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ABSTRACT

Over recent decades, dietary patterns have changed significantly due to the increasing availability
of convenient, ultra-processed refined foods. Refined foods are commonly depleted of key
bioactive compounds, which have been associated with several deleterious health conditions.
As the gut microbiome can influence the brain through a bidirectional communication system
known as the ‘microbiota-gut-brain axis’, the consumption of refined foods has the potential to
affect cognitive health. In this study, multi-omics approaches were employed to assess the
effect of a refined diet on the microbiota-gut-brain axis, with a particular focus on bile acid
metabolism. Mice maintained on a refined low-fat diet (rLFD), consisting of high sucrose,
processed carbohydrates and low fibre content, for eight weeks displayed significant gut
microbial dysbiosis, as indicated by diminished alpha diversity metrics (p <0.05) and altered
beta diversity (p <0.05) when compared to mice receiving a chow diet. Changes in gut
microbiota composition paralleled modulation of the metabolome, including a significant
reduction in short-chain fatty acids (acetate, propionate and n-butyrate; p <0.001) and
alterations in bile acid concentrations. Interestingly, the rLFD led to dysregulated bile acid
concentrations across both the colon (p <0.05) and the brain (p <0.05) which coincided with
altered neuroinflammatory gene expression. In particular, the concentration of TCA, TDCA and
T-a-MCA was inversely correlated with the expression of NF-kB1, a key transcription factor in
neuroinflammation. Overall, our results suggest a novel link between a refined low-fat diet and
detrimental neuronal processes, likely in part through modulation of the microbiota-gut-brain

KEYWORDS

Refined diet; microbiota-gut-
brain axis; microbiome;
metabolome; bile acid
dysmetabolism;
neuroinflammation; fibres;
refined carbohydrates

axis and bile acid dysmetabolism.

Gut Microbiome Shift

Bile Salt Hydrolase Chow vs '
S ¥Roseburia Refined diet 0
& $Turicibacter -
7a-dehydroxylation ;\,
# Ruminococcaceae 7

* Lachnoclostridium

Colonic and Brain Bile Acid
Dysmetabolism

N

ta-MCA, B-MCA,
UDCA, HCA +—

4CA TCA «— °

1. Introduction

Modern society is experiencing a shift in dietary pat-
terns in which the consumption of convenient, ultra-
processed refined foods has increased dramatically.
These calorie-dense foods are typically stripped of nutri-
tional components, including dietary fibre, instead con-
taining refined carbohydrates and fructose, starch and

sucrose. Consequently, refined diets have been

tHippocampal
Inflammatory signalling
NF-«B1

associated with deleterious health problems, including
effects on brain health. Indeed, in mice, the long-term
consumption of a refined diet leads to cognitive impair-
ment relating to hippocampal synaptic loss mediated
through gut microbial metabolites [1]. Similarly,
anxiety-related [2] and compulsive-like behaviour
have also been reported in response to a refined diet,
resulting from metabolite-mediated neuroinflammation
and nitric oxide activation, respectively [3].
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One proposed mechanism linking dietary intake to
the brain is through modulation of a ‘microbiota-gut-
brain’ axis, a bidirectional signalling pathway connect-
ing the gut and the brain that is modulated by the gut
microbiome. Recent pre-clinical and clinical evidence
has revealed the significance of diet on gut microbiota
composition, which subsequently alters numerous
microbial-derived metabolite, neuroendocrine, auto-
nomic and neuroimmune pathways, which can both
directly and indirectly influence brain function [4, 5].
However, despite evidence that a refined diet can modu-
late gut microbiota composition [5], the specific effects
of a refined diet on the microbiota-gut-brain axis
remain unknown.

Bile acids (BAs), which are produced by hepatic
and bacterial enzymes from cholesterol to assist in
digestion and regulate inflammatory signalling, form
a key communication system along the microbiota-
gut-brain axis and are one of the top microbial-
derived metabolites associated with cognitive health
[6]. Primary BAs are produced from cholesterol in
the liver, of which most (~95%) are secreted into
the intestine by the gallbladder and are actively reab-
sorbed in the ileum via enterohepatic circulation. The
remaining 5% are converted by gut microbial action
to form secondary BAs in the colon and therefore
their production is strongly associated with multiple
bacterial species [7]. The gut microbiome performs
two essential roles in BA synthesis. Firstly, conjugated
primary BAs reach the gut, and microbiota with bile
salt hydrolase (BSH) activity deconjugate glycine or
taurine residuals [8]. Following this, selected members
of the gut microbiota with 7a-dehydroxylase activity
convert these primary BAs to secondary BAs. BAs
also regulate the gut microbiota due to their antimi-
crobial properties creating strong selectional forces
[9]. More recently, over 20 conjugated and unconju-
gated BAs and their receptors have been found in
both human and rodent brains, suggesting BAs can
not only cross the blood-brain barrier (BBB) but
also bind to nuclear receptors and initiate physiologi-
cal responses [10, 11]. Therefore, the composition of
the brain BA pool is regulated by the action of the
gut microbiota, with BAs forming part of a complex
communication system between the gut and the
brain. As such, cognition may be influenced by the
dysregulation of BA synthesis and metabolism.
Indeed, BA profiles are reportedly altered in cases of
mild cognitive impairment and Alzheimer’s disease,
suggesting a role of the gut microbiome in disease
progression [12].

