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Highlights

e (-)-Epicatechin (EC) mitigates anxiety-related behavior in HFD-induced obese mice
e EC acts in part by modulating BDNF- and glucocorticoids (GC)-regulated signaling

e ECrestored Lactobacillus and Enterobacter abundance altered by the HFD

e EC may improve anxiety by modulating BDNF/GC signaling and mitigating dysbiosis
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Graphical abstract

HFD-induced Obesity

nxiety

Abstract:

Mounting evidence demonstrates that consumption of high fat diet (HFD) and subsequent
development of obesity leads to alterations in cognition and mood. While obesity can affect brain
function, consumption of select dietary bioactives may help prevent obesity-related cognitive decline.
This study investigated the capacity of the dietary flavonoid (-)-epicatechin (EC) to mitigate HFD-induced
obesity-associated alterations in memory and mood. Healthy 8-week old male C57BL/6J mice were
maintained on either a control diet (10 kCal% from fat) or a HFD (45 kCal% from fat) and were
supplemented with EC at 2 or 20 mg/kg body weight (B.W.) for a 24 week period. Between week 20 and
22, anxiety-related behavior, recognition memory, and spatial memory were measured. Underlying
mechanisms were assessed by measuring the expression of selected genes in the hippocampus and by
16S rRNA sequencing and metabolomic analysis of the gut microbiota. 24 weeks of HFD feeding

resulted in obesity, which was not affected by EC supplementation. HFD-associated increase in anxiety-
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related behavior was mitigated by EC in a dose-response manner and was accompanied by increased
hippocampal brain-derived neurotrophic factor, as well as partial or full restoration of glucocorticoid
receptor, mineralocorticoid receptor and 11B-HSD1 expression. Higher EC dosage (20 mg/kg B.W.) also
restored aberrant Lactobacillus and Enterobacter abundance altered by HFD and/or the associated
obesity. Together, these results demonstrate how EC mitigates anxiety-related behaviors, revealing a
connection between BDNF- and glucocorticoids-mediated signaling . Our findings link changes in the

hippocampus and the gut microbiota in a context of HFD-induced obesity and anxiety.
Keywords: obesity, hippocampus, anxiety, memory, epicatechin, high fat diet
Abbreviations:

BDNF, brain-derived neurotrophic factor; CNS, central nervous system; EC, (-)-epicatechin; HFD, high fat
diet; B.W., body weight; GR, glucocorticoid receptor; MR, mineralocorticoid receptor; 113-HSD1, 11B-
hydroxysteroid dehydrogenase type I; HPA, hypothalamic-pituitary-adrenal; OFT, open field test;

NOR, novel object recognition; MWM, Morris water maze; OLM, object location memory.

1. Introduction

Obesity has reached epidemic proportions and is regarded as a major public health concern.
Obesity deleteriously affects health, increasing the risk of many chronic diseases ultimately decreasing
quality of life and life expectancy [1, 2]. Among them, obesity has been linked to impairments in the
central nervous system (CNS) contributing to the development of neurological diseases and mood
disorders such and dementia, anxiety, and depression [3-9]. Indeed, obese individuals have a 55%
higher risk of developing depression over their lifetime [10]. Similarly, animal models have also
demonstrated that chronic consumption of high fat diets (HFD) and subsequent obesity leads to

alterations in mood, anxiety, and depressive-like behavior [11-13].
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Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis has been reported in both
obesity and emotional disorders. Glucocorticoids modulate HPA activity, targeting glucocorticoid
receptors in limbic forebrain circuits to mediate psychological and behavioral stress [14]. In mice,
chronic HFD induces anxiety-associated behaviors, accompanied by stress-induced activation of the HPA
axis [15, 16]. Excess glucocorticoids impair adult neurogenesis, resulting in hippocampal atrophy, which
in turn increases anxiety-like behaviors [17, 18]. The hippocampus has a well-defined central role in
memory consolidation, but it is also involved in the regulation of mood and emotion [19, 20], which can
be influenced by obesity and HFD [21-25].

Changes in the gut microbiota and associated variations in derived metabolites are being
intensively studied for their participation in the gut-brain crosstalk. The capacity of polyphenols to
modulate the gut microbiota is also proposed as a mechanism involved in the capacity of select
polyphenols to mitigate mood disorders [26]. It is currently proposed that select gut bacteria could be
associated with improvements in moods, including depression and anxiety [27]. Indeed, diet-induced
obese mice exhibited altered insulin and inflammatory signaling in the brain and anxiety-associated
behaviors, which were improved by antibiotic treatments [11].

Plant bioactives such as flavonoids have consistently been shown to improve a range of
behaviors in rodents and humans [28-30]. (-)-Epicatechin (EC) is a flavan-3-ol abundant in several fruits
and vegetables, e.g. grapes, apples, berries, cocoa, tea, which is reported to beneficially influence
cognition and mood. The benefits of EC upon the CNS are purportedly mediated through their capacity
to modulate vascular function (increase angiogenesis/cerebral blood flow) [31, 32], modulate cell
signaling (increase brain-derived neurotrophic factor (BDNF)) [29] and mitigate neuroinflammation [33].

We previously observed that EC (20 mg/g B.W.) supplementation of mice fed a high fat diet
(HFD) (60 kCal% from fat) for 13 weeks improved recognition memory [33]. This effect was associated

with increased BDNF levels in the hippocampus and the prevention of HFD-induced endotoxemia and
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neuroinflammation. However, in this model, HFD-fed mice did not show other major behavioral changes
[33] and EC did not improve HFD-induced dysbiosis [34]. To further understand the potential capacity of
EC to mitigate obesity-induced changes in mood and behavior, the current study used a mouse model of
obesity with a longer (24 weeks) exposure to a HFD with a level (45 kCal% from fat) more relevant to
human consumption. EC was supplemented at two levels, one that can be extrapolated to average
human dietary consumption (2 mg EC/kg B.W.) [35], and a higher amount (20 mg EC/kg B.W.) that could
be reached in humans by supplementation [36]. Thus, the current study investigated the link between
changes in the hippocampus and gut microbiota in a context of HFD-induced obesity and anxiety, and
the role of EC mitigating the adverse effects associated with HFD-induced obesity in the CNS and shifts
in the gut microbiota. Characterization of the microbiota and microbiome allowed investigation of the
relevance of the gut-brain axis crosstalk in the beneficial effects of EC on HFD/obesity-induced
alterations in behavior.

2. Materials and methods

2.1 Animals and animal care

All procedures were in agreement with standards for the care of laboratory animals as outlined
in the NIH Guide for the Care and Use of Laboratory Animals. All procedures were administered under
the auspices of the Animal Resource Services of the University of California, Davis. Experimental
protocols were approved before implementation by the University of California, Davis Animal Use and
Care Administrative Advisory Committee.

