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Abstract

Scope: We explored the influence of DHA on cardiometabolic and cognitive phenotypes, and
multiomic alterations in the brain under two metabolic conditions to understand context-specific

nutritional effects.

Methods and Results: Rats were randomly assigned to a DHA-rich or a control chow diet
while drinking water or high fructose solution, followed by profiling of metabolic and cognitive
phenotypes and the transcriptome and DNA methylome of the hypothalamus and hippocampus.
DHA reduced serum triglyceride and improved insulin resistance and memory exclusively in the
fructose-consuming rats. In hippocampus, DHA affected genes related to synapse functions in the
chow group but immune functions in the fructose group; in hypothalamus, DHA altered immune
pathways in the chow group but metabolic pathways in the fructose group. Network modeling
revealed context-specific regulators of DHA effects, including K/f4 and Duspl for chow condition
and Lum, Fnl, and Collal for fructose condition in hippocampus, as well as Cyr61, JunB, ler2,
and Pitx2 under chow condition and Hcarl, Cdhl, and Osrl under fructose condition in
hypothalamus.
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Conclusion: DHA exhibits differential influence on epigenetic loci, genes, pathways, and

metabolic and cognitive phenotypes under different dietary contexts, supporting population

stratification in DHA studies to achieve precision nutrition.

Keywords

docosahexaenoic acid; epigenome; hippocampus; hypothalamus; transcriptome

1. Introduction

Long-chain polyunsaturated fatty acids (PUFAs), particularly omega-3 (n-3) PUFAs, have
been indicated to play important roles in various aspects of human health [1]. Among the
abundant n-3 PUFAs docosahexaenoic acid (DHA; 22:6 n-3),in particular, has been
extensively investigated. n-3 PUFAs may be beneficial for a broad range of disorders
affecting both peripheral metabolism and brain functions, including obesity, hypertension,
type 2 diabetes (T2D), insulin resistance, coronary heart disease (CHD), cardiovascular
disease (CVD), cognitive disorders, and traumatic brain injury 231, Qur previous research
uncovered that rats fed with n-3 diet counteracted both metabolic and cognitive deficits
induced by high fructose consumption (¢,

Despite the numerous positive reports on the potential beneficial effects of n-3 PUFAs,
controversies have also arisen. Multiple studies suggested that n-3 PUFAs have a favorable
effect on plasma triglyceride levels but no effect on cholesterol, glycemic, insulin or insulin
resistance in T2D or metabolic syndrome patients [7). Similarly, lack of effects has also been
reported for the cardiovascular benefits of n-3 PUFAs [8-12,

We hypothesize that the conflicting findings may be a result of context-specific effects of
DHA, that is, the benefits of DHA only manifest under specific pathophysiological
conditions. Here we aim to employ high-throughput genomic and systems biology
approaches to thoroughly investigate the phenotypic, transcriptomic, and epigenetic changes
induced by DHA, a commonly studied n-3 PUFA, under different dietary contexts. Our
results support profound context-specific alterations in genes, pathways, and epigenetic sites
in individual brain regions affected by DHA despite certain similarities between contexts,
thereby offering molecular insights into the differential activities of DHA that are dependent
upon the physiological states of the host. These findings offer insights into the controversies
observed in epidemiological and experimental studies regarding the benefits or lack of
benefits of n-3 PUFA and support the need for more thorough future studies of PUFAs
stratified by the metabolic conditions of the study subjects.

2. Experimental Section

Animals

As shown in Figure 1A, two months old male Sprague-Dawley rats (Charles River
Laboratories, Inc., MA, USA) were randomly assigned to four groups: Chow control diet
(#5001, LabDiet, St. Louis, MO and drinking water, n = 8), Chow + DHA (Chow diet
supplemented with omega-3 fatty acid diet rich in DHA, n = 8), Fructose (Chow diet and
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15% fructose, n = 8), Fructose + DHA (Chow and DHA with free access to 15% fructose, n
= 8). The rats were singly housed at room temperature (22-24°C) with 12h light/dark cycle.
Metabolic phenotypes including body weight, serum levels of insulin, glucose, and
triglycerides, and insulin resistance index (fasting glucose [mg/dl] x fasting insulin [ng/ml] /
16.31) were examined. Rats were trained in the Barnes maze device for 5 days before diet
treatment, followed by memory retention test after 6 weeks of treatment. Then rats were
sacrificed, and hypothalamus and hippocampus tissues were dissected out, flash frozen, and
stored at —70°C for subsequent transcriptome and epigenomic studies.