Here, we investigate the impact of a refined low-fat
diet on the microbiota-gut-brain axis. In particular, we

explore changes in gut microbiota and metabolome
profiles, including changes in BA profiles in the periph-
ery and brain. Further, we provide a novel link between
changes in neuronal BAs and detrimental neuronal sig-
nalling, suggesting a novel pathway between refined
dietary intake and brain health.

2. Materials and methods
2.1. Study approval

All experimental procedures and protocols used in this
study were reviewed and approved by the Animal Wel-
fare and Ethical Review Body (AWERB) and were con-
ducted within the provisions of the Animals (Scientific
Procedures) Act 1986 (Amendment Regulations 2012).
Animal ethics approval reference PPL 70/8710 (3rd
May 2016). Reporting of the study outcomes complies
with the ARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines [13].

2.2. Animals and experimental designs

Ten 10-week-old male wild-type C57BL/6] were
sourced from the Disease Modelling Unit (DMU) at
the University of East Anglia. Mice were maintained
in individually ventilated cages (n =5 per cage) within
a controlled environment (21 +2°C; 12-h light-dark
cycle; light from 07:00 h) for the duration of the exper-
iments. After feeding a standard chow diet (RM3;
Special Diet Services, Essex, UK) for two weeks, mice
were assigned to either the RM3 diet or to a 10 kCal%
low-fat diet (rLFD; Research Diet Inc., New Brunswick,
USA) for another 8-weeks (Figure 1; Supplementary
Table S1). This is in line with previous studies [9], allow-
ing sufficient time for the modulation of the gut micro-
biome and bile acid metabolism. Following this, mice
were sedated with 4% isoflurane (IsoFlo®, Abbott, ND)
in a mixture of nitrous oxide (70%) and oxygen (30%)
and blood samples were collected by cardiac puncture
into SST microtubes (Sarstedt, Leicester, UK) followed
by trans-cardiac perfusion of ice-cold 0.9% NaCl sol-
ution containing heparin (10 units/ml; Sigma-Aldrich,
Dorset, UK). Serum samples were isolated by centrifu-
gation at 2,000 x g for 10 min. Organs were rapidly
removed, rinsed with ice-cold NaCl (150 mmol/L),
snap-frozen and stored at —80°C until further analysis.

2.3. Microbial 16S rRNA extraction and amplicon
sequencing

Microbial DNA was isolated from approximately 50 mg
of colon content using a FastDNA SPIN Kit for Soil (MP
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Figure 1. Composition of chow and rLFD.

Biomedicals). Samples were quantified using a nano-
drop (ND-1000 spectrophotometer) and quality assess-
ment was performed by agarose gel electrophoresis to
detect DNA integrity, purity, fragment size and concen-
tration. 16S rRNA amplicon sequencing of the V3-V4
hypervariable region was performed with an Illumina
MiSeq platform. Sequence analysis was performed by
Uparse software (Uparse v7.0.1001), using all the effec-
tive tags. Sequences with >97% similarity were assigned
to the same operational taxonomic units (OTUs). A
representative sequence for each OTU was screened
for further annotation. For each representative
sequence, Mothur software was performed against the
SSUrRNA database of SILVA Database 138. OTUs
abundance information was normalised using a stan-
dard of sequence number corresponding to the sample
with the least sequences. Alpha-diversity was assessed
using Chaol, Simpson, observed species and Shannon
H diversity index whilst beta diversity was assessed
using Bray-Curtis. Statistical significance was deter-
mined by Wilcoxon rank-sum test (Mann-Whitney-
U) or analysis of similarities (ANOSIM).

