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Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disease that is characterized
by the accumulation of beta-amyloid (Ap) plaques and neurofibrillary tangles in the brain
(Hanseeuw et al., 2019; Villemagne et al., 2013). AD is the most common cause of dementia,
and it was the seventh leading cause of death in Americans in 2020 (Murphy et al., 2021). As
of 2022, an estimated 6.5 million Americans aged 65 and older suffer from AD (2022
Alzheimer's disease facts and figures," 2022). Barring any developments in disease
prevention or treatment, that number is expected to reach 13.8 million by 2060 (Rajan et al.,
2021). There are two types of AD: early-onset Alzheimer’s disease (EOAD) and late-onset
Alzheimer’s disease (LOAD). EOAD occurs in individuals younger than 65, and is the result
of a mutation in one of three genes (either app, psenl, or psen2) in 14-82% of cases
(Campion et al., 1999; Janssen et al., 2003; Lanoiselée et al., 2017; Raux et al., 2005; Theuns
et al., 2000). These three genes are involved in the Amyloid Precursor Protein processing
pathway, and mutations in any of them result in increased Ap plaque formation, and an
increased likelihood of AD development (Gordon et al., 2018). EOAD only accounts for
approximately 1% of all AD cases (Bekris et al., 2010). In contrast, LOAD cases make up the
majority of AD cases and are characteristically sporadic, likely due to the complex interplay
of a variety of genetic and environmental influences (Rabinovici, 2019). Because the etiology
of LOAD is complex and not fully understood, developing treatment plans is difficult. There
are currently seven FDA-approved drugs for AD treatment: two of which are able to target
the underlying physiology of AD by removing A, but they must be delivered via
intravenous infusion. The remaining five drugs mitigate disease symptoms temporarily, but

do not target the underlying physiology (Medications for memory, cognition and dementia-



related behaviors, 2023). In the absence of effective treatment options, the best alternative is
developing preventative strategies, however, our inadequate understanding of the

mechanisms that mediate LOAD make this difficult.

One factor that has been proven to influence the propensity for developing LOAD,
and therefore a potential method that individuals can use to reduce their risk, is dietary
practices. One potential dietary strategy for the prevention of LOAD is a traditional
Mediterranean diet (MD), as studies have shown that adherence to a MD is associated with
reduced risk of developing AD (Scarmeas et al., 2006; Singh et al., 2014; van den Brink et
al., 2019), and reduced risk of mortality due to AD (Scarmeas et al., 2007; Trichopoulou et
al., 2003). Initial evidence suggesting the MD may confer neuroprotective effects throughout
aging comes from the world’s five Blue Zones, which are regions where people live the
longest and healthiest lives (Buettner, 2017). Two of these Blue Zones are found in the
Mediterranean region — one in Sardinia, Italy and the other in Ikaria, Greece — and the
increased longevity of their residents is often attributed to their diet, which is high in fiber,
unsaturated fats, and complex carbohydrates (Trichopoulou et al., 2005). Frequent
consumption of individual components of the MD, such as fruits, vegetables, and fish, is also
associated with reduced risk of AD (Barberger-Gateau et al., 2007). Increasing MD
adherence has also been associated with a decreased rate of cerebral Ap accumulation in
adults who already had a high Ap burden (and were therefore on track to develop AD,;
Gordon et al., 2018). Of the individual MD components analyzed in Gordon et al., high fruit
intake was the strongest contributor to decreased Ap accumulation (Gordon et al., 2018).

Agarwal et al. (2023) found an inverse correlation between MD adherence and A load in the



postmortem brain tissue of older adults (Agarwal et al., 2023). Therefore, not only is the MD
associated with decreased risk of AD development and morbidity, but it has also been shown

to ameliorate key pathologies of AD.

Further support for utilizing diet as a potential AD prevention strategy comes from
the effects of consuming a Western diet (WD), as components of the WD such as high intake
of saturated fats and cholesterol has been found to be associated with increased AD risk and
prevlance over the age of 55 (Kalmijn et al. 1997). In countries like Japan where dietary
patterns have recently trended toward a WD (indicated primarily by an increased
consumption of animal fat), there has been a correlated increase in AD prevalence (Grant,
2014). Furthermore, dietary studies in mice have demonstrated that the WD and its
components can lead to increased and/or accelerated accumulation of brain Ap and
neurofibrillary tangles (Wieckowska-Gacek et al., 2021). This same pattern can also be seen
in humans when diets contain increased WD components, such as high glycemic diets
(Taylor et al., 2021; Taylor et al., 2017), clearly indicating an increased propensity to

developing LOAD with components of the WD.

