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Abstract: (1) Background: Adverse effects of a chronic high-fat diet (HFD) on murine behavior,
cognition, and memory are well established. Polyphenols such as resveratrol, anthocyanins, and
flavonoids, that are known for antioxidative and anti-inflammatory properties, are present in grapes.
The objective of this work was to determine if the dietary intake of grapes has the potential of
alleviating HFD-induced deficiencies. (2) Methods: The effect of dietary grape intake was studied
using behavioral assays and high throughput genome-wide RNA transcriptome analyses with female
C57BL6/J mice. (3) Results: Mice that were fed a HFD from 3-weeks of age showed anxiety-like
behaviors compared with the standard diet (STD). This HFD-induced effect was attenuated by
supplementing the HFD with 1% grape powder (HF1G) (open field test). Similar results were
observed with the novel object recognition test; there was a significant difference in time spent
exploring a novel object between the HFD and the HF1G groups. There was no significant difference
between the HFD1G and the STD groups. Based on the RNA-Seq analysis, genetic expression in the
brain varied as a result of diet, with 210, 360, and 221 uniquely expressed genes in the STD, HFD, and
HF1G groups, respectively. Cluster analysis revealed that the HFIG group mapped more closely with
the STD group than the HFD group. Focusing on some specific areas, based on genetic expression,
Dopamine receptor 2 (Drd2) was increased in the HFD group and normalized in the HF1G group,
relative to the STD group. In addition, as judged by cluster hierarchy, the expression of genes that are
associated with the dopamine receptor 2 pathway were increased in the HFD group, whereas the
pattern that was derived from mouse brain from the HF1G group showed greater similarity to the
STD group. KEGG pathway analyses were consistent with these results. For example, neuroactive
ligand-receptor interaction (KEGG ID: mmu04080) was altered due to HFD compared with STD, but
normalized by grape supplementation or the HFD; there was no significant difference between the
STD and HF1G groups. In addition, the expression of genes related to feeding behavior, such as
Adora2a, Th, and Trh, were also increased in the HFD group compared with the STD group, and
attenuated by grape supplementation. (4) Conclusions: Dietary grape consumption has positive
effects on behavior and cognition that are impaired by a HFD. Attenuation of these effects correlates
with global transcriptional changes in mouse brain.

Keywords: high-fat diet; mouse model; anxiety; cognition; RNA-Seq; dopamine activity; eating
behavior; open field test; novel object recognition test; radial arm maze; nutrigenomics

1. Introduction

Obesity is one of the leading concerns in the healthcare sector since it is a gateway to
metabolic syndrome. In addition to genetic background, various factors may contribute to
metabolic syndromes, such as lifestyle choices and environmental factors. In the U.S., obesity
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is the most prevalent health condition; 42.4% of the population face obesity-related conditions
such as heart disease, type 2 diabetes, hypertension, and certain types of cancer [1].

Besides these pathophysiological changes, mental and behavioral concerns are as-
sociated with high-fat diet (HFD) consumption (a.k.a. Western pattern diet). HFD con-
sumption alters neurochemistry and can be responsible for physiological responses that
lead to oxidative stress and neuroinflammatory diseases. There are also minute structural
changes to the neuroanatomy of the brain. These effects are manifested with depression and
anxiety-like behaviors or impaired cognition and/or memory deficits [2]. Epidemiological
studies have shown that emotional disturbances such as anxiety and depression are associ-
ated with chronic consumption of a HFD [1]. Further, the neurobiology of depression alone
causes anhedonia, changes in feeding behavior and food-seeking behavior; consumption of
HFD aggravates the condition [2].

Spearheaded by a conceptualization of the “French Paradox” [3], the potential health
benefits of grapes [4] and the phenolic constituents that are present in wine and grapes [5],
have been widely studied, including the neuroprotective effects of grape consumption.
Grapes contain numerous polyphenolic compounds such as resveratrol, anthocyanin,
proanthocyanin, ellagic acid, etc. These polyphenolic compounds possess several biological
activities such as antioxidant, anti-inflammatory, and antiaging that are proven to be
beneficial for overall health [5]. Grapes have been known to have a certain potential
benefits for Alzheimer’s disease and other neurodegenerative diseases [6]. For example,
there is clinical evidence showing the neuroprotective effects of grapes in maintaining
better mental health and cognitive ability [7].

In the current study, we attempted to provide some rudimentary data relating to
diet and brain function by limiting variables and focusing on two key modulating factors:
the high-fat (Western pattern) diet, known to cause ill-health effects, and the potential of
dietary grapes (known to contain over 1600 phytochemicals) [8], to ameliorate high-fat
diet-induced responses. The potential impact of grapes and grape products such as grape
juice, grape seeds, and wine, to influence various aspects of health have been widely
investigated [4,8], including brain function [9]. Promising results have been reported but
open questions regarding the scope of activity and the mechanism of action remain open.
Accordingly, we elected to continue in the area of grape research. It is also noteworthy that
the continuity of research is facilitated by the availability of a standardized product that is
subjected to quality control measures.

As reported herein, we examined the effect of dietary intake of HFD that was sup-
plemented with 1% grape powder (HF1G), relative to a control HFD, and a standard diet
(STD), in the female C57BL6/J mouse brain, using behavioral studies and high throughput
RNA-sequencing.

2. Materials and Methods
2.1. Diets and Freeze-Dried Grape Powder

To assure the consistency and continuity of experimental and clinical research concern-
ing the biological and physiologic potential of grapes, a freeze-dried powder is available
that serves as a surrogate for fresh grapes. The grape powder is composed of fresh seeded
and seedless red, green, and black grapes that are freeze-dried and grounded to retain
their bioactive compounds. The standard product is subjected to chemical and microbial
analyses to assure quality [10].

For the current studies, standardized freeze-dried grape powder [10] was supplied in
vacuum-sealed packets by the California Table Grape Commission (Fresno, CA, USA) and
stored at −20 ◦C. Based on the composition of grapes, isocaloric diets were custom-designed
and produced by Envigo (Madison, WI, USA) (Table 1).
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Table 1. Diet constituents.