2.4. "H NMR metabolomics

20 mg of colonic faecal material was added to 1 mL of
saline phosphate buffer (1.9 mM Na,HPO,, 8.1 mM
NaH,PO,, 150 mM NaCl, and 1 mM TSP (sodium 3-
(trimethylsilyl)-propionate-d4)) in D,O (deuterium
oxide), followed by centrifugation (18,000 g, 1 min).
Supernatants were removed, filtered through 0.2 uM
membrane filters, and stored at —20°C until required.
High-resolution "H NMR spectra were recorded on a
600 MHz Bruker Avance spectrometer fitted with a
5 mm TCI cryoprobe and a 60-slot autosampler (Bru-
ker, Rheinstetten, Germany). Sample temperature was
controlled at 300 K. Each spectrum consisted of 128

scans of 32,768 complex data points with a spectral
width of 14 ppm (acquisition time 1.95s). The noe-
syprld pre-saturation sequence was used to suppress
the residual water signal with low-power selective
irradiation at the water frequency during the recycle
delay (D1=2s) and mixing time (D8=0.15s). A 90°
pulse length of 8.8 us was set for all samples. Spectra
were transformed with a 0.3 Hz line broadening and
zero filling, manually phased, baseline corrected, and
referenced by setting the TSP methyl signal to 0 ppm.
Metabolites were identified using the Human Metabo-
lome Database (http://www.hmdb.ca/) and by use of
the 2D-NMR methods, COSY, HSQC, and HMBC
[14] and quantified using the software Chenomx®
NMR Suite 8.6™.

2.5. Bile acid metabolism

Colon content and brain samples (50 mg) were hom-
ogenised in 1ml of 70% v/v methanol containing
25 ul of 40 pg/ml ds-DCA (Sigma-Aldrich, USA; Cat#
614130) for 30 s at 6,000 rpm on a Precellys homogen-
iser (Bertin Technologies, UK). The slurry was then cen-
trifuged at 3,000 rpm at 4°C and the supernatant was
transferred to a new tube with the addition of 25 pl of
40 pg/ml d,-CDCA  (Sigma-Aldrich, USA; Cat# C-
147). This was evaporated by centrifugal evaporation
at 50°C for 70 min to almost dryness using a Speed-
Vac™ concentrator and then made to 1 ml volume
with 5% v/v methanol and the addition of 25l of
40 pg/ml d4-CA (Sigma-Aldrich, USA# Cat: 614149).
The reconstituted sample was passed through a hydro-
philic-lipophilic balance clean-up cartridge (Waters
Oasis Prime HLB, lcc, 30 mg), washed with 1 ml of
5% methanol and eluted in 500 ul methanol and
addition of 25 ul of 40 pg/ml ds-GCA (Sigma-Aldrich,
USA; Cat# 330277P) and d4-LCA (Sigma-Aldrich,
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USA; Cat# 589349). Samples were analysed using an
Agilent 1260 binary HPLC coupled to an AB Sciex
4000 QTrap triple quadrupole mass spectrometer.
HPLC was carried out using a binary gradient of solvent
A (Water + 5 mM Ammonium Acetate + 0.012% For-
mic acid) and solvent B (Methanol + 5 mM Ammonium
Acetate + 0.012% Formic acid) at a constant flow rate of
600 pl/min. Separation was achieved using a Supelco
Ascentis Express C18 150 x 4.6, 2.7 pm column main-
tained at 40°C. The mass spectrometer was operated
in electrospray negative mode with a capillary voltage
of —4500V at 550°C. Instrument-specific gas flow
rates were 25 ml/min curtain gas, GS1: 40 ml/min and
GS2: 50 ml/min. Mass fragmentation was monitored
in MRM mode. Quantification was applied using Ana-
lyst 1.6.2 software to integrate detected peak areas rela-
tive to the deuterated internal standards.

2.6. RNA isolation and qRT-PCR

RNA isolation, cDNA synthesis and qRT-PCR were car-
ried out as previously described [15]. Briefly, total RNA
was isolated from both the cortex and hippocampus
using the Qiazol reagent (Qiagen, UK). The hippo-
campus was investigated as it plays pivotal roles in
learning and memory and is affected by a variety of
neurological and psychiatric disorders [16]. The cortex
was also analysed as it is involved in numerous higher
brain processes, including memory, thinking, learning,
reasoning, the senses, and emotions [17]. Two pg of
total RNA was treated with DNase I (Invitrogen, UK)
and used for ¢cDNA synthesis using Invitrogen™
Oligo (dT) primers and M-MMLYV reverse transcriptase.
Quantitative real-time PCR (qRT-PCR) reactions were
performed using SYBR green detection technology on
the Applied Biosystems Viia-7 Real-Time PCR system
(Life Technologies). Results are expressed as relative
fold change in rLFD in comparison to the standard
chow diet, which has been scaled to the average across
all samples per target gene and normalised to the refer-
ence genes, beta-2-microglobulin (B2m), TATA-box
binding protein (Tbp) and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) and presented as log, fold
change. The primer sequences are given in Supplemen-
tary Table S2.