Healthy 8 weeks old male C57BL/6J mice (20-22 g) (2-3 mice housed together, 10 mice per
group) were fed for 24 weeks either: A - a control diet containing approximately 10% total calories from
fat (C) (TD.06416, Envigo, Indianapolis, IN), B - a high fat diet containing approximately 45% total
calories from fat (lard) (HF) (TD.06415, Envigo, Indianapolis, IN), the control diet supplemented with C -

2 mg EC (CE2) or D - 20 mg EC (CE20) per kg B.W., or the HFD supplemented with E - 2 mg EC (HFE2) or F
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- 20 mg EC (HFE20) per kg B.W.. The composition of the control and the high fat diet is listed in
Supplementary Table S1. The EC-containing diet was prepared every two weeks to account for changes
in body weight and food intake, and to prevent potential EC degradation. All diets were stored at -20°C
until use.

Body weight and food intake were measured weekly throughout the study as previously
described [37]. At 12 weeks, blood was collected from the submandibular vein to assess midpoint
metabolic parameters. Body composition was measured at weeks 12 and 24 by EchoMRI (Echo Medical
Systems, Houston, TX). After 24 weeks on the dietary treatments, and after 4 h fasting, mice were
euthanized by cervical dislocation. Blood was collected from the submandibular vein into tubes
containing EDTA, and plasma collected after centrifugation at 3,000 x g for 10 min at room temperature.
Brains were extracted from the skulls, and the hippocampus isolated. Visceral, epididymal,
retroperitoneal, subcutaneous, and brown fat pads were excised. The collected subcutaneous fat depot
consisted of the posterior (dorsolumbar, ingunal and gluteal) and the anterior (cervical and axillar)
subcutaneous fat. The visceral fat isclated was the mesenteric adipose tissue. Tissues were dissected

and flash frozen in liquid nitrogen and then stored at -80°C for further analysis.

2.2 Determination of plasma metabolic parameters

Plasma triglyceride and cholesterol concentrations were determined using kits purchased from
Wiener Lab Group (Rosario, Argentina), glucose concentrations using a kit from Sigma-Aldrich Co (St.
Louis, MO), and insulin concentration using a kit purchased from Crystal Chem Inc. (Downers Grove, IL),
following the manufacturer’s protocols. The homeostasis model for insulin resistance (HOMA-IR) was
calculated as (fasting blood glucose (mmol/L) x fasting plasma insulin (uU/ml) / 22.5) to assess insulin

resistance.
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2.3 RNA isolation and quantitative PCR (q-PCR)
For quantitative PCR studies, RNA was extracted from cells using TRIzol reagent (Invitrogen,

Carlsbad, CA). cDNA was generated using high-capacity cDNA Reverse Transcriptase (Applied Biosystems,

Grand Island, NY). Expressions of S-actin, Bdnf (brain-derived neurotrophic factor), GR (glucocorticoid

receptor; Nr3cl), MR (mineralocorticoid receptor; Nr3c2), and 118-Hsd1l (11B-hydroxysteroid
dehydrogenase type ) were assessed by quantitative real-time PCR (iCycler, Bio-Rad, Hercules, CA) with

the primers listed in Table 1.

2.4 Animal Behavioral Test

Behavioral tests were performed between week 20 and 22 of the dietary intervention. Animals
were acclimated to a behavioral testing room separate from the housing room at least 1 hour prior to all

handlings and behavioral tests.

Open field test (OFT). After being exposed to the diets for 20 weeks, each animal was habituated
in a white, square arena (40 x 40 cm) where the animal was naive to. To evaluate anxiety-related
behavior of mice, the amount of time traveled in the center zone and total distance traveled was
measured during the first 5 minutes using EthoVision XT 13 (Noldus, Wageningen, The Netherlands).

After each trial, the arena was cleaned with 70% ethanol.

Novel object recognition (NOR) and object location memory (OLM) tasks. The day after the OFT,
short-term object recognition memory was evaluated using the NOR task. On the following day, short-
term spatial memory was evaluated with the OLM task. For both tasks, each animal was allowed to
explore two identical unfamiliar objects (A, A’) in the square arena described above for 5 minutes

(sample phase). After being placed in the home cage for 1 hour (retention phase), mice were
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reintroduced to the arena for 5 minutes (test phase). For the NOR task, one of the objects was changed
to a novel object during the test phase (A, B). For the OLM task, location of one of the objects was
changed to a novel location (A, B) and each arena had spatial cues made with construction papers
mounted on the north and west side of walls. The time that each animal spent directly sniffing or
whisking towards the familiar and the novel objects or locations was analyzed by blinded investigators.
A preference index, a ratio of the amount of time spent exploring one of the identical object (A’) in the
sample phase or the novel object/location (B) in the test phase over the total amount of time spent
exploring both objects was used to determine preference for novelty (A’/(A + A’) x 100% or B/(A + B) x
100% respectively) [38, 39]. A preference index above 50% indicates preference for novel object or
location, below 50% for familiar object or location, and 50% null preference. Animals that did not spend
more than 10 seconds total exploring both objects during the testing phase were excluded from analysis.

After each trial, all objects and the arena were cleaned with 70% ethanol.

Morris water maze (MWM). At week 21, animals started training for the MWM to be evaluated
for spatial learning and reference memory. Spatial learning and reference memory were assessed in a
circular pool of 120 cm diameter containing water to a depth of 40 cm. The water temperature was
controlled at 23+1°C. After every training and trial, each animal was gently scooped out of the pool,
placed in a heated holding cage, and returned to the home cage. The pool was virtually divided into four
quadrants: northeast (NE), northwest (NW), southeast (SE), and southwest (SW).
(1) Handling (MWM day 0): mice were introduced to water for the first time. Each animal was allowed to
swim in a clear plastic cage (23.5 x 14 x 13 cm) containing water to a depth of 0.5 cm for 20 seconds.
Afterwards, the animal was transferred to a cage filled with a depth of 1 cm water for 20 seconds and

then to a cage filled with a depth of 2 cm water for 20 seconds.
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(2) Pre-training (MWM day 1): mice were introduced to the pool described above and a plexiglass
platform (10 cm top diameter). Each animal was placed on the platform, which was in the center of the
pool and 1 cm above the surface of the water, for 15 seconds. Afterwards, the animal was allowed to
swim freely for 30 seconds. Then, the animal was guided to climb on the platform and to stay there for

30 seconds.

(3) Visible platform task (MWM day 2-3): non-spatial training was conducted to ensure that non-
cognitive effects were not interfering with upcoming water maze performance. White curtains were
hung around the pool to obscure any spatial cues in the room. Both locations of starting point of mice
and platform were moved to new locations in each trial. The platform was 1 cm above the surface of the
water and mounted with a flag that reached a height of 13 cm. Each animal was gently placed into the
pool and allowed to swim freely for 60 seconds. Once the animal located the platform, the animal was
allowed to stay on there for 20 seconds. If the animal failed to locate the platform within 60 seconds,
experimenters gently scooped the animals with a net and placed the animal on the platform for 20

seconds. Visible platform task was conducted 4 times daily with a 1-hour intertrial interval.