Dosage information

Rats were fed n-3 PUFA rich in DHA (1.2% of DHA, Nordic Naturals, Inc., CA, USA) at
final dose of 620 mg/kg body weight which falls within common dose ranges [13] used in
animals. According to the conversion guidance [14], the corresponding human equivalent
dose is 100 mg/kg, which is within the dose range used in human clinical trials [15],

RNA Sequencing (RNA-Seq) and Data Analysis

Total RNA was extracted from hypothalamus and hippocampus (n = 4 per dietary group per
tissue; total 32 samples) using an All-Prep DNA/RNA Mini Kit (QIAGEN GmbH, Hilden,
Germany). Sample size was based on previous RNA-Seq studies in which findings were
validated using qPCR and gene perturbation experiments [ 16-17] Quantity and quality of
RNA were checked using Qubit 2.0 Fluorometer (Life Technologies, NY, USA) and
Bioanalyzer 2100 (Agilent Technologies, CA, USA). Two hypothalamus samples from the
fructose group and DHA group failed standard quality control and were removed from the
analysis. RNA-Seq libraries were prepared according to the standard Illumina protocol.
Sequencing was performed in 100bp paired-end mode on HiSeq 2000 (Illumina Inc, CA,
USA). RNA-Seq analysis was performed using the Tuxedo package as described previously
(6], Genes and transcripts showing differential expression or alternative splicing at p < 0.01
in each brain region were defined as a gene “signature” for further integrative analyses.
DEGs were assessed for enrichment of pathways using the KOBAS web server [18],
Pathways at FDR < 5% were considered significant. RNA-Seq data was deposited to Gene
Expression Omnibus (GEO) under accession numbers GSE59918 (both brain regions from
control and fructose) and GSE64815 (both brain regions from fructose with DHA diets), and
GSE89176 (both brain regions from the DHA diet).

Bayesian network construction

Bayesian Networks (BNs) are directed acyclic graphs representing conditional dependencies
of genes in regard to their parent nodes. Across all the network genes a joint probability
distribution can be defined through network topology. We constructed brain BNs using
several mouse and human datasets as our input [!7] and the RIMBANET package [!°]. Using
the Monte Carlo Markov Chain simulation, 1000 BNs with different random seed genes
selected from the top ~5000 most variable genes were reconstructed for each dataset, and we
determined the model of best fit for each network. From the set of 1000 networks
constructed, a consensus network was formed if edges appeared in more than 30% of the
networks. To be able to determine causal direction between genes, we used genetic

information as priors for the network.
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DHA DEG Network construction using a Weighted key driver analysis (WKDA)

wKDA is a step within the Mergeomics pipeline [20], used to predict potential key regulators,
which we term key drivers (KDs). The wKDA step overlays the DHA DEGs from our
hypothalamic and hippocampal data onto the brain BNs described above, with the aim to
identify key drivers, whose network neighbors are highly enriched for DHA DEGs as
compared to random genes within the network. We use a chi-square like statistic for the

wKDA: y =

\/OE_—L;( , where O is the ‘observed’ and E is the ‘expected’ ratios of genes from
DHA DEG sets in a hub subnetwork, and a stability parameter of x = 1 is used to reduce

NiNp
N

degree Ny, DHA DEG gene set size N, and the order of the full network N. Statistical
significance of the DHA DEG hubs, henceforth KDs, is estimated by permuting the network
gene labels 10000 times and estimating the p-value based on the null distribution.

artefacts from low expected counts for small gene sets. E = is estimated using the hub

Benjamini-Hochberg adjustment was used to estimate FDR to control for multiple testing.
Network genes reaching FDR < 5% were considered as potential KDs. The gene
subnetworks of KDs were visualized using Cytoscape [211.

Reduced Representation Bisulfite Sequencing (RRBS) of DNA Methylome

RRBS libraries of DNA samples (n = 4 per treatment group per brain region; total 32
samples) were prepared as described previously [®]. One hypothalamus sample from the
fructose+DHA group was removed due to low quality. Loci with methylation levels > 25%
between groups and FDR < 5% were considered as differentially methylated loci (DMLs).
DMLs adjacent genes (within 10kb) were assessed for enrichment of pathways using the
KOBAS web server 18], Pathways at FDR < 5% were considered significant. RRBS data
was deposited to GEO under accession numbers GSE59893 (both brain regions from control
and fructose), GSE64816 (both brain regions from fructose with DHA diets), and GSE89176
(both regions from the DHA diet).

3. Results

3.1. Effect of DHA supplementation on metabolic and behavioral phenotypes.

Under the chow diet condition, DHA supplementation did not significantly alter metabolic
phenotypes including plasma triglycerides, glucose, insulin level and insulin resistance index
(Figure 1B-E), or the memory phenotype measured by latency time in the Barnes maze test
(Figure 1F), although there were non-significant trends toward decreased triglycerides and
latency time. By contrast, when rats were fed a 15% high fructose diet to induce metabolic
syndrome, DHA supplementation significantly improved insulin resistance index in addition
to reducing triglycerides and latency time in memory retention [®! (Figure 1), indicating
beneficial effects of DHA under a metabolically challenged condition. There was no
significant alteration of body weight by DHA under either chow or fructose conditions
(Figure 1G).