2.7. Statistical analysis

Statistical analysis was carried out using GraphPad
Prism version 9.5.1 (GraphPad Software, CA, USA)
software packages. All values are presented as means
+ standard error of the means (SEM) unless otherwise
stated. All data was checked for normal distribution

using the Shapiro-Wilk test. The significant differences
in alpha diversity and abundances of each taxonomic
unit were detected using Mann-Whitney-U. Statistical
analysis of metabolomics data was carried out using
Metaboanalyst 5.0. Data was normalised by sum, scaled
by autoscaling and square root transformed. Principal
Component Analysis (PCA) was employed to illustrate
the clustering of different metabolites across groups.
Univariate Analysis was carried out by Wilcoxon
rank-sum tests. Changes in BA concentrations and
gene expression were detected using Mann-Whitney-
U or unpaired t-test. All correlation analyses were per-
formed using Spearman rank.

3. Results

3.1. rLFD-fed mice display marked shifts in
intestinal microbiota and metabolism

The impact of a rLFD on microbial composition was
investigated by 16S rRNA sequencing. Alpha diversity
was significantly reduced in rLFD-fed mice in compari-
son to standard chow, including Chaol (p=0.01),
Shannon index (p = 0.003) and the number of observed
species (p=0.01) (Figure 2A). The PCA component
analysis displayed a clear separation between chow
and rLFD microbiota composition (Figure 2B), which
was confirmed by a significant ANOSIM (p =0.009).
At the phylum level, rLFD-fed mice showed a significant
increase in Deferribacterota and Desulfobacterota (Sup-
plementary Table S3). At the genus level, linear dis-
crimination analysis (LDA) effect size (LEfSe) revealed
significant differences in 35 genera between rLFD and
standard chow diet (Figure 2C). 17 genera were signifi-
cantly increased in rLFD, including Lachnospiraceae
UCG 010, Eubacterium brachy group, XBB1006, Oscil-
lospira, Lactococcus, Peptococcus, Tuzzerella, Ligilacto-
bacillus, Rikenellaceae RC9 gut group, Mucispirillum,
Intestinimonas, Colidextribacter, GCA 900066575, Lach-
noclostridium, Turicibacter, Bilophila and Faecalibacu-
lum. Conversely, 18 genera significantly
decreased, including Roseburia, Lachnospiraceae,
NK4A136 group, Lachnospiraceae UCG 001, A2, Eubac-
terium xylanophilum group, Anaeroplasma, ASF356,
Lachnospiraceae FCS020 group, Prevotellaceae UCG
001, Muribaculum, Anaerotruncus, Acetatifactor, Tyz-
zerella, HT002, Eubacterium siraeum group, UCG 005,
Family XIII UCG 001.

These shifts in microbiome profile included changes
in bacterial entities involved in BA metabolism (Figure
2D, E), including a significant shift in bacterial genera
expressing both BSH capability (Roseburia and Turici-
bacter genera) and increases in enzymes involved in

were
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Figure 2. rLFD significantly modulates the gut microbiome diversity and composition. (A) Alpha diversity using Chao1, Simpson’s
index, and the number of observed species was decreased in a rLFD compared to chow (p < 0.05). Shannon index was decreased
near significance (p =0.06). (B) Beta diversity measured through ANOSIM showed significant separation between the two groups.
(C) Linear discrimination analysis (LDA) effect size (LEfSe) of significant differences (FDR adjusted p < 0.05) in genera between
rLFD and standard chow diet. (D) abundance of gut microbiota genera with bile salt hydrolase capability modulated by rLFD. (E) abun-
dance of gut microbiota family Rumminococcaceae and genera Lachnoclostridium, with 7a-dehydroxylation capability. * = p < 0.05, **
=p<0.01.
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7a-dehydroxylation (Ruminococcaceae family and
Lachnoclostridium genera) in rLFD.