One limitation with previous studies that have investigated dietary influences on AD
is the nature of the diet, which was supplemented with a single component of the MD or WD
rather than targeting all components of both diets, or relied on a WD with fat levels that far
exceed a typical American diet. To address this, the Neurobiology of Aging Lab at TCU
designed holistic versions of a MD and a typical American diet (TAD, i.e., WD) that are

more representative of human dietary consumption on a daily basis (Braden-Kuhle, 2023).



From there, they sought to directly compare the MD and TAD in regards to the development
of various AD pathologies in C57BL/6J mice. One of their findings was that mice on the
TAD had significantly more soluble Ap in the prefrontal cortex compared to the MD, and
that male mice on the TAD had significantly more soluble AB in the hippocampus than males
on the MD (Braden-Kuhle, 2023). Furthermore, the AB levels were directly correlated to the
level of cognitive dysfunction demonstrated in the mice. In addition, it was also found that
two genes encoding for pro-inflammatory cytokines (TNF-a and IL-1p) were differentially
expressed between diets in the hippocampus of male mice, wherein males on the MD had
significantly lower expression compared to males on the TAD upon LPS injection (Braden-
Kuhle, 2023). As AD has also been linked to neuroinflammation, the decreased expression of
pro-inflammatory cytokines as a result of the MD indicates that the MD may be

neuroprotective against inflammation and AD.

Although Braden-Kuhle (2023) suggests that both the MD and TAD can influence
AD development and pathology, the underlying mechanisms behind their contribution to AD
development/prevention remain unclear. One potential mechanism could be via diet-induced
epigenetic modification to genes associated with AD. The most studied epigenetic
modification is DNA methylation of cytosines, and 75% of cytosine methylation in brain
tissue occurs in the CpG context, wherein both cytosines on either complimentary strand of a
CpG dinucleotide are methylated (Lister et al., 2013). DNA methylation has been known to
alter gene expression levels (Suzuki & Bird, 2008) and other studies have found a link
between differential methylation and the development of AD (Zhang et al., 2020). Previously

collected data from multiple genes shows that MD can induce methylation changes in genes



involved in inflammation, immunocompetence, neuronal function, and synaptic plasticity
(Arpon et al., 2016; Luceri et al., 2017). Therefore, studies indicate that not only can dietary
factors induce differential methylation of genes involved in AD, but they can also alter
expression and propensity for developing AD. However, none of these studies attempted to
draw a direct link between holistic MD-induced methylation differences and resulting gene

expression relating to AD, and certainly not compared to a TAD.

These alterations in methylation patterns, and subsequent changes in gene expression,
as a result of consumption of a MD or TAD could also result in transgenerational effects, as
methylation patterns are known to be heritable (Villicafia & Bell, 2021). In other diseases
such as obesity, high blood pressure, and metabolic syndrome, ancestral diet has been linked
to epigenetic modifications associated with the disease that are then passed on to offspring
and influence their disease risk (King & Skinner, 2020; Masuyama & Hiramatsu, 2012).
Studies investigating the WD and MD separately have found that maternal exposure to the
diets induces DNA methylation changes in offspring (Dudley et al., 2011; Gali Ramamoorthy
et al., 2018; Gonzalez-Nahm et al., 2017; House et al., 2018). Transgenic mouse models
capable of producing measurable AB in their brains have also demonstrated that maternal
supplementation with choline (a common MD component) is able to reduce hippocampal Ap
load by 44% in F1 offspring who were only exposed to the diet during gestation and lactation
(Velazquez et al., 2020). F1 individuals were bred to produce an F2 generation that was never
exposed to the diet, and they found a 29% reduction in hippocampal A load in F2 offspring
whose grandparents had choline supplementation (Velazquez et al., 2020). In the same study,

27 genes involved in brain immune response and regulation of neuronal death were found to



be differentially expressed in F1 offspring based on whether their parents had choline
supplementation, and this differential expression carried over to the F2 offspring (Velazquez
et al., 2020). Therefore, research in this field has shown that 1) epigenetic modifications can
be associated with AD, 2) dietary factors can induce epigenetic modifications that can be
transmitted to subsequent generations, and 3) certain diets can influence risk of AD
development. However, to the best of my knowledge, no previous study has investigated
whether these factors intersect. Therefore, here I will investigate if the holistic MD, when
compared to the TAD, is associated with epigenetic modifications that then induce changes
in gene expression and subsequently influence the development of AD related pathologies in
a mouse model. Moreover, this study explores whether any such epigenetic modifications are
heritable in subsequent generations, so this research could be of fundamental importance to

determine predisposition of offspring to AD development or protection.

