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Protective effects of a grape-supplemented diet in a mouse
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Amit K. Patel, PhD, Ashley Davis, BSc, Maria Esperanza Rodriguez, MD, Samantha Agron,
and Abigail S. Hackam, PhD

Abstract

Objective—Retinal degenerations are a class of devastating blinding diseases that are
characterized by photoreceptor dysfunction and death. In this study, we tested whether grape
consumption, in the form of freeze-dried grape powder (FDGP), improves photoreceptor survival
in a mouse model of retinal degeneration.

Methods—Retinal degeneration was induced in mice by acute oxidative stress using subretinal
injection of paraquat and comparisons were to equivalent volumes of injected saline. The grape-
supplemented diet was made by formulating base mouse chow with FDGP, corresponding to 3
daily human servings of grapes, and a control diet was formulated with equivalent sugar
composition as FDGP (0.68% glucose/0.68% fructose mixture). Mice were placed on the diets at
weaning for 5 weeks prior to oxidative stress injury until analysis at 2 weeks post-injection.
Retinal function was measured using electroretinography, thickness of the photoreceptor layer was
measured using optical coherence tomography, and rows of photoreceptor nuclei were counted on
histological sections.

Results—In mice fed the control diet, oxidative stress significantly reduced photoreceptor layer
thickness and photoreceptor numbers. In contrast, retina thickness and photoreceptor numbers
were not reduced by oxidative stress in mice on the grape-supplemented diet, indicating
significantly higher photoreceptor survival after injury than mice on the control diet. Furthermore,
mice on the grape diet showed preservation of retina function after oxidative stress injury
compared with mice on the control diet.

Conclusions—A diet supplemented with grapes rescued retinal structure and function in an
oxidative stress-induced mouse model of retinal degeneration, which demonstrates the beneficial
effect of grapes on photoreceptors.
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Introduction

Retinal degenerations are a class of diseases that cause progressive photoreceptor death and
irreversibly impair vision. These diseases include age-related macular degeneration (AMD)
and retinitis pigmentosa (RP), and have high prevalence throughout the world. In the United
States, AMD affects over 1.75 million people [1] and RP affects every 1 in 4000 individuals
[2]. A major focus in the field is identifying new therapeutic strategies that promote
photoreceptor survival. Nutrition and diet-based therapies are of particular interest because
they have the potential to ameliorate progression of the disease with potentially fewer side
effects than pharmacotherapy.

Numerous studies have explored the benefits to the retina of specific dietary supplements,
ingested either as isolated compounds or as whole foods. A large randomized controlled trial
showed that in patients with AMD, progression to advanced disease was delayed by
ingesting certain nutrients, including anti-oxidant vitamins and specific carotenoids [3]. This
finding led to the development of the AREDS dietary supplement formulation that is
recommended to patients with AMD and is widely available commercially, and includes a
combination of vitamins C, E, zinc, and beta-carotene or lutein and zeaxanthin. Various
other nutritional supplements, such as minerals, dietary fatty acids and resveratrol, have also
been associated with improved retinal health in small sample observational studies, although
those tested in subsequent larger studies often show lack of statistical significant benefits
[4]. However, an overall healthy diet, which includes low fat and high fruit and vegetable
intake, appears to be important for reducing progression of retinal degeneration [5].

Grapes are an ideal candidate for dietary supplementation because polyphenols and other
molecules isolated from grapes have anti-oxidant and anti-inflammatory effects in numerous
tissues [6]. Oxidative damage and inflammation contribute to retinal degenerations [7, 8],
leading to the hypothesis that the bioactive components found in grapes could protect
photoreceptors. Grape consumption and grape-derived compounds are reported to be
neuroprotective elsewhere in the CNS [9], and in mice with an retinal pigment epithelium
(RPE)-specific phagocytosis defect, whole grapes prevented RPE damage and secondary
retinal dysfunction [10], indicating that grape-derived compounds are biologically active in
the retina. However, the effect of grape consumption on the neural retina, especially on
photoreceptors, during retinal degeneration has not previously been examined.