Standard Diet High-Fat Diet High-Fat Diet with
1% Grape Powder

STD HFD HF1G

g/kg Diet

Casein 195 195 191

DL-Methionine 3 3 3

Sucrose 191 191 191

Dextrose (anhydrous) 66 65 62.454

Fructose 66 65 62.454

Corn Starch 235 167.43 166.22

Anhydrous Milkfat 30 210 210

Cholesterol 0 1.5 1.5

Cellulose 50 50 50

Mineral Mix, AIN-76 (170915) 35 35 35

Calcium Carbonate 4 4 4

Potassium Citrate (monohydrate) 4 4 4

Vitamin Mix, Teklad (40060) 10 10 10

Ethoxyquin (antioxidant) 0.04 0.04 0.04

Grape Powder, freeze-dried 0 0 10

2.2. Animals and Feeding

A total of 65 three-week-old C57BL/6J female mice were purchased from Jackson
Laboratory (Bar Harbor, ME). The mice were housed in ventilated cages with standard
room temperature and humidity control with a 12-h light-dark cycle. The mice were
provided with STD and water ad libitum. At the eleventh week, the mice were randomly
divided into three diet groups and provided with STD, HFD, or HF1G (Table 1), and water
ad libitum. The body weight of each mouse was determined every second week. A total of
five mice from each group were euthanized at 6 months for RNA-Seq analysis.

For the purpose of these studies, the determination of estrus cycles was not deemed as
necessary. The mice were housed in a room that was limited to only females. No male mice
were in the room or in any close proximity. Moreover, it has been reported in the literature
that the behavior of C57BL/6J females remains stable across all four phases of the estrous
cycle in tests including open field, rotarod, startle reflex and pre-pulse inhibition, tail flick,
and hot plate [11]. Further, given the nature of our results, it is reasonable to assume that
either the mice were cycling in a synchronous manner due to the housing conditions, or
the phase of the cycle did not lead to variability, as described previously [11].

This study was conducted in accordance with the IACUC protocol that was approved
at Long Island University (protocol number 19-07).

2.3. Behavioral Tests

A total of 30 6-month-old mice were included in the open field test to study anxiety.
Age-associated memory and cognitive decline were investigated when the mice were 18-
months-old using the novel object recognition and radial arm maze tests. These studies
were conducted in a controlled environment (sound: 50 dB; light: 15 lux; temperature:
22.5 ◦C; humidity: 28%).
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2.3.1. Open Field Test

One designated person handled the mice for 3 to 4 days before the day of conducting
the experiment. The mice were brought into the room 1 h before the experiment to accli-
matize to the environment. The open field test entailed a two-day protocol. On the first
day, each mouse was placed in the open field for 10 min. On the test day, the mice were
placed in the center of the field and allowed to explore the area. The movement of the mice
was tracked and recorded with a camera that was placed over the field and analyzed using
Anymaze software (Stoelting Co., Wood Dale, IL, USA).

2.3.2. Novel Object Recognition Test (NORT)

The novel object recognition test was a 3-day process. The experiment was conducted
on a 100 × 100 cm2 open field with dividers that separate the open field into four quadrants
making each quadrant a 50 × 50 cm2 open field, with a video camera mounted directly
above the open field to record movement. On the first and second day, the mice were
habituated to the open field for 10 min. On the third day, the mice were trained with two
identical building blocks that were kept in the center of the open field, placed 20 cm away
from the walls horizontally and vertically. Familiarization with the objects was allowed
for 10 min for each mouse. After 12 h of retention, the mice were placed in the field with
the objects only this time, with one of the familiarized objects being replaced with a novel
object (owl figurine). The open field had four quadrants; therefore, a set of four mice were
tested at one time. The entire field was recorded and analyzed with Any-Maze Software
(Stoelting Co., IL, USA). The time that the mice took for exploring each zone was monitored
and the discrimination index score was calculated to quantify cognition (below). This assay
was conducted with mice that were 18 months of age.

Discrimination Index =
(time spent on novel object − time spent on f amiliar object)

Time spent on both the objects

2.3.3. Radial Arm Maze

The radial arm maze test was a 5-day process. The experiment was conducted with an
eight-armed commercially available radial arm maze with a center platform (MazeEngi-
neers, Skokie, IL, USA). The mice were habituated to the radial arm maze for two days for
10 min per day, and then they were placed in the center of the maze and allowed to roam
each arm freely. On the third day, baits (food pellets from their respective diet) were placed
in a well at the end of each arm to promote exploration. On the fourth day, the number of
baited arms was reduced to half, and the session ended when all eight arms were visited
(mice were considered to have entered an arm of the maze if the whole body was in the
arm except for the tail) or 10 min after the start of the session. On the fifth day, a similar
trial was conducted to observe if the mouse remembered to enter the arms that were baited
during training. The maze was wiped clean with 70% ethanol between each trial to prevent
any odor cues. The mouse activity in the entire maze was recorded and analyzed with
Any-Maze Software (Stoelting Co., Wood Dale, IL, USA). Variables commonly that are used
for the analysis of the performance are working memory error and reference memory error.
Re-entry in a previously visited arm is counted as a working memory error, and entry in a
non-baited arm is considered a reference memory error.

2.4. Brain Tissue Collection

At approximately 6 months of age, five mice from each diet group were randomly
selected for sacrifice one week after completing all the behavioral studies. The mice were
fasted for 12 h (10 PM to 10 AM) to avoid circadian disruptions. The mice were placed
in a CO2 chamber for two to three minutes. The brain tissue from each individual mouse
was isolated immediately to prevent degradation. The tissue samples were snap-frozen in
liquid nitrogen and stored at −80 ◦C until shipment to Novogene (Sacramento, CA, USA)
for RNA extraction and sequencing.
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2.5. RNA-Extraction and Sequencing

The process of RNA extraction and sequencing was performed by Novogene (Sacra-
mento, CA, USA) with each individual mouse brain (five separate tissues/group). RNA
was quantified to prepare the transcriptome library. High-quality RNA (i.e., samples
achieving an RNA integrity number of >6) was subjected to mRNA purification using
magnetic beads, and cDNA was synthesized as per the script sequencing protocol. The
RNA-integrity was higher for 4 samples/group. After the library was checked for quality
using a Qubit and RT-PCR for quantification, the quantified libraries were sequenced. The
amount of transcriptome directly translates to the expression of the specific genes.