Mol Nutr Food Res. Author manuscript; available in PMC 2022 April 15.
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3.2. Transcriptomic alterations in rat hippocampus and hypothalamus induced by DHA
supplementation to a chow diet.

Despite a lack of significant phenotypic changes after DHA supplementation on a chow diet
background, through RNA-Seq, we identified 169 and 388 DEGs, 107 and 252 differentially
expressed transcripts, and 58 and 85 genes showing alternative exon usage in hippocampus
and hypothalamus, respectively (Table S1). Overall, 240 unique hippocampal genes and 523
hypothalamic genes (including genes, transcripts, and alternative splicing) were defined as
DHA DEGs, with 59 genes shared by the two tissues (Figure S1A). The expression pattern
changes between control and DHA groups are stronger in the hypothalamus (Figure 2B)
than in the hippocampus (Figure 2A).

To understand the biological functions of the DEGs affected by DHA supplementation, we
evaluated the enrichment of the DEGs for biological pathways. We found 74 and 58
significantly enriched pathways at FDR < 5% from the hippocampal and hypothalamic
DEGs, respectively, with 21 pathways shared by both (Table S2). The shared pathways
between tissues include ECM-receptor interaction, Focal adhesion, and signaling pathways
for PI3K-Akt, integrin, Rap1, and Wnt. The pathways unique to hippocampus include those
highly relevant to neurotransmitter synapse functions, cardiomyopathy, and lipid
metabolism. The hypothalamus-specific pathways include numerous innate immunity
pathways, Axon guidance and Hippo signaling pathway (Table S2, Figure S1A). These
results support that DHA induces tissue-specific molecular alterations in diverse functional
processes without significant phenotypic manifestation under a physiological condition.

3.3. Comparison of DHA DEGs on a chow diet background with those on a high fructose

diet.

We compared the DHA DEGs identified above from the chow diet background, representing
a physiological condition, with those identified from rats consuming 15% fructose solution,
a state of metabolic syndrome [©]. Under fructose consumption condition, we also identified
tissue-specific as well as shared DEGs and pathways between hypothalamus and
hippocampus (Figure S1B). Hypothalamus-specific pathways are mostly related to
metabolism and neurotransmission, whereas immune and signaling pathways are specific to
hippocampus. Focal adhesion and various signaling pathways for Akt-PI3K and integrin are
shared between brain regions.

As shown in Table 1, although there were significant overlaps in the DHA DEGs identified
from both chow and fructose conditions, many DEGs were context specific — either unique
to each condition or show opposite patterns of expression changes between conditions. In
general, more unique genes were affected by DHA when animals were fed a high fructose
diet than when fed a control diet: 467 (Figure 2C) vs. 155 (Figure 2A) in hippocampus; 803
(Figure 2D) vs. 445 (Figure 2B) in hypothalamus. The expression patterns of DEGs affected
by DHA supplementation differed between the chow and fructose backgrounds. For
example, many DHA DEGs identified on the fructose background showed little discernable
alterations by DHA when on a chow background (Figure 2C, 2D).

Mol Nutr Food Res. Author manuscript; available in PMC 2022 April 15.
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DHA DEGs unique to the chow condition were enriched for pathways related to
inflammation, neuronal functions, and metabolism of linoleic acid and ether lipid, and
mTOR signaling in hippocampus (Figure 2A, Figure S2, Table S2) and immune pathways in
hypothalamus (Figure 2B, Figure S2, Table S2). Under the fructose condition, unique DEGs
affected by DHA were enriched for immune pathways, Hippo signaling, and thyroid
hormone synthesis in hippocampus (Figure 2C, Figure S2, Table S2) and oxidative
phosphorylation pathway in hypothalamus (Figure 2D, Figure S2, Table S2).

Among the common DEGs affected by DHA on both the chow and the fructose
backgrounds, we observed two distinct patterns — context-independent (i.e., up or
downregulated in both conditions) and context-dependent (i.e., up in one condition but down
in the other). In both hippocampus and hypothalamus, the context-independent DHA DEGs
are enriched for pathways including ECM-receptor interaction, PI3K-Akt signaling pathway,
and Focal adhesion, indicating their essential role in the effects of DHA (Figure 2E, Figure
S2). For the context-dependent DEGs affected by DHA, genes involved TGF-beta signaling
pathway and Wnt signaling were enriched in hypothalamus (Figure 2F, Figure S2).

Together, these results suggest that DHA supplementation not only affects certain consistent
pathways but exerts unique effects on gene expression programs depending on the dietary
and physiological background.

3.4. Identification of tissue-specific key drivers (KDs) and subnetworks of DHA DEGs.

To explore the potential regulatory genes that mediate the action of DHA on the downstream
targets under chow diet or fructose diet, we used a data-driven network analysis to capture
gene-gene regulatory relations. In hippocampus, we identified 37 and 122 KDs whose
subnetworks were enriched for DEGs affected by DHA on the chow diet and the fructose
diet, respectively, at an FDR < 5%; in hypothalamus 68 KDs and 132 KDs were identified
under chow diet and fructose diet. These results suggest more extensive gene network
changes in both brain regions induced by DHA under the fructose condition compared to the
chow diet (Figure 3A,3B).