Characterizing basic mechanisms of photoreceptor survival in simple models of retinal
degeneration in animals is frequently used to identify novel therapeutic strategies that could
be relevant for complex degenerations in humans such as AMD. Elevated oxidative stress is
strongly associated with retinal disease and has been widely studied in the development of
AMD and other retinal degenerations. An acute oxidative stress-induced retinal degeneration
model is commonly used to mimic oxidative stress damage that contributes to retinal
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degenerations [11]. Oxidative stress injury is induced by subretinal injection of paraquat in
mice and has the advantage as a non-genetic model that it does not require complex breeding
schemes. Paraquat is processed in the mitochondria into free radicals [12] and induces
oxidative damage to the retina when injected directly into the retina [11]. We previously
reported that paraquat induced retinal degeneration in mice, and reduced retinal thickness,
lower photoreceptor counts, attenuated ERG responses and decreased visual acuity, which
could all be prevented by delivery of specific molecules [13].

In this study, we characterized the effect of dietary supplementation of grapes in a mouse
model of oxidative stress-induced retinal degeneration. We demonstrated that mice fed a
grape enriched diet, in the form of freeze-dried grape powder, showed remarkably improved
photoreceptor survival at both the structural and functional levels. Therefore, our data
provide new evidence for a beneficial effect of grapes to photoreceptor health. In
conclusion, these results suggest that dietary grape intake may be a viable preventative or
adjuvant therapy for retinal degenerations.

Materials and Methods

Diets

All procedures involving mice were performed in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and were approved by the Animal
Care and Use Committee at the University of Miami. Dietary supplementation with grapes
was achieved using a biochemically characterized freeze-dried grape powder (FDGP) that
was a prepared from Californian whole grapes and seeds of different varietals, red, green,
and black, and was provided by the California Table Grape Commission. FDGP has been
used in numerous studies for testing the effect of grapes in human and animal studies [6, 10,
14]. The biochemical composition of FDGP has previously been described [15, 16]. FDGP
is composed of fresh red, green and black California grapes (seeded and seedless varieties),
which have been frozen, ground with food-quality dry ice, freeze-dried, and re-ground using
Good Manufacturing Practices for food products. The FDGP was incorporated into
AIN-76A base diet mouse chow (prepared by Purina Mills, Gray Summit, MO) to provide
approximately 43 mg of FDGP per day, based on the reported average amount of food
ingested per mouse per day, and corresponds to approximately 3 human servings of grapes
(USDA serving size is 1 cup of grapes per serving) [10]. This dose is similar to what was
used in a recent report to allow direct comparisons [10]. A control diet that was sugar-
matched for the sugar content in grapes was made by incorporating 0.68% glucose/0.68%
fructose into the base diet mouse chow. The mice were placed on the grape-supplemented or
sugar-matched control diets upon weaning at age 21 days and maintained on the diet for five
weeks prior to retinal injections until analysis at 2 weeks post-injections (Fig 1). There were
a total of 26 mice in the study: there were 13 mice on each diet, and 8 mice per diet received
a PQ injection and the remaining 5 mice received a saline injection.

Oxidative stress injury

Wild type mice (male and female, strain B6;129SF2/J, Jackson Laboratory, Bar Harbor,
ME) were used. Oxidative stress injury was induced in the retina at age 8 weeks by
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subretinal injection of paraquat, which has been used by many groups to simulate the
elevated oxidative stress that is observed in retinal degenerations. The mice were first
anesthetized by intraperitoneal injection of a xylazine-ketamine mixture and the eyes were
locally anesthetized with eye drops containing 0.5% proparacaine hydrochloride (Akorn,
Lake Forest, IL). Mice were then subretinally injected with either 2 pl of paraquat (PQ,
1mM) or saline control, as described [13]. Briefly, an incision was made in the conjunctiva
and the sclera and injections were performed using a 1.5 cm 33-gauge Hamilton needle
(Hamilton Company, Reno, NV) between the RPE and neural retina. The left eye of each
mouse was injected, and all injections were localized in the same area of the eye. All mice
received the same volume of injection fluid. A successful injection was indicated by a
transient retinal detachment that spontaneously resolved, which was confirmed by OCT
analysis at 1 week post-injection. We excluded from the study any mice with unresolved
retinal detachments, bleeding or infection.