(4) Hidden platform task (MWM days 4-8): large and high-contrast geometrical patterns made with
construction papers were mounted on the walls of the testing room to serve as distant spatial
landmarks. The platform was hidden from the mice; it was submerged 1 cm below the surface of the
water, which was rendered opaque with non-toxic, white, powdered tempera paint. Starting point was
moved to a new location for each trial while the location of the platform stayed in the center of the
southwest (SW) quadrant throughout all trials. Hidden platform task was conducted 4 times daily with a
1-hour intertrial interval. Learning curves of the animals were analyzed by measuring time spent to

reach the platform (escape latency) using EthoVision XT 13 (Noldus, Wageningen, The Netherlands).
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(5) Probe trial (MWM day 9): the testing environment for probe trial was the same as the hidden
platform task except there was no platform placed in the pool. For this one-time trial, each animal was
allowed to swim freely for 60 seconds. Spatial memory was analyzed by measuring the time spent by the

animals in the target quadrant (SW) using EthoVision XT 13.

2.5 Genomic DNA extraction and 16S rRNA amplicon sequencing

Genomic DNA was extracted from all samples using a commercially available kit (Maxwell® RSC
PureFood GMO and Authentication Kit, Cat. #AS1600). Around 50 mg of fecal pellet was used, following
manufacturer's instructions, with an additional bead beating step using the FastPrep (MP Biomedicals,
USA), protocol previously described by [40]. DNA concentrations of each sample were evaluated using
Qubit® dsDNA High Sensitivity Assay Kit (Cat. Q32851) with Qubit® 2.0 Fluorometer, following

manufacturer’s instructions.

Quality assessment was performed by agarose gel electrophoresis to detect DNA integrity,
purity, fragment size and concentration. The 16S rRNA amplicon sequencing of the V3-V4 hypervariable
region was performed with an lllumina NovaSeq 6000 PE250. Sequences analysis were performed by
Uparse software (Uparse v7.0.1001) [41] using all the effective tags. Sequences with >97% similarity
were assigned to the same OTUs. 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 [42]. OTUs abundance information were normalized using a standard of

sequence number corresponding to the sample with the least sequences.

2.6 'H NMR Metabolomic analysis
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Metabolites were analyzed and quantified by "H NMR analysis. The preparation method was
similar to that previously described [43]. Briefly, 500 ul NMR buffer [0.25g Na,HPO,, 1.44 g NaH,PO,,
and 17 mg trimethylsilylpropanoic acid [sodium 3-(trimethysilyl)-propionate-d4] in 100 ml deuterated
water (Goss Scientifics, Crewe, United Kingdom] were added to 40-60 mg of defrosted fecal materials
and thoroughly mixed with a pellet pestle attached to a cordless motor grinder, followed by
centrifugation (18,000 x g for 1 min). Additional NMR buffer was added to each sample, to reach a final
dilution factor of 16. After vortexing, 550 ul were transferred into a 5-mm NMR tube for spectral
acquisition. High resolution [*H] NMR spectra were recorded on a 600-MHz Bruker Avance spectrometer
fitted with a 5-mm TCl proton-optimized triple resonance NMR inverse cryoprobe and a 24-slot
autosampler (Bruker, Coventry, England). Sample temperature was controlled at 300 K. Each spectrum
consisted of 64 scans with a spectral width of 20.8 ppm (acquisition time 2.62 s). The noesyprld
presaturation sequence was used to suppress the residual water signal with low power selective
irradiation at the water frequency during the recycle delay (D1 = 4 s) and mixing time (D8 = 0.01 s).
Spectra were transformed with a 0.3-Hz line broadening and zero filling, manually phased, baseline
corrected, and referenced by setting the trimethylsilylpropanoic acid methyl signal to 0 ppm.

Metabolites were identified and quantified using the software Chenomx (V 8.6).

2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.04 (GraphPad Software, Inc., San
Diego, CA). Pearson correlation analyses were conducted to assess relationships between time spent in
the center zone (%) and BDNF mRNA levels. Body weight, metabolic parameters, behaviors, and

hippocampal mRNA levels were analyzed by one-way analysis of variance (ANOVA) and Fisher’s Least



Journal Pre-proof

12

Significant Difference (LSD) post hoc analysis. Differences were considered statistically significant at p <

0.05. Data are shown as mean + SEM.

Alpha-diversity and beta diversity were assessed using Shannon H diversity index and weighted
UniFrac distances analyses respectively. Statistical significance was determined by Kruskal-Wallis or
Permutational Multivariate Analysis of Variance (PERMANOVA). Comparisons at the Phylum and Genus
level were made using classical univariate analysis using Kruskal-Wallis combined with a false discovery
rate (FDR) approach used to correct for multiple testing. Correlation analysis between metabolomics
data and microbiome data was conducted using M2IA [44]. Missing values were filtered if present in
more than 80% of samples or the relative standard deviation was smaller than 30% [45]. Remaining
missing data values were handled using random forest. Data was normalized using total sum scaling.
Correlation analysis between bacterial genus and metabolite profile across the different treatment

groups was made using Spearman's rank-order correlation analysis [46].

Statistical analysis of metabolomics data was carried out using Metaboanalyst 5.0 [47]. Data was
normalized by median, scaled by Pareto scaling and log-transformed. Univariate Analysis was carried out
by one way ANOVA, followed by Tukey HSD. Dendrogram and heatmaps were created with Pearson

correlation and Ward hierarchical clustering.

3. Results
3.1 Body weight and metabolic parameters

Average daily food intake was 13% lower in the HFD-fed groups (3.22 g/day/mouse) compared
to the control groups (3.72 g/day/mouse) (p < 0.01; Table 2), however, caloric intake remained similar

across all groups (Figure 1A). A significant increase in body weight emerged between the HFD-fed mice
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and the controls after one week of intervention (p < 0.001; Figure 1B). Body composition analysis
highlighted a significantly greater percent body fat mass in the HFD-fed mice when compared to the
control mice after both 12 and 24 weeks (p < 0.0001; Figure 1C). Addition of EC had no influence upon
control nor HFD associated body weight gain and percent body fat throughout the experimentation.
Consistent with the findings, an increased fat pad weight (except epididymal fat) was observed in the
HFD-fed and the EC supplemented HFD-fed mice (Table 2). Total brain and hippocampal weight

remained unchanged across all groups.

Following the 24-week dietary intervention, analysis of 4h fasted plasma samples revealed
significantly elevated plasma glucose, insulin and HOMA-IR (17%, 166% and 3-fold respectively) in
response to the HFD when compared to the control (Table 3). EC Supplementation resulted in a full or
partial amelioration of HFD-induced increase in plasma glucose and insulin, with HOMA-IR reduced 42%
and 20% by supplementation with EC 2 and 20 mg/kg B.W., respectively. Despite this, EC had no
significant impact upon the HFD-induced increase in plasma triglyceride and cholesterol levels after 24

weeks.