Notably, the top KDs showed overlaps between chow and fructose conditions (Figure 3):
Fmod, Bgn, Serpingl, Aldhila2, and Pcolce, mostly ECM genes, were top KDs for DEGs in
both brain regions; Slc/3a4, Isir, and Asgrl were consistent network KDs in hippocampus
(Figure 3A); Sic6a20 and Cyplibl were shared KDs in hypothalamus (Figure 3B). Although
these are shared KDs between chow and fructose conditions that are predicted to mediate the
DHA effects on downstream genes, the DEGs surrounding these KDs in the gene networks
are not necessarily the same between the chow and fructose conditions (pink versus blue
nodes in Figure 3), suggesting differential gene regulation by these KDs depending on the
interactions between DHA and the metabolic context.

In addition to these shared top KDs, we also found context-specific KDs of DEGs affected
by DHA, including nine for chow condition (e.g., K/f4 and Dusp[) and 95 for fructose
condition (e.g., Lum, Fnl, Collal) in hippocampus, as well as 25 under chow condition
(e.g., Duspl, Cyr6l, JunB, ler2, Pitx2) and 27 for fructose condition (e.g., Hcarl, Cdhl,
Osrl) in hypothalamus.

Mol Nutr Food Res. Author manuscript; available in PMC 2022 April 15.
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Collectively, ECM genes are the dominant and consistent type of KDs for DHA effects on
the brain transcriptome, although other context-specific KDs such as K/f4 and Dusp] for
chow condition and Hcar! and Osr! for fructose condition also exist to regulate context-
specific gene subnetworks. Many of these KDs are related to neuronal structural integrity
and neural development and activity.

3.5. Context-specific DHA effects on the DNA Methylome.

To explore the epigenetic mechanisms underlying the regulation of the transcriptome
associated with DHA, we profiled the DNA methylome in both hippocampus and
hypothalamus. We identified DMLs between DHA treated and untreated groups at FDR <
5%.

Comparison of the DHA-associated DMLs identified on the chow diet background with
those from the fructose-fed conditions revealed both significant overlaps and DMLs unique
to each condition (Table 1). Among the shared DMLs in both conditions, both context-
independent (i.e., consistent changes by DHA regardless of chow or fructose background;
upper panels) and context-dependent DMLs (i.e., opposite changes by DHA in chow vs.
fructose conditions; lower panels) were identified (Figure 4E-F). Interestingly, when both
DHA and fructose were consumed, the DNA methylation patterns of the context-dependent
DMLs were normalized back to the patterns in the chow diet condition. Therefore, agreeing
with the transcriptome level data, our DNA methylome data also support context-specific
effects of DHA supplementation.

Functional annotation of the genes adjacent to the DMLs revealed a broad range of pathways
from ECM, neuronal signaling, and metabolic pathways to immune and endocrine pathways.
Some of these pathways overlapped with those revealed through the transcriptome analysis
but unique pathways such as thyroid hormone synthesis was also identified (Figure 4A-D).
Similar to the transcriptome data, we also found brain-region specific as well as shared
DMLs and pathways between hypothalamus and hippocampus under chow (Figure S3A) or
fructose (Figure S3B) conditions. Neurotransmission pathways are shared between tissues
under both conditions.

3.6. Relationship between DMLs and DEGs.

To investigate the relationship between DNA methylation and gene expression, we mapped
the DNA methylation loci to adjacent genes within 10kb distance. Only 14 (7%) and 35
(6%) DHA DEGs identified under the chow diet condition and the fructose condition,
respectively, were within 10kb distance to the DMLs in hippocampus; 17 (3%) and 39 (4%)
DHA DEGs in the hypothalamus under chow and fructose diet condition, respectively (Table
2). A subset of these genes were shown to be significantly correlated with DMLs (Figure 5).
The methylation within 720k3 is negatively associated with obesity in children [22]. Nptx2, a
member of neuronal pentraxins, has be linked to hippocampal synaptic plasticity in
developmental and adult mice [23]. These results suggest a limited direct correlation between
DMLs and DEGs measured at the same time point.

Some interesting genes among DEGs with local DMLs (Table 2) are transcription factors
Zbtb16 in hypothalamus (chow condition) and Zbtb7a in hippocampus (fructose condition).

Mol Nutr Food Res. Author manuscript; available in PMC 2022 April 15.
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Crispld?, is required for the control of membrane trafficking during axon development of
hippocampal neurons of rats (241, Fmod, encoding the ECM proteoglycan fibromodulin,
showed both epigenetic and transcriptomic changes and was a shared KD identified in the
above transcriptome network analysis. Epigenetic modification of these regulatory genes
upon DHA supplementation could trigger alterations in downstream target genes and
networks.