Electroretinography

Retinal function was analyzed two weeks after paraquat injury using electroretinography
(ERG), as described [13]. The mice were dark adapted and then anesthetized with a
ketamine/xylazine cocktail and the pupils were dilated with topical 10% phenylepherine
hydrochloride. To maintain a constant body temperature, the mice were wrapped in a
modified heating blanket attached to a heated running water bath. A reference electrode was
placed under the skin between the ears of the animal, a ground electrode was placed in the
tail, and silver wire recording electrodes were positioned on each cornea. The mice were
then placed in a Ganzfeld light emitting chamber, and flash intensity and duration was set
using the UTAS system controlled by EM for Windows software (LKC Technologies,
Gaithersburg, MD). The eyes were kept moist by the application of artificial tears. To
measure scotopic responses, mice were exposed to single flashes of white light stimuli at
intensities varying from 1 through 100 cd-s/m2. To measure photopic responses, the mice
were exposed to flashes of green light stimuli at intensities varying from 0.01 through 10
cd-s/m? in the presence of a dim green background light intensity of 1.0 cd/m2. Ten
responses to each light stimulus were averaged.

Optical Coherence Tomography

Retina layer thickness was measured in vivo using spectral domain optical coherence
tomography (SD-OCT) (Bioptigen, Research Triangle Park, NC) that is optimized for
rodents, as described [13]. Mice were anesthetized with ketamine/xylazine cocktail, and then
pupils were dilated with topical phenylephrine (Akorn, Lake Forest, IL) and kept moist
using artificial tears. A 1.3x1.3x1.56 mm?3 volume of the mouse retina centered on the optic
disk was imaged, generating 100 b-scans. The average photoreceptor thickness was
measured by segmenting the OCT images in 70-80 cross-sectional b-scans across the retina
from the outer nuclear layer (ONL) to the inner and outer segments, inclusive, using
MATLAB software and analytical programs developed by the Ophthalmic Biophysics
Center at the University of Miami (OBC Segmentation).
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Enucleated eyes were embedded and cryosectioned as described in [17]. Eyes were fixed in
cold 4% paraformaldehyde, incubated in increasing sucrose concentration solutions, then
embedded in optimal cutting temperature compound and frozen. Eight pm thick cross-
sections were cut through the entire globe, and the sections were mounted onto Superfrost
micro slides (VWR International, Radnor, PA). The retinas were stained with 4',6-
diamidino-2-phenylindole (DAPI) to visualize nuclei or with H&E to visualize the retina
structure, and then viewed using a fluorescent microscope (Zeiss Axiovert 200).
Photoreceptor nuclei counts were performed by counting rows of nuclei in the ONL in the
central retina near the optic nerve region. Columns were counted in 9 regions per mouse eye
and averaged.

Statistical Analysis

Results

Investigators were masked to the identity of the injected compound and diet for all analyses.
Statistical analysis of the data was performed using ANOVA with Tukey test for post-hoc
analysis, and p<0.05 was considered statistically significant.

To mimic the oxidative stress damage that contributes to inherited and non-inherited retinal
degenerations, we used a mouse model in which photoreceptor death is induced by oxidative
stress by subretinal injection of paraquat. The paraquat-induced degeneration model has
been used in many studies and leads to significant structural and functional loss of
photoreceptors compared with the control injection of saline [13], as well as degeneration of
cells in the inner retina (Patel et al., in press). In the present study, mice were randomly
divided into the control (sugar equivalent diet) and grape (FDGP-supplemented diet) groups,
and then randomly divided again for the paraquat or saline injections (Fig 1). Mice were
weighed prior to being placed on the diets and then weekly until the end of the experiment.
As shown in Fig 2, there was no significant difference in weight between the mice on the
different diets at any time point.