3.2 EC supplementation mitigates anxiety-related behavior in mice in a dose-dependent manner

The OFT was conducted to evaluate anxiety-related behaviors. The test utilizes rodents’
naturally evolved behavioral preference to avoid brightly lit open areas and instead remain in close
proximity to a darker less exposed protective wall [48]. Consumption of the HFD significantly decreased
the percentage time spent in the center zone compared to control (Fs, s3 = 2.49, p < 0.05; Figure 2A and
2B). A statistically significant difference in center exploration time was not found between HF and HFE2
groups; however, EC supplemented HFD groups increased the time in the center zone in a dose-

dependent trend (HF vs HFE2: p = 0.31; HF vs HFE20: p = 0.023; Figure 2B). The total distance traveled in
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the open field was significantly lower in the HF group compared to the controls (Fs s4) = 6.11, p < 0.001;
Figure 2C); however, locomotor activity does not seem to confound emotional measure in the current
study as EC supplementations in both control and HFD-fed groups had no influence upon total distance
traveled throughout the 5 min time frame of the experiment while the addition of EC, particularly the

high dose (20 mg/kg B.W.), increased center exploration time.

3.3 EC supplementation does not affect recognition, spatial, and reference memory and spatial learning

The NOR task was conducted to assess the short-term recognition memory of mice. During the
sample phase, all groups spent a comparable amount of time exploring each of the two identical objects
(Fis,46) = 1.10, p = 0.38; Figure 3A). During the test phase (Fs 46 = 1.56, p = 0.19), group means revealed
that control group exhibited greater novel object preference compared to the control supplemented
with the higher dose of EC (CE20) as measured by the preference index (p < 0.05). This could potentially
indicate detrimental rather than protective effects of the higher dose of EC on the control group on

recognition memory, decreasing the ability in recognizing the novel object from the familiar object.

The OLM task was conducted to assess short-term spatial memory of mice. All groups
performed similarly in both sample (Fs 3, = 0.47, p = 0.80) and test (F(s, 32 = 0.95, p = 0.46) phases as
measured by the preference index, indicating that EC did not affect the short-term spatial memory
(Figure 3B). Spatial learning and reference memory was also evaluated in the MWM with the hidden
platform task and the probe trial. Comparing the first (MWM day 4) and the last day (MWM day 8) of
the hidden platform task, all groups found the hidden platform more quickly (Figure 3C). On the last day
of the hidden platform task, all groups had similar escape latencies exhibiting comparable spatial
learning (Fs, 54y = 1.11, p = 0.37). During the probe trial, group means revealed that the control group

spent significantly more time in the target quadrant zone compared to the HF group (p < 0.05; Figure
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3D). All the other groups spent a comparable amount of time in the target zone, indicating no

differences in reference memory among the groups.

3.4 EC supplementation increases the expression of BDNF

We next measured mRNA levels of BDNF, a promoter of neuronal differentiation and survival
and important mediator of synaptic plasticity in the hippocampus [49]. As previously observed [33],
consumption of the HFD did not affect hippocampal BDNF mRNA content. However, BDNF mRNA levels
were 32% higher in the HFE20 group compared to the HF group (p < 0.05; Figure 4A). There was a
positive correlation between BDNF mRNA levels in the hippocampus and the percentage time spent in

the center zone of the open field (r: 0.36, p < 0.05; Figure 4B).

3.5 EC supplementation increases the expression of the hippocampal glucocorticoid and

mineralocorticoid receptors and decreases the expression of 116-HSD1 in the HFD-fed animals

We next measured the hippocampal mRNA levels of receptors that mediate glucocorticoids
action in the brain (GR and MR) and of the enzyme that catalyzes the regeneration of active
glucocorticoids (11B-HSD1). Compared to the control group, mRNA levels of GR were 19% lower (p <
0.05) and of MR were 28% lower (p < 0.05) in the HFD-fed mice, and both doses of EC partially or fully
prevented the decrease (Figure 5A and 5B). Interestingly, the high dose of EC (20 mg/kg B.W.)
significantly decreased GR mRNA levels when fed to control mice (22% decrease; p < 0.05) while the
same dose of EC significantly increased the mRNA levels when fed to HFD mice (55% increase; p < 0.
001). 11B-HSD1 mRNA levels were 33% higher in the HF mice compared to the control (p < 0.05), and

this increase was mitigated by EC with a dose-dependent trend (Figure 5C). No significant correlations
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between center exploration time in the open field and mRNA levels of GR, MR, and 11B-HSD1 were

observed (data not shown).

3.6 EC supplementation affects microbiota structure and metabolism

The overall composition of the gut bacterial community in the different diet groups was
assessed by 16S r RNA sequencing to investigate the degree of bacterial taxonomic similarity groups and
treatments. Alpha diversity measured by the Shannon index was significantly increased following the
HFD (p< 0.04; Figure 6A) indicating a greater richness and evenness within samples. EC supplementation
further increased Shannon alpha diversity index with only the higher dose (EC 20 mg/kg B.W.) reaching
significance (p< 0.05). Bacterial communities were then clustered using a principal coordinates analysis
(PCoA) of weighted Unifrac distances which distinguished microbial communities based on their diet.
The statistical significance of the clustering pattern was further evaluated using a permutational ANOVA
(PERMANOVA). As depicted in Figure 6B, there was a clear separation of the diet groups along the axis 1
of the PcoA (58.6%) indicating a strong effect of the HF feeding diets versus the control diets (p<0.001).
EC addition only seemed to have a small effect on the overall microbial communities. Comparison of
relative abundance at the Phylum level identified several changes. HFD significantly reduced
Verrucomicrobia, Bacteroidetes, Epsilonbacteraeota and Tenericutes while marginally increasing the
abundance of Deinococcus Thermus (p=0.06) (Figure 6C and Supplementary Table S2). At the genera
level, the HFD led to the modulation of 67 taxa including a significant increase of Romboustsia,
Solibacilus, Sporosarcina and a decrease of Akkermansia, Dubosiella and Planococcus (Figure 6D and
Supplementary Table S3). Supplementation with EC (2 and 20 mg/kg B.W.) to both control- and HFD-fed
mice affected the microbiota composition (Supplementary Figure S1). In particular, EC 20 mg/kg B.W.

significantly increased the abundance of Firmicutes, Acidobacteria, Bacteroidetes and Nitrospirae and
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decreased the abundance of Actinobacteria in the HF group (Figure 6E and Supplementary Table S4). At
the genera level, EC significantly modulated up to 139 taxa of which Lechevalieria, Nitrospira, Opitutus,

Sphingomonas and Lactobacillus were significantly increased (Figure 6F and Supplementary Table S5).