4. Discussion

By comparing the multidimensional effects of DHA, encompassing cardiometabolic and
cognitive phenotypes and multiomics alterations in two critical brain regions, between a
chow diet background and a fructose consumption context, our study shows that dietary
DHA supplementation improved select metabolic traits and brain function, and induced
transcriptomic and epigenetic alterations in hypothalamic and hippocampal tissues in both
context-independent and context-specific manners.

On the phenotypic level, DHA supplementation significantly reduced serum triglyceride on
the fructose diet condition but had a non-significant decreasing trend in the chow condition.
This is consistent with previous studies that suggested diets high in long chain omega-3 fatty
acids, particularly EPA and DHA, reduces blood triglyceride levels [2%]. Similarly, in terms
of glycemic phenotypes, insulin resistance index, and memory retention, DHA did not affect
these phenotypes significantly when examined on the chow diet background, but
significantly improved these phenotypes in fructose-treated animals [0]. These context-
specific effects observed in our rat model agree with the findings from a previous human
meta-analysis study, which revealed that fish oil supplementation had no effects on insulin
sensitivity when all individuals were considered but had beneficial effects on insulin
sensitivity among individuals with at least one symptom of metabolic disorders in subgroup
analysis [26]. These results indicate that the beneficial effects of DHA on metabolism and
cognition need to be considered in the context of the pathophysiological states of
individuals.

To explore the mechanisms underlying the context-dependent and independent phenotypic
effects of DHA, we examined the transcriptome and epigenome of two brain regions
relevant to cognition (hippocampus) and metabolic control (hypothalamus). Pathway
analysis of the omics alterations revealed both shared and differential responses in the two
brain regions in different metabolic contexts. In particular, genes and pathways related with
tissue structure such as Focal adhesion and ECM-receptor interaction, and signal
transduction pathways such as PI3K-Akt and Wnt signaling pathways were affected by
DHA regardless of the dietary context, although the direction of changes in these genes/
pathways are not necessarily the same between contexts. These pathways were also
previously observed in PUFA fed rat hypothalamic region [27], and may represent the core
functions of DHA in maintaining cell membrane function and cell signaling.

In the physiological context (chow diet condition), we found DHA modulates hippocampal
pathways related with neuronal function such as serotonergic synapse, cholinergic synapse,
GABAergic synapse, dopaminergic synapse, glutamatergic synapse, and lipid metabolism.

Mol Nutr Food Res. Author manuscript; available in PMC 2022 April 15.
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Alterations of similar pathways were also observed in the whole brain of rats fed with fish
oil 281 in the hippocampus of mice on a fish oil diet [2%1, and in the hippocampus of stressed
mice with n-3 PUFA supplementation [3%]. DHA also affected the mTOR signaling pathway
in hippocampus. In the hypothalamus, DHA-altered pathways were more related to the
innate immunity, such as cytokine-cytokine receptors, NF-kappa B signaling pathway, Toll-
like receptor signaling pathway.

In stark contrast, under the condition of fructose-induced metabolic syndrome, DHA altered
different sets of pathways in these brain regions: overall downregulation of genes in immune
pathways such as cytokine and TGF-beta signaling in hippocampus and upregulation of
energy metabolism pathways such as oxidative phosphorylation in hypothalamus (Figure 6).
In addition, we found that the thyroid hormone synthesis pathway was uniquely altered by
DHA in the hippocampus under fructose consumption. Previously, transthyretin, a thyroid
hormone transporter, was found to be enhanced by DHA-rich diet in old rat hippocampus
(311 although fructose was not used in this study.

Between the two dietary conditions (chow vs. fructose) and between tissues, we also
identified a consistent set of pathways affected by DHA, including ECM-receptor
interaction, Focal adhesion, and PI3K-Akt signaling. These pathways act in or through
plasma membrane, which was revealed to be the location of proteins encoded by the
majority of genes affected by a fish oil enriched diet [32]. ECM, once known as a pure
scaffold to support surrounding cells, is being recognized as an important regulator in neural
development, such as proliferation, differentiation, morphogenesis, neuronal migration,
formation of axonal process, the myelin sheath, and synapse [33]. Focal adhesion molecules
regulate neuronal hyperactivity through the interaction between astrocytes and synapses 1341,
Integrin-based focal adhesions connect the ECM to the actin cytoskeleton, which facilitates
cell migration and sensing extracellular biochemical and mechanical status [33] (Figure 6).
PI3k-Akt signaling is involved in insulin sensitivity through interaction with the insulin

receptor and substrate IRS1/2 in the hypothalamus of rat [36],

Among the pathways discussed above, some have been previously connected with DHA
mode of action, such as mTOR signaling uniquely found in chow condition, and TGF-beta,
NF-kappa B, and cAMP signaling pathways specifically enriched under fructose condition
in hippocampus (Figure 6A, Table S2). In hypothalamus, the previously implicated
pathways included NF-kappa B, Toll-like receptor, and TNF signaling pathways under chow
condition, as well as oxidative phosphorylation and cAMP signaling pathway under fructose
condition (Figure 6B, Table S2).