2.6. Differentially Expressed Genes

The RNA-sequencing was outsourced to Novogene (Sacramento, CA, USA) for original
data processing and related bioinformatics analysis with the frozen brain tissue samples.
The differential expression of genes was analyzed between two diet groups. All possible
permutations were used to analyze and compare all the diet groups. A total of five brain
tissues that were derived from five individual mice in each group were processed. One from
each group did not attain a sufficient RNA integrity number (<6). Thus, four individual
samples from each diet group were subjected to complete analysis. Data from each group
were combined for graphical presentation and comparisons between the groups, which
was done using the DESeq2 R package (1.14.1). It provided custom statistical analysis
for determining the differences in expression between the digital gene expression data
of two groups using a model that was based on the negative binomial distribution. The
culminating p-values were controlled using Benjamini and Hochberg’s approach for false
discovery rate (FDR). The differentially expressed genes (with a p < 0.05) were uncovered
by DESeq2 (for edgeR without biological replicates). Before differential gene expression
analysis, the read counts were adjusted by the edgeR program package for each sequenced
library through one scaling normalized factor. Differential expression analysis of two
conditions was performed using the edgeR R package (3.16.5)

Corrected p < 0.05 and absolute log2 fold-change that were higher than 1 or lower than
−1 was set as the threshold for significantly differential expression. R Program was used
to prepare the Venn diagrams using the function Venn Diagram on the gene list from the
different diet groups. The programs that were used for the downstream analysis included
STAR, HTseq, Cufflink, and our wrapped scripts. The alignments were parsed using the
STAR program, and differential expression was determined through DESeq2/edgeR, GO,
and the Cluster Profiler implemented KEGG enrichment. Star-fusion and rMATS software
detected gene fusion and differences of alternative splicing events.

2.7. Gene Ontology

Gene ontology (GO) (http://geneontology.org/ accessed on 20 September 2021) and
PANTHER classification system (http://pantherdb.org/ accessed on 20 September 2021)
are the web tools that were used to process the differential gene expression (DEG) list
to envision any relevant biological changes upon exposure to HFD and the alterations
that were brought by grape intervention. The data mining of these web tools is used
for obtaining the pathways for the molecular changes, such as signaling pathways and
the protein sequences mapped for components that are involved in those pathways. The
functional annotations that relate a particular gene with a GO term which constitutes of
biological domains such biological processes, cellular components, and molecular functions.
These GO terms give a detailed explanation of the role of a particular genetic product in a
biological process, and the molecular activities that are involved in those processes as well
as the cellular components and the cell organelles (e.g., ribosome or mitochondria) that are
involved in those molecular activities.

http://geneontology.org/
http://pantherdb.org/
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2.8. KEGG Pathway Analyses

Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database of signaling path-
ways that includes a network of genes that are involved in signaling pathways. To provide
a better understanding of biological system alteration at a molecular level due to consump-
tion of HFD or HF1G, Cluster profiler (R package) was used to generate a list of signaling
pathways from a subset of genes (differentially-expressed genes between two diet groups)
that overlap with those in the database (http://www.kegg.jp/ accessed on 20 September
2021). Significance was determined with FDR values < 0.05.

2.9. Statistical Analyses

Statistical analysis was conducted using Microsoft® Excel and GraphPad Prism 9. The
statistical analysis, as noted throughout the text, were conducted using ANOVA, Pearson
correlation test, Student’s t-test assuming equal differences, and paired t-test, two samples
for means. R-studio was used to perform the cluster analysis and create a heatmap. After
removing the outliers in all the experiments, the data were analyzed, which were calculated
using a graph-pad outlier calculator (https://www.graphpad.com/quickcalcs/Grubbs1
.cfm accessed on 8 August 2021). To identify the correlation in differentially-expressed
genes among the different diet groups, FPKM values were normalized and the hierarchical
clustering method was used to generate heat maps to illustrate the data. Heatmaps were
generated using the online web tool DisplayR (app.displayr.com accessed on 8 August
2021). The results are expressed as a mean ± SD and p < 0.05 was taken to indicate
statistical significance.

3. Results
3.1. Animal Body Weight

As shown in Figure 1, after 21 weeks on the respective diets, there was an increase
in the body weight of mice that were provided with the HFD (30.23 ± 3.20 g) and HF1G
(31.31 ± 6.1 g) compared with those that were provided with the STD (26.59 ± 2.34 g) (two-
way ANOVA F (2, 42) = 15.13, p = 0.00). Further Dunnett’s multiple comparison revealed
that there was no significant difference between the HFD and HF1G groups (p = 0.83). As
described previously, the addition of grape powder to murine diets does not affect the
overall rate of consumption [12].
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3.2. Behavioral Assays
3.2.1. Open Field Test

The tendency to remain close to the open field apparatus walls indicates the anxiety-
like behavior of the mice. Therefore, the time spent in the corner zone indicates anxiety-like
behavior, while the time spent in the center area indicates exploratory behavior. The
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accumulative visual results that were obtained using Anymaze software and displayed as
heatmaps and track plots are shown in Figure 2.
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Figure 2. Heatmaps and track plots of mice that were placed on the open field to observe anxiety-like
behavior. Mice that were placed on HF1G diet spent more time in the center (203.4 ± 94.9 s) as
compared to the HFD control group (90.3 ± 86.4 s) [two-way ANOVA: F (2, 25) = 4.33, p = 0.02].
Conversely, mice that were placed on the HF1G diet spent significantly less time in the corners
(156.6 ± 61.6 s) as compared to the HFD group (279.3 ± 105.6 s) [two-way ANOVA: F (2, 25) = 3.96,
p = 0.04]. There was no significant difference that was observed between the STD (269.5 ± 149.4 s)
and HF1G groups (Student’s t-test, p = 0.60, n = 30).

