-1 diabetes. Neurosci
Lett. 2020,729:135020.

Chen J, Matias I, Dinh T, Lu T, Venezia S, Nieves A, et al. Finding of endocannabi-
noids in human eye tissues: implications for glaucoma. Biochem Biophys Res
Commun. 2005;330(4):1062-7.

Cherif H, Argaw A, Cecyre B, Bouchard A, Gagnon J, Javadi P, et al. Role
of GPR55 during axon growth and target innervation. eNeuro.
2015;2(5):ENEURO.0011-15.2015. https://doi.org/10.1523/ENEURO.0011-15.
2015.

Conti F, Lazzara F, Thermos K, Zingale E, Spyridakos D, Romano GL, et al. Retinal
pharmacodynamic and pharmacokinetic profile of cannabidiol in an in vivo
model of retinal excitotoxicity. Eur J Pharmacol. 2025;991:177323.

da Silva SL, Kubrusly RCC, Colli YP, Trindade PP, Ribeiro-Resende VT, Einicker-Lamas
M, et al. Cannabinoid receptor type 1 expression in the developing avian
retina: morphological and functional correlation with the dopaminergic
system. Front Cell Neurosci. 2018;12:58.

El-Remessy AB, Khalil IE, Matragoon S, Abou-Mohamed G, Tsai NJ, Roon P, et al.
Neuroprotective effect of (-)Delta9-tetrahydrocannabinol and cannabidiol
in N-methyl-D-aspartate-induced retinal neurotoxicity: involvement of
peroxynitrite. Am J Pathol. 2003;163(5):1997-2008.

El-Remessy AB, Al-Shabrawey M, Khalifa Y, Tsai NT, Caldwell RB, Liou GI. Neuro-
protective and blood-retinal barrier-preserving effects of cannabidiol in
experimental diabetes. Am J Pathol. 2006;168(1):235-44.

Fava ALM, Souza CM, Santos EMD, Silverio LAL, Ataide JA, Paiva-Santos AC, et al.
Evidence of cannabidiol effectiveness associated or not with tetrahydrocan-
nabinol in topical administration: a scope review. Pharmaceuticals (Basel).
2024;17(6):748. https://doi.org/10.3390/ph17060748.

Fouad AA, Al-Mulhim AS, Jresat I. Cannabidiol treatment ameliorates ischemia/
reperfusion renal injury in rats. Life Sci. 2012,91(7-8):284-92.

Gettinger K, Lee D, Tomita Y, Negishi K, Kurihara T. Diabetic Retinopathy, a compre-
hensive overview on pathophysiology and relevant experimental models. Int
J Mol Sci. 2025;26(20):9882. https://doi.org/10.3390/ijms26209882

Han L, Zhang M, Yang Z, Diao K, Jia X, Li M, et al. Huoxue-Tongluo-Lishui-decoction
is visual-protective against retinal ischemia-reperfusion injury. Biomed Phar-
macother. 2020;125:109998.

Hancock HA, Kraft TW. Oscillatory potential analysis and ERGs of normal and
diabetic rats. Invest Ophthalmol vis Sci. 2004;45(3):1002-8.

He M, Pan H, Chang RC, So KF, Brecha NC, Pu M. Activation of the Nrf2/HO-1
antioxidant pathway contributes to the protective effects of Lycium barbarum
polysaccharides in the rodent retina after ischemia-reperfusion-induced
damage. PLoS ONE. 2014;9(1):e84800.

Henderson RG, Welsh BT, Rogers JM, Borghoff SJ, Trexler KR, Bonn-Miller MO, et al.
Reproductive and developmental toxicity evaluation of cannabidiol. Food
Chem Toxicol. 2023;176:113786.

Page 16 of 17

Hlozek T, Uttl L, Kaderabek L, Balikova M, Lhotkova E, Horsley RR, et al. Pharmacoki-
netic and behavioural profile of THC, CBD, and THC+CBD combination after
pulmonary, oral, and subcutaneous administration in rats and confirma-
tion of conversion in vivo of CBD to THC. Eur Neuropsychopharmacol.
2017;27(12):1223-37.

Hopkins S, Kelley T, Roller R, Thompson RS, Colagiovanni DB, Chupka K, et al. Oral
CBD-rich hemp extract modulates sterile inflammation in female and male
rats. Front Physiol. 2023;14:1112906.