In addition to confirming several previously known pathways, our analysis revealed novel
pathways affected by DHA, such as the Hippo signaling pathway. Hippo signaling pathway
is known to be closely associated with control of organ size and development. Recent studies
implicate its role in neural functions, such as neuroinflammation and neuronal cell death [37].
In hypothalamus, Rap1 signaling pathway was also captured, which is involved in neuronal
connectivity 381, hypothalamic inflammation and leptin sensitivity 391,
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Agreeing with the transcriptome-level findings, the DNA methylation loci affected by DHA
under the two dietary conditions were also drastically different. These major shifts in the
tissue-specific epigenetic loci, genes, and pathways associated with DHA consumption
under physiological (chow) and pathological (fructose) conditions highlight the interactions
between DHA and the host metabolic states. It is likely that under physiological conditions,
DHA balances hippocampal neuronal functions and hypothalamic immune homeostasis.
However, in a metabolically challenged state such as high fructose consumption which
induces neuroinflammation in hippocampus and perturbs metabolic functions in
hypothalamus, DHA mitigates the immune dysfunction induced by fructose in the
hippocampus but promotes metabolic homeostasis in the hypothalamus.

We note that direct overlap or correlation between transcriptome and DNA methylome
signals is limited, which is consistent with findings from previous studies [16-17-40.411 Ope
potential reason for the limited overlap is that DNA methylation may regulate non-local
genes by affecting the three-dimensional organization of the chromatin. Such long-range
regulation is missed and difficult to assess in our study due to the severe multiple testing
penalty if we consider all methylation loci-gene pairs. Second, unlike other epigenetic
mechanisms such as histone modifications that exhibit more dynamic and faster gene
regulation, DNA methylation is more stable and long-lasting, and may influence long-term
trajectories of gene expression, which means that DNA methylation changes at a given time
point may not immediately translate into gene expression changes. Since we measured DNA
methylation and gene expression at the same time point, the direct relationship between the
two is weak. Dynamic profiling of both at multiple time points may help better address their
relationship.

Our study also revealed potential network regulators of the genes and pathways affected by
DHA within and between contexts. More network regulators were affected by DHA when
metabolically challenged with fructose, implicating a much larger network level impact of
DHA in this pathological condition. Regardless of conditions, there were many shared
network regulators such as Fimod and Bgn, which were also previously identified as key
intermediators of the fructose effects [0] and other conditions [16- 42], even though the
expression levels of these genes are not necessarily high. As highly variable genes (i.e.,
genes with high degrees of changes between individuals) are preferentially selected in
network modeling, the consistency of certain KDs across tissues and different conditions
may indicate the particular sensitivity of these genes to respond to perturbations such as
dietary alterations. Fmod also showed local DNA methylation changes under DHA
treatment (Table 2). Both Fmod and Bgn encode ECM proteoglycans, which not only
provide structural support but also play key regulatory roles in maintaining neuronal
functions [33-43] and metabolic homeostasis [6]. Among the KDs unique to the chow
condition, Dusp/ is a KD for both the hypothalamic and hippocampal DEGs altered by
DHA. Dusp1 has been implicated in neuroprotection [44-43] and has been linked with
diabetes related cognitive impairment [46]. K7£4is involved in neurite growth and
regeneration in hippocampal and cortical neurons, and its dysregulation has been linked to
various neurological disorders [47-48],
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The hippocampal KDs of DHA DEGs unique to the fructose condition include ECM-related
genes such as Lum encoding Lumican, a protein implicated in collagen binding (49501 and
the collagen gene Co//al. Among KDs unique to the fructose condition in the hypothalamus
is Hearl, which is involved in the modulation of neuronal activity induced by lactate 11 in
response to physical muscle exertion and resultant communication with the brain enhancing
cerebral angiogenesis [°2!. Another hypothalamic KD unique to the fructose condition is
Osrl, a regulator in GABA-mediated depolarization process in brain development 33!,

By employing multidimensional approaches to investigate DHA effects on different tissues
under physiological condition and diseased condition, our comprehensive study reveals the
context-specific activities of DHA and the underlying molecular mechanism in the form of
pathways and regulatory networks. Some of the key regulators uncovered, such as Fimod an
Bgn, have been experimentally validated in terms of their effects on the network genes,
cognition and metabolism [20- 541 However, it is of importance to point out some potential
limitations of this study. We acknowledge that only fructose was selected as an unhealthy
diet in the current study, yet other types of sugars or combinations with other nutrients need
to be tested. Secondly, certain important metabolic phenotypes such as fat mass and food
intake were not measured, which could have provided additional metabolic insights. Lastly,
individual genes or loci from our high throughput omics studies may need further
replication, although we note that previous studies have demonstrated the accuracy of high
throughput technologies [35-381,

In summary, DHA exerts distinct influence on metabolic traits and cognition between
physiological and pathological conditions. Further investigation revealed transcriptomic and
methylome changes in response to DHA under two conditions, offering mechanistic insights
into the context-dependent pathways, networks, and key regulators, which may contribute to
the differential metabolic and cognitive responses displayed. Our findings offer molecular
support of the need for context-specific investigation of PUFAs to facilitate precision
nutrition.
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Figure 1. Changes in metabolic and behavior phenotypes in response to DHA supplementation
under physiological and fructose-induced metabolic syndrome contexts.