To assess the amount of retinal degeneration after oxidative stress injury, the structural
integrity of the retina was examined by quantifying thinning of the outer nuclear layer
(ONL), which is the region in which rod and cone nuclei are located. Representative heat
maps that depict average thickness across the retina for each treatment group are shown in
Fig 3A. In mice on the control diet, paraquat injection resulted in dramatic disruption of the
normal lamellae structure of the ONL, and caused holes and lesions that were absent in mice
that received the saline injection. The mice on the control diet that were injected with
paraquat had an ONL thickness of 0.0694 + 0.0051 mm (average + SD), whereas the saline
injection thickness was 0.0979 + 0.00253 mm, which indicates a significant decrease in
ONL thickness (Fig 3B, n=8 (PQ), 5 (saline); p<0.05). In contrast, in mice on the grape
supplemented diet, the retinas injected with paraquat were not damaged and look remarkably
similar to retinas injected with saline. Indeed, mice on the grape diet showed preservation of
the ONL: after paraquat injection, the average ONL thickness was 0.08956 + 0.01128 mm,
whereas the ONL thickness after the saline injection was 0.098873 + 0.005502 mm, which
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was a non-significant 10% change (Fig 3B, n=8 (PQ), 5 (saline)). Furthermore, the thickness
of the ONL was significantly greater, by 20%, in the injured grape diet mice than the injured
control diet mice (Fig 3B, n=8 (grape + PQ), 8 (saline + PQ); p<0.05). The paraquat
injections in the mice on the grape diet were performed at the same time with the identical
paraquat aliquot as the injections in the mice on the control diet, and the mice were analyzed
on the same day. Therefore, the difference in degeneration is due to the influence of the
diets.

We next used a second method to quantify the extent of retinal degeneration. The number of
remaining photoreceptors (rods and cones) were counted in random regions in the retina,
which is an established methodology of quantifying photoreceptor survival [18]. In mice on
the control diet, the percent of photoreceptor nuclei was reduced by 40% after oxidative
stress injury, compared with the saline injection (Fig. 4, p< 0.001). In contrast, in mice on
the grape diet, there was no reduction in photoreceptor numbers after the saline and paraquat
injections, which is equivalent to our findings in the OCT measurements above. Also,
comparisons between the groups injected with paraquat indicated that the mice on the grape
diet had 28% more photoreceptors than mice on the control diet (p< 0.05), and
corresponding light microscopy images show normal retina structure in grape fed mice (Fig.
4). Therefore, the mice on the grape supplemented diet showed structural preservation of the
retina after oxidative stress injury.

We next assessed whether grape consumption would provide protection from the functional
deficits that occur during retinal degenerations. Neuronal cells of the retina often lose their
electrical activity, which is characterized by reduced response of the retina to light stimuli,
before structural losses are evident. To determine whether the protective effect of the grape
supplemented diet was also observed on retina function, retinal responses were quantified
using ERGs. As shown in Fig 5, mice on the control diet showed significant reductions in
photoreceptor-generated a-wave amplitudes after paraquat injection compared with saline
injection (n=8 (PQ), 5 (saline), p<0.05), which is indicative of retinal degeneration. The
amount of amplitude reduction observed in Fig. 5 is consistent with our previous studies on
paraquat-injected mice [13]. In contrast, the grape diet mice injected with paraquat did not
have reduced photoreceptor activity, as indicated by equivalent a-wave amplitudes in the
paraquat and saline injected mice (Fig 5).

We next measured b-wave amplitudes to assess the function of the inner retina. There was a
dramatic decrease in b-wave amplitudes in mice on the control diet injected with paraquat,
as expected. In contrast, in mice on the grape diet, there was no difference in scotopic and
photopic b-wave amplitudes between injections with paraquat or saline, which indicates
functional preservation of the retina (Fig 5). Furthermore, b-wave amplitudes were
significantly higher in the mice on the grape diet: At several light intensities, the b-wave
amplitudes in the mice on the grape diet injected with paraquat were double that of the
response in the mice on the control diet injected with paraquat (Fig 5). Additionally, the b-
wave amplitudes in the mice on the grape diet injected with paraquat were equivalent to the
non-degenerating retinas in mice on the control diet injected with saline (Fig 5). Notably,
there was no significant difference in retinal function between the mice on the diets in the
absence of injury (compare grape+saline vs control+saline, Fig 5B), showing that the
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protection by the diet was only in the context of injury and not by increasing the baseline
health or synaptic responses of the retina.