Huang C, Gao Y, Yu Q, Feng L. Herbal compound Naoshuantong capsule attenu-
ates retinal injury in ischemia/reperfusion rat model by inhibiting apoptosis.
Int J Clin Exp Med. 2015;8(8):12252-63.

Ignatowska-Jankowska B, Jankowski MM, Swiergiel AH. Cannabidiol decreases
body weight gain in rats: involvement of CB2 receptors. Neurosci Lett.
2011,490(1):82-4.

Irving A, Abdulrazzag G, Chan SLF, Penman J, Harvey J, Alexander SPH. Cannabi-
noid receptor-related orphan G protein-coupled receptors. Adv Pharmacol.
2017;80:223-47.

Johnson LE, Larsen M, Perez MT. Retinal adaptation to changing glycemic levels in
arat model of type 2 diabetes. PLoS ONE. 2013;8(2):e55456.

Kaur C, Foulds WS, Ling EA. Blood-retinal barrier in hypoxic ischaemic conditions:
basic concepts, clinical features and management. Prog Retin Eye Res.
2008;27(6):622-47.

Kondo M, Sieving PA. Primate photopic sine-wave flicker ERG: vector modeling
analysis of component origins using glutamate analogs. Invest Ophthalmol
vis Sci. 2001;42(1):305-12.

Kothe AC, Lovasik JV, Coupland SG. Variability in clinically measured photopic oscil-
latory potentials. Doc Ophthalmol. 1989;71(4):381-95.

Krishnan G, Chatterjee N. Endocannabinoids affect innate immunity of Muller glia
during HIV-1 Tat cytotoxicity. Mol Cell Neurosci. 2014;59:10-23.

Liou Gl, Auchampach JA, Hillard CJ, Zhu G, Yousufzai B, Mian S, et al. Mediation
of cannabidiol anti-inflammation in the retina by equilibrative nucleo-
side transporter and A2A adenosine receptor. Invest Ophthalmol vis Sci.
2008;49(12):5526-31.

Lopez EM, Tagliaferro P, Onaivi ES, Lopez-Costa JJ. Distribution of CB2 cannabinoid
receptor in adult rat retina. Synapse. 2011;65(5):388-92.

Lucas A, Thirion A, Schwan R, Krieg J, Angioi-Duprez K, Laprevote V, et al. Associa-
tion between increased retinal background noise and co-occurrent regular
cannabis and alcohol use. Prog Neuropsychopharmacol Biol Psychiatry.
2019;89:335-40.

Maclntyre J, Dong A, Straiker A, Zhu J, Howlett SE, Bagher A, et al. Cannabinoid and
lipid-mediated vasorelaxation in retinal microvasculature. Eur J Pharmacol.
2014;735:105-14.

McAnany JJ, Persidina OS, Park JC. Clinical electroretinography in diabetic retinopa-
thy: a review. Surv Ophthalmol. 2022,67(3):712-22.

Midena E, Torresin T, Longhin E, Midena G, Pilotto E, Frizziero L. Early microvascular
and oscillatory potentials changes in human diabetic retina: amacrine cells
and the intraretinal neurovascular crosstalk. J Clin Med. 2021;10(18):4035. htt
ps://doi.org/10.3390/jcm 10184035,

Naya NM, Kelly J, Hogwood A, Abbate A, Toldo S. Therapeutic potential of canna-
bidiol (CBD) in the treatment of cardiovascular diseases. Expert Opin Investig
Drugs. 2024;33(7):699-712.

Nixon PJ, Bui BV, Armitage JA, Vingrys AJ. The contribution of cone responses to rat
electroretinograms. Clin Exp Ophthalmol. 2001;29(3):193-6.

Nucci C, Gasperi V, Tartaglione R, Cerulli A, Terrinoni A, Bari M, et al. Involve-
ment of the endocannabinoid system in retinal damage after high
intraocular pressure-induced ischemia in rats. Invest Ophthalmol vis Sci.
2007;48(7):2997-3004.

O'Sullivan SE, Jensen SS, Nikolajsen GN, Bruun HZ, Bhuller R, Hoeng J. The thera-
peutic potential of purified cannabidiol. J Cannabis Res. 2023;5(1):21.

Papadogkonaki S, Theodorakis K, Thermos K. Endogenous and synthetic cannabi-
noids induce the downregulation of cannabinoid CB1 receptor in retina. Exp
Eye Res. 2019;185:107694.

Peng J, Fan M, An C, Ni F, Huang W, Luo J. A narrative review of molecular mecha-
nism and therapeutic effect of cannabidiol (CBD). Basic Clin Pharmacol
Toxicol. 2022;130(4):439-56.