Quantitative analyses of the data are presented in Figure 3. Mice that were placed on
the HF1G diet spent more time in the center (203.4 ± 94.9 s) as compared to the HFD control
group (90.3 ± 86.4 s) [two-way ANOVA: F (2, 25) = 4.33, p = 0.02]. Conversely, mice that
were placed on the HF1G diet spent significantly less time in the corners (156.6 ± 61.6 s) as
compared to the HFD diet control group (279.3 ± 105.6 s) [two-way ANOVA: F (2, 25) = 3.96,
p = 0.04)]. There was no significant difference observed between the STD (269.5 ± 149.4 s)
and HF1G (203.4 ± 94.9 s) (p = 0.6, unpaired t-test) (n = 30). Considering potential impair-
ments that were caused by the HFD, the total distance travelled was also taken into account.
The total distances that were travelled by the STD (30.98 ± 12.09 m), HFD (26.937 ± 6.06 m),
and HF1G (32.79 ± 11.8 m) groups were not statistically significant (two-way ANOVA
F (2, 27) = 0.67, p = 0.51).

3.2.2. Novel Object Recognition Test (NORT)

Compared with the HFD group (17.99 ± 15.42 s), the amount of time spent exploring
the novel object (exploration time) was observed to be higher in the group of mice that were
provided with the STD (52.36 ± 29.49 s) or the HF1G (39.9 6 ± 24.85 s) [two-way ANOVA
F (2, 27) = 5, p = 0.02] (Figure 4). This indicates that the impaired cognitive faculties with
mice that were provided with the HFD was attenuated by grape supplementation.
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Figure 3. Open field test -The time spent in the corners and center of the field by mice that were
placed on different types of diets. Mice that were provided with the HFD spend more time in corners
than the center arena of the open field, indicating anxious behavior, while by comparison, mice that
were provided with the HFD1G showed more exploratory behavior. The time spent in corner zone:
** STD vs. HFD and HFD vs. HF1G, p < 0.01; HF1G vs. STD p = 0.05. Time spent in center zone:
HFD vs. HF1G, p = 0.01; STD vs. HFD, p = 0.6; STD vs. HF1G, p = 0.05 (Student’s t-test, n = 30) (bars
represent standard deviation, p < 0.05, ** p < 0.01).
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Figure 4. Novel Object recognition test. (A) Exploration time, and (B) Discrimination Index and track
plot from the test day. Compared with the HFD group in (A), the amount of time that was spent
exploring the novel object was higher with both the STD (p = 0.004) and HF1G groups (p = 0.02). In
(B), the discrimination index (DI) was higher with the STD group compared with the HFD group
(p = 0.001). When comparing the DI values, there was no statistical difference between the HF1G and
STD groups (p = 0.46), indicating normalization. Comparing the DI values of the HFIG and HFD
groups, statistical significance was not achieved (p = 0.07), but a trend toward normalization was
apparent (Student’s t-test, n = 30) (bars represent standard deviation, * p < 0.05, ** p < 0.01). The
track plots show the positioning of both the novel and familiar object in the field and the locomotor
behavior of mice placed in the open field. There was no difference that was observed in distance
that was traveled between the HFD and HF1G [two-way ANOVA-Dunnett’s multiple comparison
F (2, 27) = 16, p = 0.86].
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The discrimination index (DI) was calculated by dividing the difference of the time
that was spent on the novel and familiar objects by the total time that was spent on both the
objects. Based on this parameter, again, mice that were placed on the HFD (0.28 ± 0.24) were
impaired relative to the mice that were placed on the STD (0.57 ± 0.20) (p = 0.001). There
was no significant difference between the STD group and the HF1G group (0.50 ± 0.24)
(p = 0.46), consistent with the exploration time results. Relative to the HFD group, the
DI of the HF1G group did not achieve statistical significance (p = 0.07), but the results
did support a trend of improving cognition. Considering potential impairments that are
caused by the HFD, the total distance that was travelled was also taken into account.
The difference between the total distance travelled by the HFD (15.05 ± 2.60 m) and the
HF1G (15.95 ± 3.3 m) groups was not statistically significant [two-way ANOVA-Dunnett’s
multiple comparison F (2, 27) = 16, p = 0.86]. The distance that was travelled by the STD
group (25.19 ± 6.3 m) was significantly different relative to the other groups [two-way
ANOVA-Dunnett’s multiple comparison F (2, 27) = 16, p = 0.00].

3.2.3. Radial Arm Maze

Working memory refers to short-term memory errors. It is calculated by adding
revisits to all the arms (baited or otherwise) in one session. Working memory errors that
were observed in mice that were placed on the HFD (3.4 ± 3.0) trended higher than those
on STD (0.6 ± 0.89), but statistical significance was not achieved due to variability (p = 0.07).
Similarly, the HF1G group (2.4 ± 2.4) did not show a statistical difference relative to the
HFD (p > 0.05) or the STD groups (p > 0.05) (Figure 5A).
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 Figure 5. Radial Arm Maze test. (A) Working memory errors, (B) Duration of the test, and (C) Refer-
ence memory errors. (A) Working memory errors are also referred to as short-term memory errors.
There were no statistical differences between the groups. (B) The duration that was required by the
mice to complete the test (in seconds). There were no statistical differences between the high-fat diet
groups and the high-fat diet that was supplemented with grape; there was a significant difference
between the HFD and the STD groups (p = 0.01). (C) Reference memory errors are also referred
to as long-term/spatial memory errors. There were no statistical differences between any of the
groups (Student’s t-test assuming equal variance) (bars represent standard deviation) (Student’s
t-test, n = 15).

The average time that each mouse takes to complete the duration test indicates intact
memory. There was a significant difference that was observed between the group of
mice that were provided with the STD (132.6 ± 85.6 s) versus the HFD (303.6 ± 185.2 s)
(p < 0.05) (Figure 5B), indicating adverse effects on memory and cognition due to chronic
consumption of the HFD. However, there was no improvement that was observed with
mice that were provided with the HF1G (292.26 ± 198.02 s) (p > 0.05, Student’s t-test
assuming equal variance).