A) Schema of study design. B) Serum triglycerides. C) Blood glucose. D) Insulin. E) Insulin

resistance index. F) Latency time in the memory retention probe in the Barnes Maze test. G)

Body weight.

*p<0.05,** p<0.01 by ANOVA with Sidak test. Error bars in the plots are

standard errors. N = 8/group. F + D: Fructose + DHA. Data of fructose and F+D from our

previous study was used as comparison [¢],
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Figure 2. Heatmap of gene expression changes and enriched pathways under DHA
supplementation with or without fructose treatment in hippocampus and hypothalamus.

Unique DEGs affected by DHA in hippocampus (A) and hypothalamus (B) in chow diet
background. Unique DEGs affected by DHA in hippocampus (C) and hypothalamus (D)

when consuming fructose. Common DEGs affected by DHA in both chow and fructose

backgrounds in hippocampus (E) and hypothalamus (F) were further divided into context-

independent DEGs (upper panels) and context-independent DEGs (lower panel). DEGs were
determined by Tuxedo at P < 0.01. Top significantly enriched pathways (FDR < 5%)
followed by fold enrichment and representative genes in brackets were shown. Blue to red
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colors indicate low to high expression values. The outer frame in each plot denotes the group
comparison from which DEGs were chosen. Numbers in brackets over heatmap represented
the numbers of DEGs plotted. As alternative splicing has no expression values, the number
was not included in the graph. F + D: Fructose + DHA. Data of fructose and F+D from our
previous study was used as comparison [¢],

Mol Nutr Food Res. Author manuscript; available in PMC 2022 April 15.



Page 18

Zhang et al.

Fructose vs fructose + DHA

Key driver gene

DHA vs control

Figure 3. Gene subnetwork and top network key drivers of DEGs under different conditions
DHA in hippocampus (A) and hypothalamus (B).

affected by

Mol Nutr Food Res. Author manuscript; available in PMC 2022 April 15.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuely Joyiny 1duosnue|y Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

Zhang et al.

A (e81) Hippocampus

B (501) Hypothalamus

Neuroactive ligand
-receptor interaction

(Rxfp2, Thra, Galr3, Lpar2, P2rx7)
Axon guidance

(Sema3a, Bmp7, Nfatc2, Ephb1, Ning1)[——
Estrogen signaling pathway
(Adcy4, Ebag9, Shc2, Kenjs, Krt23)
Neurotransmitter receptors -
( Ap2s1, Kcnjs, Gabrg2, Grik2, Griat)
Glutamatergic synapse —
(Adcy4, Sic17a8, Grik2, Gria1, Gm1)  Chow DHA

Cc

\ IIH \l [
’III
|

Il

Integrin signalling pathway —_— —
(Csk, ltgb, Arl1, Vi, Dock1, Pik3cd)

Type Il diabetes mellitus = —:
(Socs3, Camk2d, Vel, Ret, Tnfrsf9) = —_—

Insulin secretion = — = —=
(Adcy4, Prkcb, Camk2d, GlpTr, Creb3i2) = — =
Focal adhesion = = =

(Pdgfrb, Dock1, Col6adp1, Tnr, Pik3cd) = — =

|

Dopaminergic synapse L - | ===
(Amtl, Grin2b, Prkcb, Camk2d,Cacnatb) Chow DHA  Fructose F+D Chow

(Sema3a, Nfatc2, Ning1, Abiim3)

I
| ‘l |
1
Context-

[

E
. —
| ) L —
=
& S
i == =
Axon guidance mediated by § — | —
?Sema hgrin54) L= | -
ema3a, Dpy: oy e —
Axon guidance :?.'_," — 3
=
o

il

Page 19

4.00
200

0.00
-2.00

M 400
Calcium signaling pathway
(Orai2, Pdgfrb, Nos2, Casq1, Camk1d)
Huntington disease

(Vat1, Casp3, Cryz, Kalm, Grik2)
Dopaminergic synapse

(Amtl, KifSc, Kcnj6, Prkca, Creb5)
FoxO signaling pathway
(Foxo3, Igftr, Stat3, Cdkn1a, Atm)
Innate Immune System
(Rab27a, Nos2, Vcl, Nfasc, Psg29)