In addition to the microbial analysis, *H-NMR metabolomic profiling was conducted on the same
fecal samples to gain insights into the metabolomic environment. Consistent with the microbiota,
Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) of the metabolome showed
clear separations of control versus HFD-fed mice (Figure 7A). This was further supported by hierarchical
clustering using Spearman and Ward which resulted in the formation of 2 robust clusters representing
each dietary intervention (Figure 7B). The HFD significantly increased the concentration of amino acids
(histidine, ornithine, tryptophan, 5-aminopentanoate, 2-oxoisocaproate), organic acids (3-
phenylpropionate, 4-hydroxybenzoate, nicotinate, tartrate, 3-methyl-2-oxovalerate, 4-
hydroxyphenyllactate) along with methylamines (dimethylamine and trimethylamine), methanol,
lactaldehyde and acetate (Figure 7B and Supplementary Table S6). Presence of these metabolites was
negatively correlated with the abundance of Verrucomicrobia and positively correlated with

Deinococcus-Thermus abundance (Figure 7C and Supplementary Table S8).

Supplementation with EC 20 mg/kg B.W. to HFD-fed mice had a profound impact on the
metabolomic profile. In particular organic acids (3-(3-hydroxyphenyl)propanoate and 4-
hydroxyphenylacetate), nucleotides (2’-deoxyguanosine, 2’-deoxyinosine, 2’-deoxyuridine, uridine)
along with the fatty acid isobutyrate were significantly increased in the EC group. Alanine, valerate,
cytosine and citrate were decreased in this diet group (Figure 7B and Supplementary Table S7).
Correlation analysis between the microbiome and metabolome indicated that nucleotides and organic
acids increases were strongly correlated to increased abundances of Nitrospirae, Firmicutes,

Acidobactaeia, Elusimicorbia, Latescibacteria, Entotheonellaeota and Rokubacteria and a decrease in
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Actinobacteria (Figure 7D and Supplementary Table S9). Further analysis revealed that the fecal
content of cytosine, a metabolite strongly associated with the reported microbiome shift, was

significantly and negatively correlated with center exploration time in the OFT (r: -0.4652, p = 0.0096).

4. Discussion

EC has been shown to influence cognition and behavior in both humans and rodents. Among the
described mechanisms, increased brain BDNF concentration has been consistently described [29, 33]
along with the promotion of vasodilation [31, 50-52], mitigation of neuroinflammation [33] and
activation of ERK1/2/CREB [53]. The present study supports a potential role for EC in the mitigation of
anxiety-related behaviors, which is in part mediated through BDNF, GR, and MR upregulation and 11f3-

HSD1 downregulation in the hippocampus and mitigation of HFD-mediated dysbiosis.

The HFD induced significant increase in body weight and percent body fat in mice after 24 weeks
which was not prevented by EC supplementation. The increase in adiposity in the HFD-fed animals was
reflected by a higher weight of fat pads, except the epididymal fat. Consistent with our finding, previous
studies have shown that obese mice fed a HFD for 20 weeks have a reduced epididymal fat mass
compared to controls [54, 55]. This decrease in mass was attributed to increased deaths of adipocytes
and associated immune cell infiltration and activity. Thus, the rate of adipocyte death caused by chronic

HFD consumption would exceed the rate of tissue repair resulting in net loss of epididymal fat pads.

Obesity is associated with increased risk of neuropsychiatric conditions, including cognitive
impairment and mood disorders [56, 57]. This is also apparent in preclinical models of obesity in which
HFD diet-induced obesity results in deterioration of learning and memory [22, 58], as well as anxiety and

depression [11, 12]. Like obesity, type 2 diabetes (a prevalent comorbidity of obesity), results in an
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increased risk of neuropsychiatric disorders [59, 60]. This is consistent with the present evidence, in
which HFD-induced obese and insulin resistant mice spent less time in the center of the OF maze
(increased anxiety) and less time in the target quadrant of the MWM (impaired spatial memory).
Although not significant, there was an additional drop in object location performance (spatial memory)
in response to HFD, while NOR (recognition memory) remained unaffected. This may suggest that spatial
memory performance, and therefore specific brain regions such as hippocampus are particularly
sensitive to diet-induced metabolic changes. Surprisingly, supplementation with EC had no beneficial
impact upon learning and memory and did not mitigate HFD-induced spatial memory deficits. In fact,
control animals receiving EC supplementation displayed even poorer performance on the NOR task,
particularly at 20 mg EC/kg B.W.. Interestingly this decline was absent in HFD animals suggesting that
high doses of EC are better tolerated by mice in combination with a high fat meal. Despite this, EC
ameliorated the HFD-induced increase in anxiety in a dose-dependent manner with the high EC dose (20
mg/kg B.W.) restoring center exploration time (anxiety measure) back to control levels. This suggests
that the mechanisms leading to learning and memory impairment are uncoupled from those associated
with anxiety. The lack of spatial memory improvement following EC supplementation may potentially
relate to EC’s inability to mitigate the HFD-induced insulin resistance. As such, the contrasting
improvement in anxiety observed with 20 mg EC/kg B.W., must therefore relate to an alternative

mechanism.

Gut microbial composition has been suggested as a potential contributor to the neurobehavioral
abnormalities associated with HFD consumption. Changes in gut microbiota and derived metabolites are
being intensively studied for their participation in the gut-brain crosstalk that could lead to the
improvements of behavior, including depression and anxiety [27]. In this regard, the capacity of
polyphenols to modulate the microbiota is proposed as a mechanism in which polyphenols may mitigate

mood disorders [26]. In the present study, the HFD surprisingly increased species richness as assessed
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via Shannon a-diversity when compared to the control diet. Although not expected, this phenomenon
has been described by others and has recently been reported to arise from the higher fiber content
(cellulose) present in HFD [61]. This additionally explains some of the unexpected increases of bacterial
phyla and genera considered to be beneficial. Despite this, evidence of HFD-induced dysbiosis was also
apparent with several genera including Akkermansia, Lactobacillus and Lachnochlostridium, that were
altered by the HFD. In agreement with our findings, which show a decrease in Akkermansia abundance
in the HFD-fed mice, previous studies have shown that the colonization of Akkermansia muciniphila in
the gut has protective effect in diet-induced obesity [62, 63]. Similarly, Akkermansia has been identified
as a key player in the metabolic disorders and can influence glucose metabolism. Indeed, an inverse
association between Akkermansia and insulin resistance is well established [64]. EC did not
increase/restore Akkermansia which may account for EC’s inability to improve HFD-induced insulin
resistance and subsequent cognitive decline. In contrast to Akkermansia, Lactobacillus and Enterobacter
were restored through EC supplementation. Enterobacter, which is linked to HFD-induced obesity and
hepatic damage [65], was reduced by EC supplementation. Enterobacter has been linked to bipolar
disorders and depression [66, 67] in which higher abundance leads to greater risk. Furthermore,
Lactobacillus has been consistently recognized for its role in HFD-induced anxiety [68], with ingestion of
Lactobacillus strains linked to gamma-aminobutyric acid (GABA) and acetylcholine production [69]. In
our experiments, HFD-mediated Lactobacillus decrease was mitigated by EC (20 mg/kg B.W.). Thus,
modulation of microbial species, such as Enterobacter and Lactobacillus may in part explain EC-
mediated improvement of HFD-mediated anxiety-related behavior.