"H-NMR metabolomic profiling was conducted to
gain insight into possible shifts in the production of bio-
active metabolites. The PCA showed clear separations of
the two diets, suggesting a shift in metabolic response to
the rLFD (Figure 3A). Full NMR concentrations are
given in Supplementary Table S4. This was confirmed
by heatmap analysis showing relative changes in abun-
dance of 63 metabolites in both standard chow and
rLFD (Figure 3B). This shift included reductions in
short-chain fatty acids (SCFAs) (acetate, propionate
and n-butyrate, p <0.001) and an increase in i-butyrate
(p=0.41) (Figure 3C).

To clarify the relationship between the gut micro-
biome and the metabolome in the chow and rLFD, Pro-
crustes analyses were conducted to evaluate the
congruence of the two datasets. The analysis demon-
strated that plots of both the metabolome and micro-
biome were separated by dietary intake, with a
similarity between the metabolome and microbiome
plots, suggesting an association between the two (p=
0.001, Figure 4A). This was confirmed by a Spearman
rank analysis, which correlated metabolites and micro-
biota genera that were significantly shifted in a rLFD
in comparison to chow (FDR adjusted p < 0.05). This
demonstrated a significant correlation between 17
metabolites with 9 of the gut microbiome genera (Figure
4B). BA concentrations also significantly correlated with
40 gut microbiome genera, suggesting a strong relation-
ship between the two (Figure 4C).

3.2. rLFD-fed mice display dysregulated bile acid
metabolism

BA profiles were quantified from both colon and brain
samples. BA profiles were significantly modulated in
both the colon and the brain under rLFD challenge.
Total colonic BA concentration significantly increased
(Supplementary Table S5), predominantly from
increases in alpha-muricholic acid (a-MCA), beta-
muricholic acid (B-MCA) and ursodeoxycholic Acid
(UDCA), hyodeoxycholic acid (HDCA) and hyocholic
acid (HCA) (p <0.05) (Figure 5A). Concentrations of
tauro-alpha-muricholic acid (T-a-MCA), tauro-p-
muricholic acid (T-B-MCA), deoxycholic acid (DCA)
and lithocholic acid (LCA) were also increased. In the
brain, BA profiles were also significantly modulated,
with significant decreases in cholic acid (CA) and tauro-
cholic acid (TCA) (p <0.05) (Figure 5B). The cheno-
deoxycholic acid (CDCA):CA ratio was also calculated
in both the colon (p=0.80) and the brain (p=0.68)
and showed no significant difference, suggesting there

was no shift in BA synthesis via the primary or alterna-
tive pathway (Supplementary Table S5). For detailed
concentrations of BA in the colon and brain, see Sup-
plementary Table S5.

3.3. rLFD significantly modulates gene
expression in the brain

Given the extent of BA modulation within the brain
in response to rLFD, we investigated the extent to
which these changes influence gene
expression/function. qRT-PCR suggested significant
modulation of five genes in the hippocampus (p <
0.05). Three genes were upregulated, Mitogen-Acti-
vated Protein Kinase 8 (Mapk8), DNA Damage Indu-
cible Transcript 3 (Ddit3) and nuclear factor x-light-
chain-enhancer of activated B cells (NFxBI), whilst
two genes were downregulated (Nitric Oxide Synthase
2 (Nos2) and Tyrosine 3-Monooxygenase/Tryptophan
5-Monooxygenase Activation Protein Theta (Ywhagq))
in the mice fed a rLFD in comparison to a chow
diet (Figure 6A). In the cortex, two genes were upre-
gulated (Activity Regulated Cytoskeleton Associated
Protein (Arc) and Ddit3), whilst peptidylprolyl isomer-
ase A (Ppia) was downregulated (p < 0.05) (Figure 6B).
For a full list of changes in gene expression in the cor-
tex and hippocampus, see Supplementary Table S6
and S7 respectively.

To identify whether the significant changes in gene
expression were associated with BA concentrations in
the brain, a Spearman rank correlation analysis was per-
formed (Figure 6C). Results showed a significant negative
correlation between T-a-MCA (p =0.037, R*=—0.72),
TCA (p=0.006, R*=-0.85) and TDCA (p=0.034,
R*=-0.72) and hippocampal NF«BI gene expression.
As the rLFD significantly modulated both TCA concen-
tration and NFxBI expression in the brain, this associ-
ation was of particular interest (Figure 6D).