Methods
Sample Collection

The parental (P) generation of mice were weaned on postnatal day 21 and randomly
assigned to either the MD or the TAD (Table 1). Mice assigned to the MD group consumed
their diet for four months, at which point they were paired for breeding while continuing diet
consumption. Mice assigned to the TAD group consumed their diet for three months before
being paired for breeding because there were no viable pups produced from breeders paired
after four months of diet consumption. Each breeding pair shared the same dietary condition
(i.e., females on the MD were paired with males on the MD, etc.) to produce the F1

generation. All breeders continued their experimental diets throughout breeding, gestation,



and lactation. When they reached nine months of age (8 months of diet consumption), their
hippocampal tissue was collected and used for DNA extraction, while their prefrontal cortex
was collected and stored in RNALater at -80°C for RNA extraction. Meanwhile, all members
of the F1 generation were weaned on low-fat diet (LFD) as a control (because it is a standard
rodent chow used in most research labs), but remained separated in groups based on the
dietary condition of their parents in order to examine the transgenerational effects of each
diet. When the F1s reached four months of age, hippocampal tissue was collected for DNA
extraction and prefrontal cortex was collected for RNA extraction.

Table 1. Composition of C57BL/6J mice in the parental generation paired to breed and
produce the F1 generation.

Parental Generation (P) MD TAD
Female, C57BL/6J n=>5 n=>5
Male, C57BL/6J n=3 n=3

DNA Extraction

DNA was extracted from hippocampal tissues of three mice of each sex on each of
the experimental diets from each generation (24 mice in total) using Qiagen’s DNeasy Blood
and Tissue kit according to the manufacturer’s protocol. Nanodrop was used to quantify

DNA, and samples were stored at -20°C for later analysis.

Epigenetic Array and Analysis

DNA samples for each diet group were sent to the University of Texas Southwestern
Medical Center Microarray Core Facility (Dallas, TX), where all 24 DNA samples were run
on an Illumina Infinium Mouse Methylation BeadChip (also known as the MM285 chip).

This chip queried more than 285,000 methylation sites across the methylome per sample and



produced an output of intensity data (IDAT) files that can be used to determine metylation
patterns. Analysis of the IDATs was carried out in R version 4.3.1 with the R-package
Sensible Step-wise Analysis of DNA Methylation BeadChips (SeSAMe) version 1.18.4 (Zhou
et al., 2018). Default data preprocessing codes were used to perform quality masking
(qualityMask), non-linear dye-bias correction (dyeBiasNL), detection p-value masking using
oob (pOOBAH), and background subtraction using oob (noob). Methylation levels at each
methylation site, which are reported as p-values (the ratio of the intensity of the methylated
bead type to the combined locus intensity), were retrieved using the openSesame command.
All CpG probes that reported “NA” values in any samples were eliminated from further
analysis. Parental females on the TAD (n = 5) were set as the reference group, wherein
methylation levels for all other samples would be compared back to them. The DML
command was used to compare B-values and determine differentially methylated loci (DML),
indicating one CpG site that was differentially methylated, according to diet between parental
samples. DMLs were then filtered such that only DMLs with a p-value of less than 0.0001 or
an effect size of greater than 10% remained. This process was repeated for F1 samples, and
the results were compared to determine whether the differential methylation patterns in the
parents were passed on to the offspring. DMLs with either a p-val<0.0001 or effect size of
10% were cross-referenced with the MM285 Manifest to determine which DMLs were found
within or near protein-coding genes. A literature review was then conducted to identify
protein coding genes potentially implicated in AD development or pathology. Six genes with
a p-val<0.0001 and five genes with an effect size > 10% were selected for further gene

expression analysis.



RNA Extraction and Conversion of RNA to cDNA

RNALater was removed from prefrontal cortex tissues of the same 24 mice and
resuspended in homogenization solution. Tissue was homogenized using a tissue sonicator
set to pulse three times at an amplitude of 65%. RNA extraction was subsequently performed
on the Maxwell RSC Instrument using Promega’s Maxwell RSC simplyRNA Tissue Kit
according to the manufacturer’s protocol. Nanodrop was used to quantify RNA, and 3uL of
each sample was immediately converted into cDNA using the Invitrogen SuperScript 111
First-Strand kit according to manufacturer’s protocol. Remaining RNA samples were stored

in -80°C for later analysis, and cDNA samples were stored in -20°C for later analysis.

gPCR
One-in-ten dilutions of cDNA were made for gPCR use. Pre-established gPCR primers
for DMLs and a reference gene (f-actin) were found via the PrimerBank database

(https://pga.mgh.harvard.edu/primerbank/) using NCBI GenelD’s for each protein-coding

gene (Wang et al., 2011). Primers used in this study and specific assay conditions can be
found in Table S1. gPCR of samples was performed on an Applied Biosystems StepOnePlus
Real-Time PCR System using PerfeCTa SYBR Green FastMix ROX. gPCR assay mixtures
were made with 1pL cDNA, 3.28uL NF Water, 5pL SYBR, and 0.36pL of each primer.
Assays were performed in triplicate, and the fluorescence threshold (Cq) was averaged
between the triplicates. In the cases where the standard deviation was greater than 0.5 and
there existed an obvious outlier in the triplicates, it was removed from analysis. Gene
expression differences within each generation were calculated using AACt between dietary

groups for each gene of interest, collapsing by sex, with all TAD animals as the reference


https://pga.mgh.harvard.edu/primerbank/

group. Differences in expression were tested using an independent t-test assuming equal

variance and with alpha set to 0.05.