Supplementation with EC 20 mg/kg B.W. to HFD-fed mice also had a profound impact on the
metabolomic profile. Cytosine, a metabolite associated with the reported microbiome shift, was
significantly decreased in the HFE20 group compared to the HF group. Further analysis revealed that

cytosine levels correlated with the anxiety-associated behavior observed in the OFT. In agreement with
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this finding, changes in cytosine levels were observed in a mouse model of anxiety, which were
proposed to reflect changes in oxidative stress-related pathways and mitochondrial function [70]. In
addition, oral administration of an EC-rich grape seed polyphenol extract (GSPE) significantly increased
the brain content of the gut derived 3-(3’-hydroxyphenyl) propionic acid (3-HPP). Accumulation of this
metabolite was also observed to interfere with the assembly of B-amyloid (AB) peptides into neurotoxic
AR aggregates [71]. Our finding of increased fecal 3-HPP concentration in HFE20 compared to HF mice,
may in part contribute to the capacity of EC to modulate anxiety. While these changes in cytosine and 3-
HPP are interesting, related evidence is limited, and further research is needed to confirm such
connections.

Obesity is associated with altered BDNF expression, which hias been proposed to be in part
mediated by dysbiosis [72]. Dysregulation of BDNF has been linked to anxiety disorders [73, 74], and
circulating BDNF indeed represents a potential biomarker for several psychiatric disorders [75].
Consumption of flavanols increase circulating and hippocampal BDNF levels in humans and animal
models. High serum levels of BDNF were found in a group of subjects aged between 62 and 75 years
consuming a high-flavanol cocoa drink daily for 12 weeks [76]. EC supplementation mitigated anxiety-
related behavior which was associated with increased hippocampal BDNF levels in adult male mice [29].
Consistent with our previous finding [33], EC significantly increased BDNF mRNA levels in the
hippocampus of both control and HFD-fed animals. Although HFD-induced alterations of BDNF levels
were not observed, hippocampal BNDF levels were positively correlated with center exploration time in
the OFT, which suggests that EC may in part mitigate HFD-induced anxiety by promoting BDNF

upregulation.

Dysregulation of neural glucocorticoid signaling has been also suggested to be a potential
mediator of the adverse neurological consequences of obesity and associated pathologies [77-79].

Glucocorticoids exert multiple effects within the CNS via MR and GR, which are located in different brain
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regions, including the hippocampus [80]. The present study found that consumption of the HFD
decreased hippocampal mRNA levels of MR and GR while EC reversed the decreases. Consistent with
these findings, high hippocampal MR expressions have been linked to low-anxiety phenotype [81].
Conversely, inhibition of MR is linked to anxiety-like behavior, which is accompanied by decreased adult
hippocampal cell proliferation [82]. The currently observed anxiety-related behavior observed in HFD-
fed mice could also be explained by decreased hippocampal cell proliferation. Indeed, consumption of a
HFD reduced cell proliferation in the hippocampus of preclinical models of obesity [83]. On the other
hand, EC supplementation upregulate proteins involved in neurogenesis, i.e. NeuN, DCX, NGF, and
MAP2 [84]. Current evidence on the role of the hippocampal GR on anxiety-related behavior is
conflicting. The present study showed that EC consumption increased mRNA levels of GR in the
hippocampus. In agreement with our finding, upregulation of GR expression has been correlated with
decreased anxiety-related behavior [85], and increased resistance to stress and inflammation [86, 87].
On the other hand, transgenic mice with disrupted brain GR expression showed anxiety-related
behaviors [88]. These conflicting results suggest that either too little or too much GR activity or
expression could be detrimental to mood regulation [89]. Interestingly, supplementation with 20 mg
EC/kg B.W. to mice fed the control diet showed significantly decreased mRNA levels of GR while did not
show mood alterations. As shown by the NOR data, it is possible that long-term consumption of the
higher dose of EC tested may be toxic to mice fed the control diet, while the same dosage is well
tolerated by HFD-fed animals. As the relationship between levels of GR and cognition/mood regulation
is not clear, further research on the potential neurotoxicity of high EC doses is warranted.
Concentrations of glucocorticoids are also determined by intracellular 11B-Hydroxysteroid
dehydrogenases, which regenerate active glucocorticoids from inert 11-keto forms [90]. The type 1
isozyme, 11B-HSD1, is widely expressed throughout the adult CNS, and its increase in the hippocampus

has been associated with cognitive decline [91]. Thus, inhibition of 11B-HSD1 has been proposed to
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provide neuroprotective effects. Indeed, carbenoxolone, an effective inhibitor of 11B-HSDs, improved
cognitive function in healthy elderly men and T2D patients [79]. Although not significant, a trend for
reduced anxiety score with carbenoxolone treatment was reported. The present study showed that EC
consumption significantly mitigated HFD-induced increase in 11B-HSD1 levels in the hippocampus. The
potential mechanism of EC in decreasing the levels of 113-HSD1, and its role in mood regulation in
obesity is an interesting prospective to further investigate as inhibition of 11B-HSD1 hold therapeutic
potential for obesity, T2D, and neuropsychiatric decline [77-79].

It is suggested that EC can exert neuroprotective effects both directly, inside of the brain [29,
92], and indirectly, by improving cerebral blood flow [31, 32] and/or affecting select receptors present at
the blood-brain barrier (BBB) [29, 33, 93]. Ingested EC is highly bicavailable and extensively metabolized
into a wide range of metabolites [94], and some metabolites were shown to cross the BBB and detected
in the brain [29, 92, 95]. However, the primary route by which EC metabolites cross the BBB and their
further metabolism in the brain is not yet completely understood [96]. EC can also have indirect
neuroprotective actions. For instance, EC mitigated neuroinflammation and improved recognition
memory in mice in part by reducing metabolic endotoxemia and preventing the hippocampal
upregulation of TLR4, an innate immune receptor for endotoxin [33]. As suggested by other authors, it is
also possible that EC may act via an specific receptor expressed in the brain, similar to the one described
in arterial endothelial cell membrane [29, 93]. Further studies investigating both direct and indirect
effects of EC are needed to fully understand the mechanisms underlying the neuroprotective benefits of
EC.