Peres FF, Lima AC, Hallak JEC, Crippa JA, Silva RH, Abilio VC. Cannabidiol as a prom-
ising strategy to treat and prevent movement disorders? Front Pharmacol.
2018;9:482.

Pisanti S, Malfitano AM, Ciaglia E, Lamberti A, Ranieri R, Cuomo G, et al. Can-
nabidiol: state of the art and new challenges for therapeutic applications.
Pharmacol Ther. 2017;175:133-50.


https://www.food.gov.uk/news-alerts/news/food-standards-agency-and-food-standards-scotland-update-consumer-advice-for-cbd
https://www.food.gov.uk/news-alerts/news/food-standards-agency-and-food-standards-scotland-update-consumer-advice-for-cbd
https://doi.org/10.3390/biom10091241
https://doi.org/10.3390/biom10091241
https://doi.org/10.1523/ENEURO.0011-15.2015
https://doi.org/10.1523/ENEURO.0011-15.2015
https://doi.org/10.3390/ph17060748
https://doi.org/10.3390/ijms26209882
https://doi.org/10.3390/jcm10184035
https://doi.org/10.3390/jcm10184035

Takacs et al. Journal of Cannabis Research (2026) 8:57

Polo A, Di Summa A, Perlini S, Manganotti P, Zanette G. Effect of pharmacologically
induced mydriasis on the normal variability of retinal oscillatory potentials in
man. Acta Ophthalmol. 1995,73(2):133-8.

Prospero-Garcia O, Ruiz Contreras AE, Ortega Gomez A, Herrera-Solis A, Mendez-
Diaz M, Grupo de Neurociencias de la Universidad Nacional Autonoma de M.
Endocannabinoids as therapeutic targets. Arch Med Res. 2019;50(8):518-26.

Ramirez-Orozco RE, Garcia-Ruiz R, Morales P, Villalon CM, Villafan-Bernal JR,
Marichal-Cancino BA. Potential metabolic and behavioural roles of the puta-
tive endocannabinoid receptors GPR18, GPR55 and GPR119 in feeding. Curr
Neuropharmacol. 2019;17(10):947-60.

Reyes-Cuapio E, Coronado-Alvarez A, Quiroga C, Alcaraz-Silva J, Ruiz-Ruiz JC,
Imperatori C, et al. Juvenile cannabidiol chronic treatments produce robust
changes in metabolic markers in adult male Wistar rats. Eur J Pharmacol.
2021;910:174463.

Robson AG, Frishman LJ, Grigg J, Hamilton R, Jeffrey BG, Kondo M, et al. ISCEV stan-
dard for full-field clinical electroretinography (2022 update). Doc Ophthalmol.
2022;144(3):165-77.

Santiago AN, Mori MA, Guimaraes FS, Milani H, de Weffort Oliveira RM. Effects
of cannabidiol on diabetes outcomes and chronic cerebral hypoperfusion
comorbidities in middle-aged rats. Neurotox Res. 2019;35(2):463-74.

Schuster DP, Duvuuri V. Diabetes mellitus. Clin Podiatr Med Surg.
2002;19(1):79-107.

Schwitzer T, Schwan R, Angioi-Duprez K, Giersch A, Laprevote V. The endocan-
nabinoid system in the retina: from physiology to practical and therapeutic
applications. Neural Plast. 2016;,2016:2916732.

Singh K, Bhushan B, Chanchal DK, Sharma SK, Rani K, Yadav MK, et al. Emerging
therapeutic potential of cannabidiol (CBD) in neurological disorders: a com-
prehensive review. Behav Neurol. 2023;2023:8825358.

Sloan LJ, Funk KM, Tamiya S, Song ZH. Effect of N-oleoyl dopamine on myofibro-
blast trans-differentiation of retinal pigment epithelial cells. Biochem Biophys
Res Commun. 2023;667:127-31.

Slusar JE, Cairns EA, Szczesniak AM, Bradshaw HB, Di Polo A, Kelly ME. The fatty
acid amide hydrolase inhibitor, URB597, promotes retinal ganglion cell
neuroprotection in a rat model of optic nerve axotomy. Neuropharmacology.
2013;72:116-25.

Song Y, Wang Q, Du Y, Tian H, Xu Y, Chen RM, et al. Prognostic biomarkers in
treatment-naive central retinal vein occlusion with macular edema. Eur J Med
Res. 2025;30(1):594.