Results
Differential Methlyation

After quality control and eliminating probes that reported “NA” values in any
samples, 263,451 probes remained for DML analysis. Differential methylation was
determined by p-value and effect size. However, no DMLs had both a p-val < 0.0001 and an
effect size greater than 10% (see Figure 1) and no DMLs were stastically significant after a
Benjamini and Hochberg false-discovery rate correction. Instead, | focused on loci with
either a significant p-value or an effect size greater than 10% for further analyses. Fourty-
nine DMLs showed a statistically significant difference between diets in the parental
generation. Of which, 37 were hypermethylated and 12 were hypomethylated in MD relative
to TAD (Figure 1). Of those, 28 were located within the body of a protein-coding gene, while
15 were located near a protein-coding gene. Six of the DMLs associated with protein-coding
genes were selected for gene expression analysis based off of their heatmaps (Figure 2) and
potential contribution to AD pathology based on Gene Ontology (GO) Terms and AD

implication in other studies (Table 2).

There were also 11 DMLs with an effect size of at least 10%, eight of which were
hypermethylated and three were hypomethylated in MD relative to TAD (Figure 1). Of the
DMLs with a large effect size, five were located within the body of a protein-coding gene,

while three were located near a protein-coding gene. Five of the DMLs associated with

10



protein-coding genes were selected for gene expression analysis based off of their heatmaps
(Figure 2), average beta-values (Figure 3), and potential contribution to AD pathology based

on GO Terms and AD implication in other studies (Table 2).
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Figure 1. Volcano plot of DMLs based off of diet according to effect size (>10%) and
statistical significance (p-val<0.0001).
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Figure 2. Methylation heatmaps of DMLs selected for gPCR, split based off of statistical
significance (p-val <0.0001) or effect size >10%. Color represents DNA methylation -



values, where blue = zero methylation and red = full methylation. Sample names are assigned
such that the first letter indicates diet (M=MD and T=TAD), the second letter indicates
generation (P=parental generation), and the third letter indicates sex (F=female and
M=male). Numbers represent biological replicates.
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Figure 3. Average parental beta-values for effect size genes according to diet and sex. Error
bars depict standard deviation. Differences in beta-values were tested using a one-tailed
independent t-test assuming equal variance and with alpha set to 0.05. Slc15a2, Lrplb, and
Plpp2 were found to have significantly different beta-values (p<0.04) between MD females
and TAD females. No genes were found to have significantly different beta-values between
MD males and TAD males.

Table 2. Loci chosen for qPCR, which were either statistically significant (p-val<0.0001) or
had an effect size >10%.

Significant DMLs
:zzg;_vs' Site of
Locus p-value Effect Methylated Methylatlon EnsReg GO Terms
Size ? Relative to Build
Relative to TSS
TAD
e  (G2/M transition of
375,563 mitotic cell cycle
Cdk14 7.292E-05 0.056  Hyper bp’s N/A e Regulation of
downstream canonical Wnt
signaling pathway
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Differential Expression
Calculation of AAC: revealed that none of the selected genes were differentially
expressed in either the parents or the offspring (Figure 4). Expression of the housekeeping

gene, B-actin, was consistent in both dietary conditions and both generations (p > 0.05).

Parental AACt for Significant Genes Parental AACt for Effect Size Genes
15 15
' E ] }' [ [ \ '
0.5 - I I I 05 1
0 0
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AACtTAD mAACtMD AACt TAD 5 AACtMD

Figure 4. AAC: scores for selected loci for both generations (collapsing by sex) with TAD set
as the reference group. Error bars depict standard deviation, which was >0.064 for all genes
in the parental group and >0.137 for all genes in the F1 group. No loci were found to be
significantly differentially expressed when sexes were pooled. Genes found to be
significantly differentially expressed in females only are indicated by #, whereas genes found
to be significantly differentially expressed in males only are indicated by *.
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Discussion