neuronal

4. Discussion

As the consumption of refined foods increases in wes-
tern society, it is important we elucidate its effect on
brain health. Diet represents one of the largest factors
influencing intestinal microbiota activity, and therefore
can modify the microbiota-gut-brain axis and affect
many aspects of human health. These include metabolic
disorders, cardiovascular health and neurological func-
tion [6]. The current study is to our knowledge the
first to highlight the effects of a refined diet on BA
profiles within the microbiota-gut-brain axis, including
quantifying BA profiles in the brain; an area which is
infrequently explored. Here, we demonstrated the
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Figure 3. rLFD altered the metabolomic profile. (A) Partial least squares-discriminant analysis (PLS-DA) showed separation between
rLFD and chow diet, indicative of a metabolic shift in response. (B) Heatmap depicting changes in each metabolite in chow and rLFD
diet. (C) rLFD significantly modulates short-chain fatty acid concentrations, including a decrease in acetate, propionate, n-butyrate and

an increase in i-butyrate. *** = p < 0.001.

feeding of a high sugar and fibre-poor rLFD to mice for
eight weeks significantly shifted the gut microbiome
profile, subsequently modulating BA composition in
both the colon and the brain. These events, in part,
upregulated NFxBIl gene expression in the hippo-
campus, a key mediator of CNS inflammatory response
[18], which is associated with a significant decrease in

three taurine-conjugated BAs (TDCA, TCA and T-a-
MCA).

The consumption of a rLFD for eight weeks was
found to modulate gut microbiota composition, signifi-
cantly reducing microbial diversity. Previous studies
investigating low-fibre intake have found similar
decreases in microbial diversity, which can even be
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Figure 4. The gut microbiome and the metabolome profile of ¢

how and rLFD mice are significantly related. (A) Procrustes plot com-

paring the relationship between the microbiome and the metabolome profiles. Longer lines indicate more within-subject dissimilarity.

(B) Spearman rank correlation showing the interaction between
by the rLFD. (C) Heatmap displaying Spearman rank correlation
0.05. Red = positive correlation. Blue = negative correlation.

transferred between generations [19]. The rLFD also
modulated 35 bacterial genera, decreasing SCFA-produ-
cing bacteria such as Roseburia, Eubacterium and sev-
eral genera belonging to the Lachnospiraceae family,
aligning with reductions in peripheral SCFA concen-
trations. Similar changes have previously been reported
by Pontifex and colleagues, highlighting the poor fer-
mentation of insoluble fibres in the rLFD by the gut

microbiota genus and metabolome that are significantly modulated
between bile acids in the colon and gut microbiome genera. * =p <

microbiota [20]. SCFAs provide a key energy source
for colonocytes, promote the expansion of commensal
microbiota, restrict the development of pathogenic bac-
teria and lessen local and systemic inflammation [21],
processes that are likely reduced under rLFD
consumption.

Since BA metabolism is modulated by the gut micro-
biota, the shift in gut microbiome composition likely in
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part contributes to the dysregulation of BA synthesis in
the rLFD. This relationship was highlighted by a signifi-
cant correlation between several colonic BAs and gut
microbiota genera, including a shift in bacterial genera

expressing BSH (Roseburia and Turicibacter) and 7a-
dehydroxylation enzymes (increases in Ruminococca-
ceae and Lachnoclostridium) in rLFD. These modu-
lations likely underpin the increased concentration of



10 (&) E.CONNELLETAL.

A Hippocampus B Cortex
2- 29
o 1-
S 2
ks 2
3} O 0- [ |
S o
e o
e S
S o 14
-2 1 1 |
6 O @
w 06{\ QQ\

Hippocampus

Cortex

A SO AT T s
OO OLOLOLOY OLO O WOLOLOLOL OO
N WA

Ny P NP \’,\,o',\% PN,

R?=-0.85; p= 0.006

0.0 1 1 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0

TCA

Figure 6. rLFD significantly modulates gene expression in the hippocampus and cortex. Significant log, fold changes in mRNA
expression in a rLFD (n =5) in comparison to a chow (n=5) diet in the hippocampus (A) and the cortex (B) (p < 0.05). (C) Heatmap
displaying Spearman rank correlation between genes significantly modulated by rLFD and bile acids in the brain. * = p < 0.05. (D) TCA
concentration in the brain is significantly modulated by rLFD and is correlated with NF-kB1 signalling in the hippocampus. Blue =
chow diet. Red = rLFD. Shaded region displays 95% confidence interval.



colonic secondary BAs in the rLFD. Low-fibre intake
shifts gut microbial metabolism towards the utilisation
of less favourable substrates, particularly dietary and
endogenously supplied proteins, which may be detri-
mental to the host and increase BA production [22].
Of the 35 bacterial genera modulated by the rLFD, 34
were Gram-positive bacteria. Although bile acid toler-
ance is overall strain specific, Gram-positive bacteria
are typically more sensitive to bile acids than Gram-
negative bacteria [23]. As such, these bacteria would
likely be more responsive to increases in the bile acid
concentrations.