Srinivasan K, Ramarao P. Animal models in type 2 diabetes research: an overview.
Indian J Med Res. 2007;125(3):451-72.

Straiker AJ, Maguire G, Mackie K, Lindsey J. Localization of cannabinoid CB1
receptors in the human anterior eye and retina. Invest Ophthalmol vis Sci.
1999;40(10):2442-8.

Swenson K. Beyond the hype: a comprehensive exploration of CBD's biological
impacts and mechanisms of action. J Cannabis Res. 2025;7(1):24.

Page 17 of 17

Takacs B, Szilagyi A, Priksz D, Bombicz M, Szabo AM, Pelles-Tasko B, et al. Electroreti-
nographical analysis of the effect of BGP-15 in eyedrops for compensating
global ischemia-reperfusion in the eyes of sprague dawley rats. Biomedicines.
2024;12(3):637. https://doi.org/10.3390/biomedicines12030637.

Tan TE, Wong TY. Diabetic retinopathy: looking forward to 2030. Front Endocrinol
(Lausanne). 2022;13:10776609.

Tan SQ, Geng X, Liu JH, Pan WH, Wang LX, Liu HK; et al. Xue-fu-Zhu-Yu decoc-
tion protects rats against retinal ischemia by downregulation of HIF-1alpha
and VEGF via inhibition of RBP2 and PKM2. BMC Complement Altern Med.
2017;17(1):365.

Varga B, Priksz D, Lampe N, Bombicz M, Kurucz A, Szabo AM, et al. Protective effect
of Prunus Cerasus (Sour Cherry) seed extract on the recovery of ischemia/
reperfusion-induced retinal damage in Zucker Diabetic Fatty rat. Molecules.
2017;22(10):1782. https://doi.org/10.3390/molecules22101782.

Wachal Z, Bombicz M, Priksz D, Hegedus C, Kovacs D, Szabo AM, et al. Retinopro-
tection by BGP-15, a hydroximic acid derivative, in a type Il diabetic rat model
compared to glibenclamide, metformin, and pioglitazone. Int J Mol Sci.
2020;21(6):2124. https://doi.org/10.3390/ijms21062124.

Wachal Z, Szilagyi A, Takacs B, Szabo AM, Priksz D, Bombicz M, et al. Improved
survival and retinal function of aging ZDF rats in long-term, uncontrolled
diabetes by BGP-15 treatment. Front Pharmacol. 2021;12:650207.

Wachtmeister L. Oscillatory potentials in the retina: what do they reveal. Prog Retin
Eye Res. 1998;17(4):485-521.

Wang MTM, Danesh-Meyer HV. Cannabinoids and the eye. Surv Ophthalmol.
2021,66(2):327-45.

Xu BT, Li MF, Chen KC, Li X, Cai NB, Xu JP, et al. Mitofusin-2 mediates cannabidiol-
induced neuroprotection against cerebral ischemia in rats. Acta Pharmacol
Sin. 2023,44(3):499-512.

Ye L, Cao Z, Wang W, Zhou N. New insights in cannabinoid receptor structure and
signaling. Curr Mol Pharmacol. 2019;12(3):239-48.

Zantut PRA, Veras MM, Yariwake VY, Takahashi WY, Saldiva PH, Young LH, et al.
Effects of cannabis and its components on the retina: a systematic review.
Cutan Ocul Toxicol. 2020;39(1):1-9.

Zorzenon MRT, Santiago AN, Mori MA, Piovan S, Jansen CA, Perina Padilha ME, et
al. Cannabidiol improves metabolic dysfunction in middle-aged diabetic
rats submitted to a chronic cerebral hypoperfusion. Chem Biol Interact.
2019;312:108819.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.3390/biomedicines12030637
https://doi.org/10.3390/molecules22101782
https://doi.org/10.3390/ijms21062124

	﻿Electroretinographical analysis of the effect of cannabidiol (CBD) in eyes of Zucker diabetic fatty rats
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Animals and groups
	﻿Fasting blood glucose
	﻿Oral Glucose Tolerance Test (OGTT)
	﻿Electroretinography
	﻿Histology
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Effects on bodyweight and glucose levels
	﻿Effects on electroretinogram
	﻿Dark-adapted ERG results
	﻿Light-adapted ERG results
	﻿Oscillatory potentials and flicker ERG results


	﻿Histological changes
	﻿Conclusion
	﻿References