This study sought to determine if patterns of DNA methylation associated with diet
were an underlying cause of the physiological differences found between MD and TAD
animals in Braden-Kuhle (2023). However, no locus was found to be significantly
differentially methylated with an effect size of at least 10% suggesting any underlying
differences in methylation pattern are either highly variable, or of small effect. In order to
locate loci that might be affected by dietary variation, | decided to investigate statistical
significance and effect size of any candidate DML in isolation, producing two different
categories of DMLs to analyze with gene expression. Although we failed to find any DML
both statistically associated with diet and with a large effect size, the study design did allows
us to answer a series of interesting questions: is statistical significance or large effect size
more biologically relevant when it comes to alterations in methylation pattern and their
effects on gene expression? Or, are both required in order to see a difference in expression
levels? | hypothesized that if either were able to influence gene expression in isolation, the
genes with larger effect size would be more likely to cause changes in gene expression and
subsequent effects on the physiology of the organism. | also hypothesized that the lack of
statistical significance in conjunction with large effect size is likely due to a small number of
biological replicates (i.e., small sample size) that reduces power and increases the amount of

variance within a sample group as shown above in Figure 3.

DMLs were determined to be statistically significant if they had a p-val < 0.0001 (as

no loci were significant after a Benjamini-Hochberg correction for multiple testing). Of the

49 significant DML’s, 43 were associated with a protein coding gene (either within the gene

16



or nearby). Following a literature review, six genes were selected because of their previous
implication in AD or other neurodegenerative diseases, or association with pathways related
to AD development. Of those six genes, three were hypermethylated (Cdk14, Reps1, and
Slc25a5), indicating increased methylation levels in MD compared to TAD. Cdk14 encodes
for a pro-inflammatory regulator, and even though it was not found to be differentially
expressed in this study, another study found that Cdk14 was downregulated in the temporal
cortex of female non-human primates on a Mediterranean diet in comparison to a Western
diet (Shively et al., 2023). This expression change is consistent with the hypermethylation in
MD mice reported herein, which is typically associated with decreased gene expression.
Reps1 encodes for a signaling adaptor protein that is involved in clathrin-mediated
endocytosis, and has been implicated in bioinformatic analyses as a possible biomarker for
AD (Luo et al., 2022). Therefore, the slight hypermethylation I observed in the MD could
contribute to decreased Repsl expression and decreased AD development, but note that my
gene expression assay did not find Reps1 to be differentially expressed (when pooling sexes).
Slc25a5 encodes for a solute carrier protein that mediates ADP import and ATP export from
the mitochondrial matrix. Other SIC25A proteins have been linked to expression of
apolipoprotein E (APOE), which is a known risk factor for AD development, wherein
mutation of other SIc25A proteins has been shown to significantly increase APOE expression
(Wynne et al., 2023). This seems counterintuitive to the hypermethylation I observed,
because | would anticipate that it would cause decreased expression of Slc25a5, and therefore
increase amounts of APOE if it functions in a manner similar to the other SIC25A proteins.
However, it is possible that the location of the hypermethlation could play a role in

influencing gene expression, which is discussed further below.
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Three of the statistically significant genes were hypomethylated (Pank1, Crtcl, and
Plcg2), indicating decreased methylation in MD compared to TAD. Pank1 encodes for an
enzyme responsible for catalyzing coenzyme A biosynthesis, and Pank1 knockout mice
exhibited gene expression patterns similar to those seen in neurodegenerative diseases
(Subramanian et al., 2020). Therefore, hypomethylation of the Pankl promoter, and
supposed increased expression of Pankl in response to MD, could be neuroprotective. Plcg2
is involved in production of anti-inflammatory cytokines, and has been found to be
upregulated in the brains of AD patients (Tsai et al., 2020). So while hypomethylation would
initially seem to be neurodegenerative, it is possible that the location of methylation could
play a role in the direction gene expression is altered, as discussed below. Crtcl plays a role
in synaptic plasticity and long-term memory formation in the hippocampus, and its promoters
have been found to be hypomethylated in the hippocampus of AD patients, but that
hypomethylation was associated with decreased expression of Crtcl rather than increased
expression (Mendioroz et al., 2016). In control patients, however, Mendioroz et al. (2016)
observed that hypomethylation would result in increased expression of Crtcl, which could be
neuroprotective. This indicates that epigenetic regulation of Crtcl functions as expected until
AD pathology develops, at which point it becomes dysregulated, so more research is

necessary to determine the effects of methylation on Crtcl expression.