Discussion

This study demonstrated that a grape-enriched diet significantly preserved retinal structure
and function in mice exposed to retinal oxidative stress when compared to animals on the
control diet. These results are supported by previous studies that showed that dietary intake
of grapes reduced oxidative stress and RPE dysfunction in a mouse model of deficient
phagocytosis [10]. Furthermore, molecules present in grapes have been shown to have
various beneficial effects in the retina and in cultured retina cells, including anti-oxidant,
anti-angiogenic and anti-inflammatory activities. For example, grape-derived compounds
were neuroprotective to rat retinal ganglion cells after optic nerve transection [19], protected
photoreceptors after light-induced retinal degeneration [20] and grape polyphenols reduced
ocular inflammation [21].

The results of this study add to the growing body of literature demonstrating that dietary
intake of certain nutrients can affect the pathology and prognosis of degenerative diseases of
the retina. In animal models, various fruits, mineral and vitamin supplements are associated
with many benefits, including enhanced neuronal survival, decreased oxidative damage,
reduced protein misfolding, and decreased pathological angiogenesis in the retina and brain.
Also, the effect of diet on human ocular disease has been studied extensively, and there are
many review articles describing the roles of different dietary supplements on the pathology
of AMD, glaucoma and RP [4]. Indeed, the AREDS formulation is now routinely
recommended to delay progression of disease in patients with AMD [22].

The molecular basis of the protective effect of grapes in the retina is not yet established.
Several pathways contribute to retinal degeneration, including oxidative stress, excessive
inflammation, and cell death signaling, and compounds derived from grapes could inhibit
proteins that mediate these pathological processes. Specific polyphenol compounds found in
grapes, including quercetin, procyanidin B2, resveratrol and epicatechin are bioactive, and
can regulate apoptotic, oxidative stress and inflammatory pathways [23]. Molecular targets
of grape-derived compounds include key pro-survival molecules, such as glycogen synthase
kinase 3p (GSK3p) [24] and the transcription factor STAT3 [25], among many others.
Interestingly, modulating both GSK3p and STAT3 has been shown to improve
photoreceptor survival [26]. Several studies have shown that various dietary supplements,
such as supplementation with probiotic bacteria given to mice fed a high-fat diet [27, 28],
can significantly regulate cytokines and proinflammatory factors, and the grape diet may
follow a similar mechanism of action. Therefore, future work will investigate the
mechanism of action of the grape diet by assessing levels of oxidative stress, pro-survival
molecules and inflammation in the retina. Furthermore, such studies will be helpful for
developing additional endpoints for assessing efficacy in mouse and potentially in human
studies.

In this study, the approximate equivalent of three human servings of grapes was consumed.
Because of the limited quantity of FDGP available, a dose-response relationship for
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photoreceptor protection could not be determined. However, the data indicate that we have
used an ideal dose because almost complete rescue was observed for photoreceptor survival
(compare grape+PQ and grape+saline in ERG and OCT). It would be interesting to
determine the lowest dose that achieves a protective effect. Although our study suggests the
possibility of grape supplementation being used as an adjuvant nutritional therapy for retinal
disease, it is important to note that extrapolation from our mouse study to humans must be
done with caution. The mice used were genetically inbred and were on identical carefully
controlled diets, and the grape diet was initiated prior to the injury. In addition, the disease
model used in this study is an acute oxidative stress model. Most neurodegenerative diseases
in which oxidative stress plays a role usually occur due to a chronic buildup of oxidative
stress damage. It is not yet known how grape consumption regulates oxidative stress over
long periods of time and future studies will be necessary to test whether grapes are
beneficial in a chronic model of photoreceptor death. Furthermore, some molecules that are
efficacious in animal models do not show equivalent protective effects in humans [4].
However, because human retinal degenerative diseases are amendable to nutritional
supplementation, it is plausible that a grape-based treatment could benefit patients. Further
studies using a randomized controlled experimental paradigm would determine whether
grape consumption improves visual outcomes in patients with retinal degenerations, and
whether a combination of grapes and the AREDS formulation leads to greater protection of
photoreceptors and RPE than each treatment alone.
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Highlights
A grape supplemented diet prevented retinal degeneration after oxidative stress
injury
Consumption of grapes preserved retinal function