Reference memory indicates long-term memory or spatial memory. A higher number
of errors indicates impaired long-term memory. Reference memory errors that were ob-
served in mice placed on the STD (2.2 ± 1.9), HFD (5.0 ± 2.9), HF1G (4.2 ± 12.7) showed
no statistical differences (p > 0.05) (Figure 5C).
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3.3. RNA-Seq Data Analysis
3.3.1. Differentially Expressed Genes

To illustrate the genetic variability, volcano plots were prepared with cut-off values
of 1.3-fold change on the x-axis and a p ≤ 0.05 on the y-axis (Figure 6). With samples that
were derived from the HFD group compared with the STD group, there were 207 genes
that were upregulated and 15 genes that were downregulated. The volcano plot is more
scattered over the extremes of x-axis which indicates a larger number of fold-changes and
the magnitude of the changes (Figure 6A). However, the scatter is more tempered and
of greater similarity when comparing the HF1G and STD groups (114 upregulated genes
and 39 downregulated genes) (Figure 6B) and HF1G and HFD groups (42 upregulated
genes and 94 downregulated genes) (Figure 6C). This indicates that the grape powder
supplementation bridges the gap of the differences in genetic expression that are caused by
the HFD. When comparing the STD and the HFD, there were a total of 233 genes that were
differentially expressed. The identification of the up- and downregulated genes for each of
these comparisons is provided in Supplement Table S1.

To further explore these relative differences, FPKM values were normalized, and the
resultant log10(FPKM+1) values were used to perform cluster analyses. As can be visually
perceived from Figure 7, the panel of genes resulting from mouse brain that was derived
from the HF1G group differs from the HFD group and bears a resemblance to the STD
group as opposed to the HFD group. In fact, cluster analysis revealed that the expression
profile of the HF1G group maps closer to the STD group than to the HFD group.

These results are further accentuated by the Venn diagrams that are shown in Figure 8. A
comparison between the HF1G vs. STD showed 522 genes were uniquely expressed by HF1G
and 385 genes were uniquely expressed by STD (Figure 8A). A comparison between the HFD
vs. HF1G shows 535 genes were uniquely expressed by HFD and 393 genes were uniquely
expressed by HF1G (Figure 8B). A comparison between the HFD vs. STD shows 661 genes
were uniquely expressed by HFD and 382 genes were uniquely expressed by STD (Figure 8C).
A comparison between the STD vs. HFD vs. HF1G shows 210 genes were uniquely expressed
by STD, 360 genes were uniquely expressed by HFD, and 221 genes were uniquely expressed
by HF1G; there were 175 genes that were similarly co-expressed between STD and HFD, 360
genes that were similarly co-expressed between HFD and HF1G, and 172 genes that were
similarly co-expressed between STD and HF1G (Figure 8D).

To provide some indication of the functional relevance of these genetic alterations,
enriched KEGG pathway analysis was performed comparing the HFD and STD groups
(Figure 9A), the HFIG and HFG groups (Figure 9B), and the HFG1 and STD groups
(Figure 9C). Greater detail of the genes contributing to this pathway analysis is provided
in Supplement Table S2. Of particular note is the differentiation of “neuroactive ligand-
receptor interaction” with the HFD vs. STD groups, and the HFG1 vs. HFD groups, but not
the HFG1 and STD groups.

3.3.2. Dopamine Receptor 2 in Whole Brain

Some specific annotations of relevance emerged when the differentially expressed
gene list was processed using a gene ontology (GO) database. As summarized in Table 2,
biological process regulation of dopamine secretion (GO:0014059), the molecular function
of dopamine binding (GO:0035240), and the cellular component dopaminergic synapse
(GO:0035240), were upregulated in the HFD group compared with the STD group, and
downregulated when comparing the HFD and HF1G groups. Similarly, Panther pathway
analysis demonstrated the dopamine receptor-mediated signaling pathway and the het-
erotrimeric G-protein signaling pathway, Gi-mediated pathways, both associated with
dopamine receptor 2 activity, were upregulated within the HFD group and attenuated by
grape intervention.
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Figure 6. Volcano plots of gene expression across the diet groups. The dots on the chart indicate
the log 2-fold change values of each gene that is differentially-expressed. The red dots indicate
upregulation and the green dots indicate downregulation of these genes; blue dots indicate no
statistical difference that was observed. Greater scatter along the x-axis shows a greater difference
in the expression of the genes, as observed in the comparison between (A) HFD and STD (altered
expression of 222 genes; 207 genes are upregulated). Less scatter along the x-axis was observed with
(B) HF1G vs. STD (altered expression of 153 genes; 114 genes are upregulated) and (C) HF1G vs.
HFD (altered expression of 136 genes; 42 genes are upregulated).
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Figure 7. Heat map cluster analysis of the differentially expressed genes in the diet groups. The
scale bar shows low to high values of log10(FPKM+1) that were obtained from the DEG list, where
the red color indicates a higher expression, and the light blue color indicates a lower expression.
The horizontal clustering of genes places a group of genes with similar expression under the same
hierarchy. The hierarchical clustering analysis shows that the expression of genes in the brains of
mice that were placed on the HFIG diet are more closely related to genes in the brains of mice that
were placed on the STD and less related to genes in the brains of mice that were placed on the HFD.
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Figure 8. Venn diagrams of mouse brain gene expression. (A) Genes common between HF1G vs.
STD, (B) Genes common between HFD vs. HF1G, and (C) Genes common between HFD vs. STD.
(D) Genes common between HFD vs. STD vs. HF1G. The overlapping areas show the number of
genes that were co-expressed by the respective groups, and the areas not overlapping show the
number of genes that were uniquely expressed by the respective groups.
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Figure 9. A dot graph representing the KEGG pathway analysis showing comparison between the
HFD and STD (A), the HF1G and HFD (B), and the HF1G and STD (C) (KEGG, Kyoto Encyclopedia
of Genes and Genomes).

Table 2. Comparison of dopamine signaling genes among groups [biological process regulation of
dopamine secretion (GO:0014059); molecular function of dopamine binding (GO:0035240); cellular
component dopaminergic synapse (GO:0035240); Panther pathways related to dopamine receptor
2-mediated signaling pathways which inhibit dopamine release (P05912; P00026)].