| also identified 11 DMLs with an effect size >10%, eight of which were associated

with a protein coding gene (either within the gene or nearby). Following a literature review,

five genes were selected because of their previous implication in AD or other
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neurodegenerative diseases, or association with pathways related to AD development. Three
were hypermethylated (Slc15a2, Mef2c, and Lrplb), while two were hypomethylated (Ctxnl
and Plpp2). Slc15a2 encodes for a proton-coupled oligopeptide transporter that facilitates
transport of peptides from cerebrospinal fluid into the blood (Smith et al., 2004). Slc15a2 has
been implicated as a possible biomarker for AD in a microarray study where its expression
decreased with AD progression (Arisi et al., 2011). Mef2c encodes for a transcription
enhancer factor that plays a role in hippocampal-dependent learning and memory. Sao et al.
(2018) found that expression Mef2c in peripheral leukocytes was significantly lower in AD
patients compared to controls, but found no differences in methylation between the groups.
Another study found that decreased expression of Mef2c via a knockdown exacerbates AD
pathology (Ren et al., 2022). Lrplb encodes for a low density lipoprotein receptor, and it has
been shown to be part of a neuroprotective response and is upregulated in neurons in
response to AB-induced damage (Benoit et al., 2013). The remaining two genes in the effect
size group, Ctxnl and Plpp2, were hypomethylated. Ctxnl may be involved in signaling of
cortical neurons during forebrain development, and machine learning analyses have
identified Ctxnl expression as a predictor for AD (Cheng et al., 2021). Plpp2 is involved in
glycerophospholipid synthesis and was found to be upregulated in the cerebral cortex of AD
patients (Zeng et al., 2023). Based on their functions, the methylation patterns of all five
genes initially seem counterproductive to the neuroprotective goal of the MD, but further
analysis of the location of these methylation changes may elucidate neuroprotective

capabilities.
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While it is generally thought that hypermethylation of a locus is associated with
decreased expression of a gene, that assumption is based on data obtained from the effects
increased methylation at the promoter. However, CpG island methylation is not restricted to
gene control regions, and can also occur within the body of the gene itself (Liang et al.,
1998). Furthermore, hypermethylation within the body of a gene not only allows for the gene
to be expressed (Larsen et al., 1993), but can even cause expression of the gene to increase
(Gonzalez-Zulueta et al., 1995; Salem et al., 2000). As such, there seems to be a paradox
wherein hypermethylation of transcriptional promoter regions suppresses expression,
whereas hypermethylation within the transcribed portion of the gene is associated with
increased expression (Jones, 1999). This would indicate that the location of methylation
plays an important role in influencing gene expression. In relation to the data generated
herein, all five of the DMLs with effect size >10% and three of the DMLs with p-val<0.0001
occurred within the body of the gene rather than the promoter region. As such, the
hypermethylation within the bodies of Slc15a2, Mef2c, Lrplb, and Slc25a5 would likely
increase their expression, allowing for them to contribute to neuroprotection in the MD. This
trend was observed to a small extent in Lrplb, wherein the MD had increased methylation
and somewhat increased expression, though neither were statistically significant. Conversely,
hypomethylation in the bodies of Ctxnl, Plpp2, and Plcg2 would likely decrease their
expression, subsequently hindering their neurodegenerative effects in the MD. The only
DML that appears to be neurodegenerative under this paradox is Cdk14 because
hypermethylation in the body of the gene would likely increase its expression, contrary to
other studies that have found decreased expression of Cdk14 in MD compared to WD

(Negrey et al., 2023). That said, Negrey et al. (2023) only looked at differences in
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expression, not differences in methylation, so it is possible that a mechanism other than DNA
methylation regulates expression of Cdk14. DNA methylation is a mechanism of cis-
regulation of gene expression, but there could also be trans-regulation of gene expression
from transcription factors. Mef2c and Crtcl both encode for transcription factors
(transcriptional enhancer and transcriptional co-activator, respectively), suggesting that they

are likely involved in regulating transcription of other genes.

The same seems to hold true in this study, as none of the genes selected for gPCR
were significantly differentially expressed between MD and TAD when sexes were pooled.
Some expression patterns seemed to have a trend, but it is possible that the limited sample
size in this study made it nearly impossible to detect slight gene expression differences
because of high amounts of variance within treatment groups (e.g., Figures 3 and 4 above).
Furthermore, the DNA methylation data in this study was gathered from hippocampal tissue,
whereas the tissue for gPCR was obtained from the prefrontal cortex. Therefore, it is possible
that the methylation differences seen in the hippocampus were not shared with the prefrontal
cortex, and if so, it is perhaps unsurprising that these methylation patterns were not coupled
with differential expression. A major assumption of this project is that the hippocampus is
the brain region that would even respond to dietary influences and induce differential
methylation. However, it is entirely possible that other regions of the brain implicated in AD
development, such as the prefrontal cortex and temporal cortex, are responsible for inducing
the methylation changes associated with physiological effects, and | would not observe them
because only the hippocampal methylome was analyzed (De Jager et al., 2014; Mastroeni et

al., 2009; Zhang et al., 2020). Finally, in order to increase sample size, AACt scores between