In summary, EC supplementation mitigated anxiety-related behavior in a model of diet (HFD)-
induced obesity in mice, which can be in part mediated through the modulation of BDNF- and
glucocorticoids-mediated signaling. The reported findings on BDNF and glucocorticoid signaling are

entirely based on gene expression analyses. Thus, further studies should evaluate the protein and
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activation levels of these pathways. Additionally, EC modulated select microbial species, i.e.
Enterobacter and Lactobacillus, altered by the consumption of the HFD and/or the associated obesity.
This mechanism may also be involved in EC-mediated improvement of anxiety-related behavior in HFD-
fed obese mice. Clinical studies will be essential to support the concept that consumption of EC-rich
foods could contribute to mood improvement in obesity. Moreover, as the safety of long-term
supplementation with high EC doses and its effects on the CNS is not clear, further research on EC

potential neurotoxicity is warranted.
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Figure 1. Effects of supplementation with EC on body weight gain and body fat mass. A-
Calorie intake, B- body weight gain, and C- % fat mass. Mice were fed a control diet (empty circles), the
control diet supplemented with 2 mg EC/kg (light blue circles) or 20 mg EC/kg (dark blue circles) B.W., a
HFD (empty triangles), or the HFD supplemented with 2 mg EC/kg (pink triangles) or 20 mg EC/kg B.W.
(red triangles). Body weight was measured weekly, and body composition was measured at weeks 12
and 24. Results are shown as mean * SEM of 9-10 animals/group. *Differences between the HF and
control body weight gain and % body fat values are significant (p < 0.05, one-way ANOVA with Fisher’s

LSD).
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Figure 2. EC supplementation mitigates anxiety-related behavior in mice in a dose-dependent
manner. A- Representative tracks of C, CE2, CE20, HF, HFE2, and HFE20 mice in the open field arena
over 5 min. B- EC supplemented mice exhibit reduced anxiety-like behavior, spending significantly more
time in the center zone of the open field apparatus. C- Total distance traveled during the first 5 min in
the arena. Results are shown as mean = SEM of 9-10 animals/group. Values having different superscripts

are significantly different (p < 0.05, one-way ANOVA with Fisher’s LSD).
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Figure 3. Effects of EC supplementation on short-term recognition, spatial, and reference
memory and spatial learning. For both NOR and OLM tasks, animals explored two identical unfamiliar
objects for 5 minutes (sample phase). After being placed in the home cage for 1 hour (retention phase),
they were reintroduced to the arena for 5 minutes (test phase). A- Control group supplemented with the
highest dose of EC (CE20) exhibited decreased novel object preference compared to the C group as
measured by the preference index. All the other groups performed similarly in both sample and test
phases as measured by the preference index. B- All groups performed similarly in both sample and test
phases as measured by the preference index. Dashed lines delineate 50% null preference. Results are
shown as mean = SEM of 4-10 animals/group. C- Learning curves of mice in the hidden platform task and
D- time spent in the target quadrant during the probe trial. Results are shown as mean + SEM of 10
animals/group. Values having different superscripts are significantly different (p < 0.05, one-way ANOVA

with Fisher’s LSD).
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Figure 4. Effects of EC supplementation on the anxiety-related behavior and its correlation
with BDNF levels. A- BDNF mRNA levels in the hippocampus were determined by g-PCR and the relative
gene expression was normalized to -actin as housekeeping gene. Determinations were done after 24
weeks on the respective diets. Results are shown as mean + SEM of 6-9 animals/group. Data were
normalized to control values. Values having different superscripts are significantly different (p < 0.05,
one-way ANOVA with Fisher’s LSD). B- Correlations between the time spent in the center zone (%) and
BDNF mRNA levels. The solid line represents the regression line and the gray area delineates the 95%

confidence band.
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Figure 5. Effects of EC consumption on the mRNA levels of the glucocorticoid receptors (GR;
Nr3cl), the mineralocorticoids receptor (MR; Nr3c2), and 11B-HSD1. The mRNA levels of the A- GR, B-
MR, and C- 11B-HSD1 in the hippocampus were determined by g-PCR and the relative gene expression
was normalized to B-actin as housekeeping gene. Determinations were done after 24 weeks on the
respective diets. Results are shown as mean + SEM of 4-6 animals/group. Data were normalized to
control values. Values having different superscripts are significantly different (p < 0.05, one-way ANOVA

with Fisher’s LSD).
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Figure 6. Effect of EC supplementation on microbiota diversity. A- a diversity as assessed by
Shannon index showed a higher diversity in HF and HF treated with EC 20 mg/kg B.W.. B- B diversity,
assessed using weighted Unifrac distance and PERMANOVA analyses showed a robust separation of
control versus high-fat dietary groups. EC addition to either dietary treatment had subtle effect on the
microbiota diversity. C, D- Classical univariate analysis highlighted key differences at the phylum (C) and
genera levels (D) in control and high fat fed groups. E, F- Classical univariate analysis highlighted key
differences at the phylum (E) and genera levels (F) in high fat and high fat supplemented with EC 20

mg/kg B.W. fed groups.
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Figure 7. Effect of EC supplementation on the fecal metabolome. A- Orthogonal Projections to
Latent Structures Discriminant Analysis (OPLS-DA) score plot of all metabolite features showed a clear
separation of the fecal metabolites in the different treatment groups. B- Clustering result shown as
heatmap (distance measure using Spearman, and clustering algorithm using Ward). C- Interactions
between the metabolome and microbiome (Phylum) of control and high fat diet groups were made
using Spearman correlation analysis, and highlighted key changes in organic acids, nucleotides and
amino acids. D- Interactions between the metabolome and microbiome (Phylum) of high fat and high fat
supplemented with EC 20 mg/kg B.W. groups were made using Spearman correlation analysis, and

highlighted key changes in organic acids, nucleotides and carbohydrates.



Figure 7

class
c
CE2
61 lactadehyde 1 N G20
Alpha-ketoisovaler HF
3;|Melhyl-2-oxwale HFE2
Threonine
2,3-Butanediol 0 HEEQ
a4 2-Oxoglutarate
Nicotinate
-1

Orthogonal T score [1] (7.9 %)
)

tyrate
2-Hydroxyisovalera
Succinate

Acetate
4-Hydroxyphenyllac
5-Aminopentanoate

Asparagine

C

Histidine
sn-Glycero-3-phosp
Tryptophan

ypt
4-Hydroxyphenylace
3-(3-Hydroxyphenyl

-4 Propylene glycol
Tartrate

-6

-6 -4 -2 0 2 4 6
T score [1] (11.7%)

1

Tryptophan

Tartrate

Uracil
3-Methyl-2-oxovalerate

2-Oxoisocaproate
Uridine
Hypoxanthine
Alanine
Nicotinate
Lactadehyde

Threonine

BIQOIDIWOONIIDA
sajoploIaeg
S2INOLIdUIY
wloaeIRqUOIsdy
sajuapauddoIpAH
s210}08q0Iq1 ]
BLI2JOBQIOSAE ]
sendsoniN
deipAwreyd
BIOIEIBYDIEOUBN
ejodeydIeling