GO ID Annotation HFD vs. STD HF1G vs. HFD

GO:0014059 Biological
Process

Regulation of
dopamine

secretion by D2
receptor

Upregulated Downregulated

GO:0098691 Cellular
Component

Dopaminergic
synapse Upregulated Downregulated

GO:0035240 Molecular
Function

Dopamine
binding Upregulated Downregulated

P05912 Panther
pathways

Dopamine
receptor-
mediated
signaling
pathway

Upregulated Downregulated

P00026 Panther
Pathways

Heterotrimeric
G-protein
signaling

pathway-Gi
alpha and Gs

alpha mediated
pathway

Upregulated Downregulated

As shown in Figure 10, the mRNA expression of the Dopamine receptor 2 (Drd2) itself
was significantly higher in the HFD group (FPKM value = 6.2; p < 0.05) than in the HF1G
(FPKM value = 1.75) or the STD groups (FPKM value = 1.54). The level in the HF1G group
did not differ from the STD group (p = 0.99).
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higher than the STD group. Nmur1 was not significantly affected (fold change, 0.68). 

Figure 10. mRNA expression of Drd2 gene. Dopamine receptor 2 (Drd2) in mouse brain from the HFD
(FPMK = 6.12) was significantly (p = 0.042) higher than mouse brain from the HF1G (FPMK = 1.75)
(p = 0.042) or STD groups (FPMK = 1.54) (p = 0.00). The levels of the latter two groups (STD and HF1G)
did not differ (p = 0.99) (Student’s t-test, n = 15) (bars represent the standard deviation, ** p < 0.05).

These relative expression levels are also reflected in the heatmap shown in Figure 11.
The Drd2 signal observed with the HFD group was reduced in the HF1G group and
similar to the STD group. The same pattern of upregulation that was caused by the HFD
and normalization by the HF1G was observed with other genes that were involved in
these annotations: Solute Carrier Family 18 (Vesicular Monoamine Transporter), Member
2 (SLc18a2), Opioid Receptor Kappa 1 (Oprk1), Cholinergic Receptor Nicotinic Alpha 6
Subunit (Chrna6), Cholinergic Receptor Nicotinic Beta 3 Subunit (Chrnb3), and Solute
Carrier Family 10 Member 4 (SL10a4). Notably, taking cluster hierarchy into account, the
expression of these genes in the HF1G group is similar to, and maps more closely to, those
of the STD group than the HFG group.

3.3.3. Genes Associated with Feeding Behavior

Some genes that are associated with the positive regulation feeding behavior, such as
binge eating (behaviors that mimic addictive behaviors that are associated with drug abuse),
were upregulated with chronic consumption of the HFD, compared with the STD group.
Upregulation that was induced by the HFD was ameliorated by the addition of grape.
Examples include Adenosine A2a Receptor (Adora2a) (log2 fold change, −1.23; HF1G vs.
HFD), Tachykinin Receptor 1 (Tacr1) (log2 fold change, −1.08), Tyrosine Hydroxylase (Th)
(log2 fold change, −1.52), and Thyrotropin-Releasing Hormone (Trh) (log2 fold change,
−2.4) (Figure 12 and Table 3).

Some genes that negatively regulate feeding behavior include Prolactin Releasing
Hormone (Prlh) and Neuromedin U Receptor 1 (Nmur1). As shown in Figure 11 and
summarized in Table 3, Prlh was upregulated in the HF1G group (fold change, 3.37), even
higher than the STD group. Nmur1 was not significantly affected (fold change, 0.68).
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Figure 12. Expression of genes that are associated with the regulation of eating behaviors. Genes 
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Figure 11. Heatmap cluster analysis of genes that are involved in the dopamine receptor 2- mediated
signaling pathway in female C57BL6/J mouse brain influenced by the placement on different diets.
Log10(FPKM +1) values of genes that are involved in the biological process of regulating dopamine
secretion by D2 receptor, molecular function of dopamine binding, and cellular component dopamine
synapse, are shown in the heatmap. As judged by cluster hierarchy, the gene expression in mouse
brain that was derived from the HF1G group shows greater similarity to the STD group than the HFD
group, based on the following: Dopamine receptor 2, Solute Carrier Family 18 (Vesicular Monoamine
Transporter), Member 2 (SLc18a2), Opioid Receptor Kappa 1 (Oprk1), Cholinergic Receptor Nicotinic
Alpha 6 Subunit (Chrna6), Cholinergic Receptor Nicotinic Beta 3 Subunit (Chrnb3), and Solute Carrier
Family 10 Member 4 (SL10a4).
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Figure 12. Expression of genes that are associated with the regulation of eating behaviors. Genes
regulating positive feeding behaviors such as Adenosine A2a Receptor (Adora2a) (fold change = 1.57),
Tachykinin Receptor 1 (Tacr1) (fold change = 1.85), Neuropeptide S Receptor 1 (Npsr1) (fold change
= 2.40), Tyrosine Hydroxylase (Th) (fold change = 2.12), and Thyrotropin Releasing Hormone (Trh)
(fold change = 4.42) were significantly upregulated by the HFD compared to the STD diet and nor-
malized by downregulation upon grape intervention (HF1G). The expression of genes that negatively
regulate feeding behavior, including Prolactin Releasing Hormone (Prlh) (fold change = −1.50) and
Neuromedin U Receptor 1 (Nmur1) (fold change = −0.78), trended downward in the HFD group
compared to the STD group. Upon grape intervention, Prlh was upregulated (fold change = 3.37)
compared with the HFD group (Student’s t-test, n = 15) (the bars represent the standard deviation,
* p < 0.05, p < 0.01).
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Table 3. Eating behaviors.

GO Annotation Gene Name HFD vs. STD HF1G vs. HFD

Fold Change p-Value Fold Change p-Value

Positive feeding
behavior

Trh 4.42 0.00 −2.43 0.03

Th 2.12 0.00 −1.52 0.07

Adora2a 1.57 0.02 −1.23 0.08

Tacr1 1.85 0.01 −1.07 0.12

Npsr1 2.40 0.03 −0.34 0.3

Negative feeding
behavior

Prlh −1.50 0.48 3.37 0.04

Nmur1 −0.71 0.53 0.68 0.7

4. Discussion

Generous dietary consumption of fruits and vegetables is broadly associated with
the promotion of health benefits including a reduced risk of cognitive impairment and
dementia [13]. A variety of mechanisms have been demonstrated or proposed, largely based
on anti-oxidant activity and the potential of the phytochemical constitutes to modulate
signaling pathways, decrease anti-inflammation, increase cerebral blood flow, etc. [14].
More recently, the potential impact of the microbiota-gut-brain axis been highlighted [15],
highlighting another avenue wherein diet may influence overall health, psychological
well-being, and cognitive function. Clearly, a great deal of work is still required to provide
a holistic understanding of how diet and lifestyle affect health and brain function.