21



diets were calculated by pooling sexes. However, Braden-Kuhle (2023) did find sex
differences in response to these diets, including different amounts of AB: males on the MD
had less AB than TAD in the hippocampus and the prefrontal cortex, while females on the
MD only had less AB than TAD in the prefrontal cortex, not the hippocampus. Braden-Kuhle
(2023) also observed sex differences in gene expression in the hippocampus: males on the
MD had decreased expression of pro-inflammatory cytokines (TNF-o and IL-13) compared
to TAD when treated with LPS to induce an inflammatory response, but females had no such
difference. Females on the MD also had lower baseline expression of beta-secretase, which is
involved in the production of AP peptides, than TAD, while males had no such difference
between diets. In this study, when p-values were split out based off of sex, females on the
MD had significantly higher B-values for Slc15a2 (p=0.004) and Lrplb (p=0.033) and a
significantly lower B-values for Plpp2 (p=0.040) (Figure 3). Meanwhile, none of the B-values
were significantly different between males on either diet, but that is likely due to the large

standard deviation bars around the mean because of the small sample size (n = 3: Figure 3).

These data illustrate the nuanced nature of dietary effects on methylation, gene
expression, and physiological differences according to sex. This is supported by the fact that
when AAC: scores were calculated between parents on diets within each sex, expression of
one gene, Repsl1, was significantly decreased in parental males on the MD (p=0.047), but not
in females on the MD (p=0.460) (Figure 4). Repsl1, as previously discussed, is a possible
biomarker for AD, so decreased expression may indicate slight neuroprotection in males on
the MD compared to TAD, but not females. In F1 individuals whose parents were on the

MD, Ctxnl expression was significantly decreased in females (p=0.003), but not in males
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(p=0.228), whereas Mef2c expression was significantly increased in females (p=0.045), but
not in males (p=0.199) (Figure 4). As previously discussed, increased Ctxnl and/or decreased
Mef2c may be predictors for AD, so decreased Ctxnl expression and increased Mef2c
expression in female F1 offspring of mice on the MD compared to TAD may indicate
transgenerational neuroprotection due to the MD, but only in females. Therefore, based on
prior observed sex differences in response to diet, it appears that pooling sexes in order to
increase sample size could be another factor diminishing the effects of the diet on

methylation and gene expression in this study.

Additionally, the same was true of the offspring of the parents on either the MD or
the TAD: there were no DMLSs that were significantly differentially methylated with an effect
size >10%, nor were the selected genes differentially expressed. While other studies have
shown that some methylation changes can be heritable, the lack of methylation differences
found in the parents meant it was unlikely any were passed on to the offspring. Although
epigenetic modifications are often thought to be heritable, previous studies suggest this is not
always the case, e.g., McRae et al (2014) found average narrow-sense heritability of
methylation changes of 0.187. Furthermore, the heritability of methylation patterns within
the brain is often smaller, as only 3-4% of CpG loci with genetic variation in the brain are
heritable (Quon et al., 2013). This decreased heritability of methylation patterns in the brain
may be attributed to the large-scale epigenomic reconfiguration that mammalian brains
undergo during development (Lister et al., 2013). That said, there is still a definite link
between parental exposure to a particular diet and subsequent changes in offspring

predisposition, as discussed previously (Dudley et al., 2011; Gali Ramamoorthy et al., 2018;

23



Gonzalez-Nahm et al., 2017; House et al., 2018; Velazquez et al., 2020). It is possible that
parental dietary exposure to a particular diet only confers predisposition in offspring if the
parental gametes underwent methylation changes, and it is unknown whether the methylation
changes in the gametes would match those in the brain of parents. Future studies should
investigate methylomic differences between brain tissues and gametes of parents and
compare them to the methylome of offspring brain tissue. This would provide a better
understanding of whether dietary influences induce different methylation patterns in various
tissues, and provide an explanation as to why methylation patterns of the parents in a given
tissue do not necessarily match the methylation patterns of the offspring in that same tissue.
Additionally, it is also possible that even if the offspring did inherit the slight methylation
differences exhibited by their parents and those differences persisted throughout
development, their consumption of a control diet may have effectively offset the inherited
methylation changes. A similar study could be conducted using an alternative control diet for
the F1 generation, or by collecting brain tissue samples in some animals prior to weaning, to

determine if the control diet diminishes the transgenerational effects of the parental diet.

The results of this study support the idea that statistical significance and large effect
size are both required for differential methylation patterns to cause changes in gene
expression. However, | do not believe that the potential neuroprotective effects of the MD,
nor neurodegenerative effects of the TAD, should be discounted. Compared to the MD, the
TAD clearly had a negative impact on offspring the longer the parents consumed the diet, as
none of the pups from breeders who had consumed the TAD for four months were viable.