Circadian entrainment

(Nos1, Cacnatc, Kenj6, Kenjs, Prica)
GABAergic synapse

(Prkeb, Kenf6, Prkca, Gabrg2, Cacnaic)
Retrograde endocannabinoid
(Prkcb, Daglb, Kcnj6, Prkca, Gabrg2)
Cholinergic synapse

(Prkeb, Pik3r1, Cacnaftc, Fyn, Adcy9)
Neurotransmitter receptors
(Gabra1, Kenj6, Chrb3, Griat, Grin2b)

*

58)

-

€ Thyroid hormone synthesis
@ (Prkcal, Alb, Adcy9)

¢ Cholinergic synapse
(Prkca,Adcy9, Chat)

@ Relaxin signaling pathway
(Prkca, Nos2, Adcy9)

Insulin secretion

(Prkca, Adcy9)

Gap junction

(Prkca, Adcy9)

independ

*
Complement and coagulation

)
(Arhgap26, Arhgap10) . .
Complement and coagulatiol DGF signaling pathway
cascades

(F8, F13a1)

LRy

2)
ABAergic synapse
cnj6)

@

* - — =
Insulin-like growth factor I/l &, -ﬁ 3, cascades
binding E ==__ t (F8. Cpb2)
(Igtbp3 Igfop1) ] = __ § Plasminogen activating cascade
Mnegg;ﬁ )Junctlon c — i (Cpb2)
3 [-3 j i

Rho GTPase cycle 3 3 9\%‘ -

g H

< [

3 38

kil

Chow DHA Fructose

-n
+
O

Figure 4. Heatmap of methylation changes and enriched pathways under DHA supplementation
with or without fructose treatment in hippocampus and hypothalamus.

DHA DMLs (A, B) and fructose DMLs (C, D) were used to compare the methylation
changes between different groups in two brain regions. DMLs shared by DHA vs Ctrl DMLs
and fructose vs F + D (fructose + DHA) DMLs were separated into context-dependent/
independent categories. Blue to red colors indicate low to high expression values. The genes
were mapped within 10 kb from DML. * indicted pathways or GO terms without reaching
significant enrichment. Number in brackets represented number of genes.
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Figure 5. Correlation between DNA methylation and gene expression under chow (A) and
fructose (B) background.
The p-value was determined using Pearson correlation test and corrected using Benjamini—

Hochberg procedure. +: sense strand;

-: anti-sense strand.
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Figure 6. Schematic diagrams of mechanism of action of DHA.
The related significantly enriched pathways were highlighted with genes involved in

hippocampus (A) and hypothalamus (B).
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Table 1.

Overlap of DEGs and methylation loci affected by DHA on a chow diet vs fructose diet background.
Enrichment p value was calculated using 2-sided Fisher’s exact test.

Omics Tissue DHA vs. control DHA+Fructose vs Overlap Fold enrichment Enrichment P value
Fructose

Transcriptome hippocampus 214 544 70 10.5 p <2.8e-52

Transcriptome hypothalamus 523 920 165 6.0 p <7.5e-85

DNA methylome hippocampus 1777 1957 343 862.3 0

DNA methylome hypothalamus 1191 1665 195 657.5 0
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Table 2.

DEGs within a 10kb distance of DMLs affected by DHA on a chow diet vs fructose diet background.

Tissue

Ctrl vs. DHA

Fructose vs. Fructose + DHA

Hippocampus

Coch, Dtnbpl, Fbinl, Gehl, Giral,
Gnat2, Hunk, Kenh6, Misi8a, Pla2g5,
Rbpl, Rhoj, Sardh, Sema3a

Aldh2, Cacna2d3, Camk1d, Ccll9, Cgnll, Coch, Cpix3, Crispld2, Dio3, EyaZ,
Fl3al, Fbliml, Fbinl, Gprc3a, Irs3, Jph2, LOC304131, Liplb, Ltbpl, Marveld],
Nptx2, Pdgfrb, Pdliml1, Pex11a, Prss23, Ptges, Ptrf, Rem1, RGD1305645, Rhoyj,
Slco2al, Stpx, Vel, Wisp2, Zbtb7a

Hypothalamus

Arldd, Btbd9, Cdc25b, Chrnb3,
Chstl 1, Coch, Elf2, Eitd1, Hmgces2,
Kcnipl, Lgals5, Lrguk, Pdgfrb,
Pnplal, Selll, Slc44a4, Zbtb16

Acaala, Acaalb, Aldhlal, Aspg, Bnc2, Chrnb3, Coch, Crispld2, Fbnl, Fmod,
Fstll, Gng2, Gng7, Kank4, Lhipl2, LOC685612, Ltbp2, Marveldl, Mgat5, Micl,
Myol10, Nesl, NpyIr, Nsmf, Pex11a, Plagll, Plekhf1, Plekhh2, RGD1562726,
Rims4, Rpll1, Rps23, Slc9a2, Sico4al, Smtn, St3gal6, Taok3, Tm4sf1, Tmsb10
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