One of the first questions that was addressed in the current work was the selection
of a model system. As described herein, we elected to employ female C57BL6/J mice.
First, these mice are popularly used as an animal model for Western diet-induced obesity.
They are known to be highly responsive to a HFD [16], and the progression of obesity
and metabolic anomalies resembles human obesity progression [17]. Further, they are
active and good at learning and completing new tasks, making them suitable for studying
behavior [18]. While it is true that it would be of value to perform similar studies with
male mice as well as female mice, this work was designed as a pilot to minimize number of
animals. However, based on the data that were reported herein, additional studies with
male mice would be of interest.

Next, direct comparisons of the variables of interest were facilitated by using a semi-
synthetic standard diet as a base, which is devoid of confounding constituents that are
present in commercial animal chow. Further, we elected to investigate a standardized
whole grape product that is representative of what is found in the human diet, rather than
studying a single phytochemical that is known to be in grapes, such as resveratrol. Since the
grape product was provided in the diet, an important question is the amount to be added.
We elected to supplement the high-fat diet with 1% grape powder. Although translations
of dose between species is not an exact science, based on body weight, daily consumption
rates, and metabolic correction factors [19], it was estimated that supplementation of the
mouse diet with 1% grape powder corresponds to the daily consumption of about 60
g of fresh grapes by a human being weighing 70 kg. This quantity seems reasonable,
since it is equivalent to about one-half of a normal 3

4 cup serving of grapes, which is
approximately 125 g.

Given this background, we set out to explore the potential of dietary grapes to prevent
the cognitive decline that is associated with the chronic consumption of a high-fat diet
(HFD). In addition, work was performed to explain the underlying mechanism of memory
decline and behavioral changes that are caused by the consumption of a HFD, and the
potential of grape supplementation to attenuate these effects. In monitoring the metabolic
profile by body weight, we observed that the mice that were provided with the HFD had
increased body weight compared to the STD, and the addition of grapes to the HFD did
not affect the body weight progression. As described previously, the addition of grape
powder in this fashion to this diet does not significantly affect the consumption rate [12].
Further, although there is some controversy regarding the potential of grape polyphenols
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to cross the blood-brain barrier, a recent study demonstrated that metabolites and their
native chemical forms were found in brain tissue [20].

Memory decline is strongly related to aging and other neuropathophysiological condi-
tions that are associated with aging such as Alzheimer’s disease and dementia [21]. Studies
supporting the protective effects of grape interventions on memory decline have been
reported [21–23]. In our work, we used a radial arm maze to explore the impact of the
HFD and the HF1G on working memory (short-term memory), intact memory, and spatial
memory (long-term memory), relative to STD. No significant differences between any of
the groups was observed with the spatial memory test, although the HFD group trended
toward a higher number of errors. Similarly, there was a strong trend of increased working
memory errors with the HFD group, but statistical significance was not achieved (p = 0.07).
The HF1G did not differ from the HFD group. For intact memory, the HFD group showed
impairment relative to the STD group, but improvement was not observed in the HF1G
group. These data strongly suggest memory decline due to consumption of a HFD, but
only weakly suggest any improvement due to the addition of grape to the diet.

In a preliminary manner, we surveyed the relative level of gene expression that is
associated with long-term potentiation (LTP) given this is widely accepted as a cellular
mechanism underlying memory processes. However, differences between the STD, HFD,
and HF1G groups were not identified when a cadre of LTP-related genes that were reported
in the literature [24–26] were investigated (data not shown). Nonetheless, this work may
bear repeating with a more highly powered study design and more refined analysis of
temporal sequence.

Beyond memory deficits and enhancements, we were interested in the test results
that correlate with emotionality. It is known that diet plays a vital role in mental health;
continued consumption of a HFD affects the emotionality of subject animals. Mice that
were placed on a HFD for six months show depression and anxiety-like behavior [27,28].
We conducted an open field test to study this behavior. Based on our observations, it is
clear that the mice that were provided with the HFD linger in the corners of the field,
unlike the mice that were provided with the STD diet. The track plot demonstrates that
the mice that were provided with the STD explore throughout the field, while the mice
that were placed on the HFD have minimal explorative tendencies. Notably, the behavioral
impairments that were observed with the HFD group were significantly attenuated by
grape supplementation. These results are consistent with studies that were conducted with
rats wherein grape powder treatments improved several behavioral aberrations such as
post-traumatic disorders, anxiety-like behavior, and depression [6,29,30].

The potential of dietary grapes to attenuate impaired cognitive faculties with mice
that were provided with the HFD was also demonstrated with the novel object recognition
test (NORT). Here, the amount of time spent exploring a novel object with mice that were
provided with the STD or the HF1G exceeded that of the HFD group. Similarly, considering
the discrimination index (DI) (the difference in time spent on the novel and familiar objects
divided by the total time spent on both the objects), the HFD showed significant impairment
relative to the STD group. However, improvement was realized when grape was added to
the HFD, since there was no significant difference between the STD and HF1G groups.

Thus, these behavior tests suggest cognitive deficits that result from the provision of
a HFD, and there are at least subtle indications that the addition of grape to a HFD can
help to ameliorate these deficits. Naturally, it is of great interest to know the underlying
mechanisms by which diet may affect cognition, behavior, etc. We elected to employ global
gene expression to explore the brain patterns with the groups of mice that had been placed
on the STD, HFD, and HF1G.

First, it may be noted that we elected to evaluate a whole mouse brain based on
the premise of simultaneous analysis of total brain response and status was of greatest
interest at this phase of investigation. Of course, the mouse brain can be divided into
many regions, and analysis of region-specific alterations may be explored in future work.
However, considering that changes in one region of the brain could lead to changes in other
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regions of the brain, we consider global analysis of value in the context of illustrating a
global change which, in total, may lead to response.