And, based on the range of the raw p-values, there seems to be a difference between
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methylation levels of a given locus on either diet (Figure 3). However, the low sample size,
subsequently high amount of variance, and possible sex effects may have limited the power
of this study and prevented the detection of significant methylation differences. Future
studies should implement these holistic diets with a much larger sample group, as this should
assist in increasing the power of detecting differential methylation and expression, as well as
teasing out possible sex effects in response to diet. Furthermore, methylation of cytosines is
merely one of several known epigenetic modifications that could be heritable and/or
influence gene expression, so subsequent studies investigating the influence of these diets on
other epigenetic marks (such as histone modification or regulation of microRNAs) could also

be fruitful.
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Supplemental Material

Supplemental Table 1: Primer sequences and amplification conditions for qPCR

Locus  Forward Primer (5' -> 3") Reverse Primer (5' -> 3") Annealing

Ctxnl  AGTTCGGCGTGGACACTATC GCTGTAGGGGTCTAGCAGTATG  57°C
Slc15a2 AAAGCGACAACATTGGCTAGA  AAATCCCAAATCGCCATCCAT 55°C
Lrplb CGACCATGTGACTTGTGTCTC CTCGGGACAGGTATCTAAAGACT 55°C
Plpp2 CCAAGTACATGATTGGCCGTC GGCCTCCGTGACATTAGCA 57°C
Mef2c  ATCCCGATGCAGACGATTCAG  AACAGCACACAATCTTTGCCT 57°C

Cdk1l4 AAGAGCAAAATCCGTCCCTAGC TCATCTCAACGAAGATACAGCCA 57°C

Crtcl TGCCCAACGTGAACCAGATT CCCATGATGTCGTGTGGTCC 57°C
Plcg2 GTGGACACCCTTCCAGAATATG ACCTGCCGAGTCTCCATGAT 57°C
Repsl  CTCCCACGATTTGTTGCTTCA CACCCGAGTAAGAGCCCTG 57°C

Pankl  GTTCGCCCAGCATGATTCTC CTTAACCAGGGTTCCACCGAT 57°C

Slc25a5 CAAGACAGCGGTAGCACCC CGCAGTCTATGATGCCCTTGTA 57°C

Beta-

Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 57°C

39



Vita

Bridey Elizabeth Brown was born on April 19", 2000, in Salt Lake City, Utah. She is
the daughter of Marnie Brown and Terry Brown. A 2018 graduate of Flower Mound High
School, Flower Mound, Texas, she received her Bachelor of Science degree with a major in
Biology and minor in Journalism from Texas Christian University, Fort Worth, in 2022.
During her time as an undergraduate, she was a Teaching Assistant for Introductory Biology
Labs | & 11 (2019), as well as Genetics and Fundamentals of Biochemistry (2021-2022).

Upon completing her undergraduate degree, Bridey stayed at Texas Christian
University to continue her graduate education, receiving her Master of Science in Biology in
2024. While earning her Master in Biology, she held a Teaching Assistantship and continued
serving as the Teaching Assistant for both Genetics and Fundamentals of Biochemistry. She
also earned the Adkins Fellowship and a Science & Engineering Research Center (SERC)
Grant to fund her research project.

After earning her master, Bridey will be pursuing a future in medicine and applying to

medical school.



Abstract

ABILITY OF DIET TO INDUCE HERITABLE EPIGENETIC MODIFICATIONS
ASSOCIATED WITH ALZHEIMER’S DISEASE

By Bridey Elizabeth Brown, M.S., 2024
Department of Biology
Texas Christian University

Thesis Advisor: Matt Hale Ph.D., Associate Professor & Graduate Program Director

Alzheimer’s disease (AD) is a neurodegenerative disease that is the most common
cause of dementia, for which there is currently no cure. The Mediterranean diet (MD) is a
candidate prevention strategy because it has been shown to reduce risk of AD
development/mortality. In comparison, a typical American diet (TAD) has been shown to
increase risk of AD development. However, the underlying mechanism is unknown. One
largely unexplored mechanism of dietary-induced AD prevalence is epigenetic modification
to genes associated with AD. Therefore, this study aims to determine whether dietary
influences can induce epigenetic modifications, and subsequently modify expression of genes
associated with AD. To do this, DNA was extracted from hippocampal tissue of mice on
either a MD or TAD, as well as their offspring who were consuming a control diet. The
offspring were included to determine if differential methylation patterns are heritable,
thereby implicating transgenerational effects and predisposition to AD development or
protection. An epigenetic array was used to identify loci that were differentially methylated
between diets, and gPCR was used to determine if differential methylation resulted in
significant differences in gene expression. No loci were found to be significantly
differentially methylated (p-val<0.0001) with an effect size of 10% or more, nor

differentially expressed upon qPCR analysis.