In the colon, BA concentrations of a-MCA, p-MCA,
HDCA and UDCA were significantly increased. These
BAs are antagonists of the nuclear farnesoid receptor
(FXR) [24-26]. Ileal FXR activation induces expression
of the fibroblast growth factor 19 (FGF19; FGF15 in
mice), which represses BA synthesis by inhibiting the
rate-limiting enzyme CYP7A1 [27]. As such, increases
in these antagonists likely inhibit this signalling in a
rLFD and contribute to the increase in peripheral BA
concentrations. FGF19 can also cross the BBB [28].
Fibroblast growth factor receptor (FGFR) 4, the target
for FGF15/19, has been detected in the brain and reduces
orexigenic AGRP/NPY neuron activity in the hypothala-
mic arcuate nucleus [29, 30]. This process improves per-
ipheral glucose homeostasis. Therefore, a reduction in
ileal FXR signalling from rLFD may reduce FGF15 in
the brain and worsen peripheral glucose homeostasis.

Despite our results suggesting dysregulation of BA
levels in the colon and the brain in rLFD, the two
locations show definitive differences. For example,
UDCA was below our limit of detection, suggesting it
is either not present in the brain or exists in small quan-
tities. However, UDCA was found in the colon. These
differences may arise due to the varying capabilities of
BAs to cross the BBB or changes in local synthesis.
Indeed, whilst some studies have demonstrated the
influx of BAs across the BBB and identified BA trans-
porters in the brain, it is unclear the extent to which
de novo synthesis contributes to the pool. The genes
encoding cytochrome P450 enzymes required for the
alternative BA synthesis pathway (CYP8BI1, CYP27A1
and CYP7BI) are expressed in the brain [31]. However,
since CYP7A1 is not found in the brain, BAs such as CA
likely enter from the periphery. Furthermore, the pres-
ence of secondary BAs in the brain strongly suggests a
role of the gut microbiota and transport to the CNS
from the periphery. In terms of dietary-related modu-
lation, our results show lower total BA in the brain of
rLFD which may indicate disrupted BA transport
from the periphery or a reduction in de novo synthesis
compared with a chow diet.
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Modulated BA concentrations in the brain suggest
BA dysregulation occurs in rLED. Brain BA dysmetabo-
lism has been postulated as a factor for the pathogenesis
of neurodegenerative diseases such as Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD) [10, 32]. In par-
ticular, our results show significant decreases in CA and
TCA, suggesting these BAs may be most modulated by a
rLFD. TCA has previously been found to be decreased
in the brain of AD patients and both CA and TCA con-
centrations are decreased in the brain of 12-month
APP/PS1 mice [11]. However, since behavioural out-
come measures were not performed in this study, we
cannot determine whether BA dysregulation from the
rLFD affects cognition. CA is also an antagonist for
N-methyl-D-aspartate (NMDA) receptor and y-amino-
butyric acid (GABA) type A (GABAA) receptor. NMDA
receptors play a role in synaptic communication by gen-
erating a Ca2+ influx and initiating calmodulin to acti-
vate CaMKII, MAPK, CREB, and PI3K pathways [33].
GABAA receptor activation triggers chloride ions
release following neuron hyperpolarisation and neuro-
transmission inhibition [34]. These processes are likely
modulated by a reduction in CA in a rLFD. Neverthe-
less, these results suggest BA dysmetabolism may also
influence BA homeostasis and signalling in the brain.