Following this approach, the differential patterns that were observed with these
groups of mice were remarkable. First of all, the expression profile comparisons of the
individual groups (e.g., STD vs. HFD; STD vs. HF1G; and HFD vs. HF1G) all showed major
divergence. Even moreover, a comparison of all three groups revealed unique alteration
of gene expression, corresponding to 210, 360, and 221 differences in the STD, HFD, and
HF1G groups, respectively (Figure 8, Supplement Table S1).

Additionally, and perhaps more importantly, as indicated by cluster analysis and
volcano plots, the gene expression pattern that was observed with the HF1G group mapped
more closely with the STD group than with the HFD group. These data are consistent
with some behavioral responses in which mice that were given the HF1G diet more closely
mimicked the STD group and may correlate with an underlying mechanism.

With datasets of this type, a great many factors can be analyzed. However, one
potentially important feature that was shown by our RNA-Seq data relates to dopamine-
related genes. D2 receptors are inhibitory, they inhibit adenyl cyclase and calcium channels,
and decrease the dopamine release in neuronal synapses. Dopamine activity dysregulation
is linked to behavioral disturbances such as depression and anxiety [31]. In a study that was
reported by Cagniard et al. [32] with mice, it was found that a chronic increase of dopamine
levels correlates with increased binge eating behavior and limited learning abilities. In
addition, mice with increased dopamine receptor 2 activity exhibited reduced exploratory
behavior and impaired locomotor activity [33,34].

In our study, the mRNA expression of genes such as Dopamine receptor 2 (Drd2),
Tyrosine Hydroxylase (Th), Adenosine A2a Receptor (Adora), and Opioid Receptor Kappa
1 (Oprk1) that are responsible for dopamine activity, were dysregulated by the HFD, and
intervention by the addition of grapes to the diet normalized this dysregulation.

Adora gene expression also plays an essential role in dopamine activity, serotonin
release in the hippocampal region, and has several effects on adenylyl cyclase activity. The
dysregulation of Adora2a causes serious neurological issues that presented as cognitive
dysfunction, motor disabilities, and self-injurious behavior [35]. Here we show that the
dysregulation of Adora in the HFD group was attenuated by grape intervention.

KEGG pathway analyses provide additional support for the normalization of path-
ways that are dysregulated by consumption of the HFD. For example, the KEGG pathway
indicative of alcoholism (KEGG ID mmu05310) was altered by the HFD compared to
the STD. In the HFD group, five genes (Th/Gng4/Slc18a2/Drd2/Adora2a) were upreg-
ulated, but expression was normalized by grape supplementation (p = 0.01). Similarly,
genes that are suggestive of cocaine addiction (KEGG ID: mmu05030) were upregulated
in the HFD group compared with the STD group, but the expression of genes that are
involved in these pathways (Th/Slc18a2/Drd2) were downregulated (or tempered) in
the HF1G group (p = 0.01). As another example, dopaminergic synapse (KEGG ID:
mmu04728) was altered due to the HFD compared with the STD, but the expression
of genes that are involved in these pathways (Th/Gng4/Slc18a2/Drd2) were downreg-
ulated (or tempered) by HF1G (p = 0.002). Perhaps most notable, neuroactive ligand-
receptor interaction (KEGG ID: mmu04080) was altered due to the HFD compared to
the STD, in that with the HFD group, 18 out of 62 genes in the signaling pathway
(Chrna6/Htr2c/Chrm2/Drd2/Grm8/Sstr5/Tacr1/Avpr1a/Oprk1/Chrna10/.

Chrnb3/Hcrtr1/Adora2a/Brs3/Glra3/Gh/Chrm5/Tacr3) were upregulated. The ex-
pression of seven genes (Gh/Chrna6/Chrm2/Grm8/Rxfp2/Drd2/Trhr2) that are involved
in these pathways were normalized by grape supplementation (p = 0.00); there was no
significant difference between the STD and HF1G groups.

Of course, these data regarding the expression analysis are presumptive in nature, and
more detailed investigations are required in the future. For example, the information that
is provided above points to the importance of directly analyzing the level of dopamine and
related species using methods such as HPLC.
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Other genes, such as Tachykinin Receptor 1 (Tacr1), Neuropeptide S Receptor 1 (Npsr1),
Tyrosine Hydroxylase (Th), and Thyrotropin Releasing Hormone (Trh), that regulate posi-
tive feeding behaviors, were upregulated in mice that were fed the HFD compared to the
STD. These factors can also disturb circadian rhythm.

With various degrees of efficacy, grape supplementation altered the HFD-induced
dysregulation of this family of genes (Table 3). Of potential relevance, in some feeding
studies that were conducted with mice, the total amount of food that was consumed was not
altered, but a large amount of food was consumed altogether in a small frame of time [36,37].
We did not evaluate such features in detail, but it is clear that grape supplementation did
not influence the body weight, although it did alter some genes that are associated with the
control of such feeding behaviors.

In sum, our findings suggest that grape supplementation alters gene expression and
has beneficial effects on anxiety-like behavior and feeding behavior that contribute to better
cognition and memory in mice that are exposed to a high-fat diet for a long duration. How
these results correlate with human consumption of grapes remains to be seen. Of note,
however, randomized clinical trials that were conducted with healthy human subjects
across all demographic age groups demonstrated that consumption of grapes augmented
brain function and cognition [38,39]. Also, in a double-blind study that was conducted
with subjects 68–76 years of age with mild cognitive decline, it was observed that grape
intervention played a role in preventing the metabolic deterioration of early pathological
conditions of Alzheimer’s disease [40]. Perhaps some of the results that are reported herein
can eventually help to provide a biomolecular basis for such responses.

Finally, the cadre of mechanisms that are normally taken into account when consider-
ing the health benefits of enhanced fruit and vegetable consumption are generally related
to the direct action of phytochemical constituents. Here, we emphasize the astounding
ability of diet to modulate the actual phenotypic expression in brain and other tissues. This
mode of action requires serious deliberation. The proverbial saying ‘You are what you eat’,
originally attributed to the French lawyer Anthelme Brillat-Savarin (ca. 1826), was likely
inspired by the nutritive value of food, as well as the metabolic conversion of food into
human cellular and body parts. The notion of diet leading to phenotypic changes, which, in
turn, may induce cognitive alterations, adds another dimension and even more profound
significance to the axiom ‘You are what you eat’.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Table S2: KEGG Pathway Analysis.
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