Grapes may be beneficial as an adjuvant nutritional therapy for retinal
degenerative diseases
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Figure 1.
Schematic of the oxidative-stress induced model. Wildtype mice at age 3 weeks (weaning

age) were placed on the grape-supplemented or sugar control diet. After 5 weeks, the mice
were placed randomly into two study groups, the paraquat (PQ)-injected group and the
saline control group. The mice were maintained on the diet until the retina phenotype was
analyzed after an additional 2 weeks.
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Figure 2.
Body weights during the experiment. Mice were weighed each week after being placed on

the diet. There was no significant difference in weights at any time point. The average
weights of the mice at the end of the experiment are shown (n=10, mean + SE shown).

Nutrition. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Patel et al.

Page 14

A CONTROL -PQ CONTROL-SALINE GRAPE-PQ GRAPE-SALINE

=]
-
~

ns

©
e

o
o
®

o
o
I

Photoreceptor Layer Thickness (mm)
g 2
5 &

o

CONTROL-PQ CONTROL-SALINE GRAPE-PQ GRAPE-SALINE

Figure 3.
A. The structural integrity of the retina was imaged using OCT. Representative retina

thickness heat maps are shown. Orange-red indicates thicker retinas and blue-green indicates
thinner retinas. The grape-supplemented diet preserved the retina in the paraquat injected
eyes (Grape-PQ) whereas the retina degenerated and was thinner in mice fed the control diet
(Control-PQ). (B) Quantification of photoreceptor layer thickness. OCT measurements
demonstrated that the nuclear layer plus inner and outer segments were significantly thinner
after paraquat injection in mice fed the control diet (compare Control-PQ and Control-
Saline). This decrease was absent in paraquat-injected mice fed the grape diet (compare
Grape-PQ and Grape-Saline), and mice on the grape diet had thicker retinas than mice on
the control diet (paraquat-injected mice, n=8; saline-injected mice, n=5). There was minimal
variation of degeneration within each treatment group. Mean £ SD shown. *p<0.05.

Nutrition. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Patel et al.

Page 15

CONTROL-PQ  CONTROL-SALINE GRAPE-PQ  GRAPE-SALINE UNINJECTED CONTROL-PQ CONTROL-SALINE

INL ONL

GCL

B 0% &

ns
= 100%

®
=
B

|
60% - |
|
|

Photoreceptor counts (% to saline)
IS
8
X

~
S
B3

CONTROL-PQ  CONTROL-SALINE ‘GRAPE-PQ GRAPE-SALINE

Figure 4.
The grape diet significantly protected against photoreceptor loss. (A) Representative retina

sections, stained with DAPI to show the photoreceptor nuclei, demonstrates more
photoreceptors in injected mice on the grape diet compared with the control diet. GCL=
ganglion cell layer, INL= inner nuclear layer, ONL= outer nuclear layer. Scale bar: 50um.
(B) Average photoreceptor row counts to quantify the number of surviving photoreceptors
(rods and cones). In mice on the control diet, paraquat induced a significant reduction of
photoreceptors compared with saline control. In contrast, mice on the grape diet showed a
minimal decrease in photoreceptors, which was not statistically significant from saline
control. Mean + SD is shown. * p<0.05. (C) Cross-sections of the retinas stained with H&E
demonstrating normal retinal structure. Gaps in the nuclear layers are artefacts from the
staining procedure.
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Fig 5.

Tr?e grape diet significantly protected the retina from oxidative stress. ERG was used to
quantify retinal function after injury. The a-waves, representing photoreceptor responses,
and b-waves, representing inner retina responses, are shown. The intensity of light
stimulation in log cd-s/m? is indicated on the x-axis. Oxidative injury led to reduced a- (A)
and b- (B) wave amplitudes in mice on the control diet (light and dark green bars), compared
with saline injected eyes. In contrast, ERG responses in mice on the grape diet were
equivalent between paraquat-injury and saline control (light and dark purple bars),
indicating preserved retina function. Furthermore, the b-wave amplitudes of paraquat-
injected mice on the grape diet were significantly higher than paraquat-injected mice on the
control diet (n=8 (PQ), n=5 (saline), *p<0.05). Mean * SE shown.
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