Results from the qRT-PCR analysis showed an upre-
gulation of pro-apoptotic genes in the rLFD through the
cytochrome ¢ mediated pathway (Mapk8) in the hippo-
campus and through the enhanced expression of autop-
hagy genes (Ddit3 and Mapk8) in the cortex and
hippocampus; a process highly detrimental to neurons
[35]. Ddit3 can also upregulate the Txnip gene, which
in turn upregulates neuroinflammatory genes and pro-
motes the formation of the NLR family pyrin domain
containing 3 (NLRP3) inflammasome, leading to neu-
roinflammation. These changes have previously been
linked to the worsening pathology observed in AD
[35]. In the cortex, Arc gene expression was upregulated
in the rLFD compared to the chow diet. Typically, ARC
plays a role in the maintenance phase of long-term
potentiation and spatial memory consolidation. How-
ever, chronic activation of the immune system alters
ARC activity, which has been suggested as a mechanism
of cognitive dysfunction associated with neuroinflam-
matory conditions [36]. The rLFD also significantly
downregulated Ppia, Nos2 and Ywhaq. Inside cells,
PPIA is suggested to play a beneficial role, promoting
de novo protein folding and protecting against oxidative
stress. However, when deficient, Ppia has been linked to
neurodegenerative features similar to frontotemporal
dementia, marked TDP-43 pathology and late-onset
motor dysfunction [37]. Nos2 produces inducible NOS
(INOS), which can play a critical role in
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neuroinflammation by producing nitric oxide (NO), an
important signalling and redox factor in the brain.
Although NO is associated with tissue damage, it can
also promote cell survival. In a mouse model of AD, a
Nos2 deletion was linked to multiple neuropathologies
including increased neuronal degradation and caspase-
3 activation [38]. Finally, Ywhaq encodes the 14-3-3-0
protein which binds major histocompatibility complex
(MHC) class II molecules and is implicated in various
neurodegenerative diseases [39]. While the exact impact
of Ywhaq on brain health is still unclear, there is evi-
dence to suggest that it may play an important role in
protecting against oxidative stress [40] and regulating
mood and behaviour [41]. Taken together, these results
suggest a rLFD reduces the expression of several neuro-
protective proteins in the hippocampus and cortex.

Only NF-xB1 gene expression was found to both be
significantly modulated in a rLFD and correlated to
BA concentrations in the brain. NF-xkBI was inversely
correlated with three taurine-conjugated BAs (T-a-
MCA, TCA and TDCA). Of these BAs, TCA was also
significantly modulated by a rLFD in the brain,
suggesting the diet may decrease neuronal TCA concen-
trations which increases NF-xB1 signalling. NFxB1 is a
well-known regulator of inflammation, stress, and
immune responses as well as cell survival. In glia, NF-
kB regulates inflammatory processes that exacerbate
diseases such as autoimmune encephalomyelitis, ische-
mia, and Alzheimer’s disease [42]. Therefore, an
increase in NF-xB1 expression in rLFD likely highlights
an increase in neuroinflammation, which is associated
with a decrease in taurine-conjugated BAs. Taurine-
conjugated BAs are known to play a neuroprotective
role in the brain. In vitro evidence shows that TDCA
can inhibit NF-kB1 activation in response to IL-1f
[43]. Taurine itself can also suppress inflaimmatory
damage by acting on NF-kB expression [44]. In some
neurological disorders where inflammation plays a key
role, taurine transport across the BBB is impaired, lead-
ing to reductions within the CNS [10, 45]. Therefore,
our results suggest a refined diet can significantly reduce
TCA concentrations in the brain which likely reduces
the inhibition of NF-kB1 activation and induces a neu-
roinflammatory response. However, as this is based on
association data, further studies examining the link
between TCA and neuroinflammation would be
required. Particularly as the current understanding of
specific BAs roles within the brain is limited.

One major limitation arising from this study is the
differences in BA profiles and metabolism among
species, making translating these results from animal
models to human data challenging. For example, in
humans, CA and CDCA represent the major primary

BAs, whereas mice primarily produce MCAs from
CDCA. UDCA is also considered a primary BA in
mice, whilst it is a microbial-derived secondary BA in
humans. These differences may result in discrepancies
observed in experimental versus clinical studies. Fur-
thermore, our study did not perform cognitive measures
on the mice, limiting our ability to infer how the modu-
lation of BA concentrations and gene expression in the
brain might influence cognitive changes in a rLFD. This
study also investigated bile acid changes using only male
mice. As bile acid synthesis and composition is sexually
dimorphic, further studies investigating these results in
females will be required. Recent research has also
revealed the capacity of the microbiome to produce
new microbially conjugated BAs (MCBAs) that are con-
jugated with phenylalanine, leucine, and tyrosine on a
cholic acid backbone [46]. Although the biological func-
tion of these new MCBAs remains unclear, future
research may focus on uncovering their relationship
with a refined diet.

Overall, our results suggest a novel link between a
refined diet and detrimental neuronal processes, likely
in part through modulation of the microbiota-gut-
brain axis and BA dysmetabolism. These results high-
light the interconnected nature of dietary carbo-
hydrates, gut microbiome composition and bile acids
on brain health and function. BA dysregulation is
becoming increasingly important in numerous neuro-
pathological states, yet little is understood about its
roles in the brain. Future research should focus on
uncovering the origin and transport of BAs in the
brain to improve our understanding of communication
within the microbiota-gut-brain axis and identify
potential therapeutic targets.
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