?
g
:
Z
?
g

Dimethylamine

4-Hydroxybenzoate
4-H
3-Phenylpropionate

iroxyphenylpyr

Malate
Deoxycytosine phos
Aspartate

Pyruvate
Taurodeoxycholic a

. MetClass

C
oSt Organic Acids

4-Hydroxybenzoate Nucleotide

) 0.5
5-Aminopentanoate Others

Amino Acids
Methanol
0

Dimethylamine
3-Phenylpropionate
3-(3-Hydroxyphenyl)propanoate 05
4-Hydroxyphenyllactate

38



39

Figure 7

MetClass
Organic Acids
s Nucleotide
: Carbohydrates
-0.5
1

1

3-(3-Hydroxyphenyl)propanoate

2'-Deoxyuridine
2'-Deoxyguanosine
2'-Deoxyinosine

Uridine
Ribose

£ &
i3
5 3

Rokubacteria
Entotheonellacota
Latescibacteria
Elusimicrobia
Acidobacteria.
Firmicutés
Nitrospirae
GALIS
Thaumarchaeota

Gemmatimonadetes

Euryarchacota

FCPU426

Bacteroidetes

Deinococcus-Thermus

Actinobacteria

CT
[ ] L -0




Journal Pre-proof

40
References

[1] Collaboration NCDRF. Trends in adult body-mass index in 200 countries from 1975 to 2014: A pooled
analysis of 1698 population-based measurement studies with 192 million participants. Lancet.
2016;387:1377-96.

[2] Collaborators GBDO, Afshin A, Forouzanfar MH, Reitsma MB, Sur P, Estep K, et al. Health Effects of
Overweight and Obesity in 195 Countries over 25 Years. N Engl J Med. 2017;377:13-27.

[3] Hassing LB, Dahl AK, Pedersen NL, Johansson B. Overweight in midlife is related to lower cognitive
function 30 years later: a prospective study with longitudinal assessments. Dement Geriatr Cogn Disord.
2010;29:543-52.

[4] Pedditzi E, Peters R, Beckett N. The risk of overweight/obesity in mid-life and late life for the
development of dementia: a systematic review and meta-analysis of longitudinal studies. Age Ageing.
2016;45:14-21.

[5] Whitmer RA, Gustafson DR, Barrett-Connor E, Haan MN, Gunderson EP, Yaffe K. Central obesity and
increased risk of dementia more than three decades later. Neurology. 2008;71:1057-64.

[6] Elias MF, Elias PK, Sullivan LM, Wolf PA, D'Agostino RB. Obesity, diabetes and cognitive deficit: The
Framingham Heart Study. Neurobiol Aging. 2005;26 Suppl 1:11-6.

[7] Cournot M, Marquie JC, Ansiau D, Martinaud C, Fonds H, Ferrieres J, et al. Relation between body
mass index and cognitive function in healthy middle-aged men and women. Neurology. 2006;67:1208-
14.

[8] Sabia S, Kivimaki M, Shipley MJ, Marmot MG, Singh-Manoux A. Body mass index over the adult life
course and cognition in late midlife: the Whitehall 1l Cohort Study. Am J Clin Nutr. 2009;89:601-7.

[9] Gariepy G, Nitka D, Schmitz N. The association between obesity and anxiety disorders in the
population: a systematic review and meta-analysis. International Journal of Obesity. 2010;34:407-19.
[10] Luppino FS, de Wit LM, Bouvy PF, Stijnen T, Cuijpers P, Penninx BWJH, et al. Overweight, Obesity,
and Depression: A Systematic Review and Meta-analysis of Longitudinal Studies. Arch Gen Psychiatry.
2010;67:220-9.

[11] Soto M, Herzog C, Pacheco JA, Fujisaka S, Bullock K, Clish CB, et al. Gut microbiota modulate
neurobehavior through changes in brain insulin sensitivity and metabolism. Molecular Psychiatry.
2018;23:2287-301.

[12] Dutheil S, Ota KT, Wohleb ES, Rasmussen K, Duman RS. High-Fat Diet Induced Anxiety and
Anhedonia: Impact on Brain Homeostasis and Inflammation. Neuropsychopharmacology. 2016;41:1874-
87.

[13] Sivanathan S, Thavartnam K, Arif S, Elegino T, McGowan PO. Chronic high fat feeding increases
anxiety-like behaviour and reduces transcript abundance of glucocorticoid signalling genes in the
hippocampus of female rats. Behavioural Brain Research. 2015;286:265-70.

[14] Boyle MP, Kolber BJ, Vogt SK, Wozniak DF, Muglia LJ. Forebrain glucocorticoid receptors modulate
anxiety-associated locomotor activation and adrenal responsiveness. J Neurosci. 2006;26:1971-8.

[15] Sharma S, Fulton S. Diet-induced obesity promotes depressive-like behaviour that is associated with
neural adaptations in brain reward circuitry. International Journal of Obesity. 2013;37:382-9.

[16] Sharma S, Fernandes MF, Fulton S. Adaptations in brain reward circuitry underlie palatable food
cravings and anxiety induced by high-fat diet withdrawal. International Journal of Obesity.
2013;37:1183-91.

[17] Goebel M, Fleming SM, Million M, Stengel A, Taché Y, Wang L. Mice overexpressing corticotropin-
releasing factor show brain atrophy and motor dysfunctions. Neurosci Lett. 2010;473:11-5.

[18] Schoenfeld TJ, Gould E. Stress, stress hormones, and adult neurogenesis. Exp Neurol. 2012;233:12-
21.



Journal Pre-proof

41

[19] Revest JM, Dupret D, Koehl M, Funk-Reiter C, Grosjean N, Piazza PV, et al. Adult hippocampal
neurogenesis is involved in anxiety-related behaviors. Molecular Psychiatry. 2009;14:959-67.

[20] Zhu Y, Gao H, Tong L, Li Z, Wang L, Zhang C, et al. Emotion Regulation of Hippocampus Using Real-
Time fMRI Neurofeedback in Healthy Human. Front Hum Neurosci. 2019;13:242.

[21] Yau PL, Castro MG, Tagani A, Tsui WH, Convit A. Obesity and metabolic syndrome and functional
and structural brain impairments in adolescence. Pediatrics. 2012;130:e856-64.

[22] Jeon BT, Jeong EA, Shin HJ, Lee Y, Lee DH, Kim HJ, et al. Resveratrol attenuates obesity-associated
peripheral and central inflammation and improves memory deficit in mice fed a high-fat diet. Diabetes.
2012;61:1444-54.

[23] Cherbuin N, Sargent-Cox K, Fraser M, Sachdev P, Anstey KJ. Being overweight is associated with
hippocampal atrophy: the PATH Through Life Study. Int J Obes (Lond). 2015;39:1509-14.

[24] Moreno-Navarrete JM, Blasco G, Puig J, Biarnes C, Rivero M, Gich J, et al. Neuroinflammation in
obesity: circulating lipopolysaccharide-binding protein associates with brain structure and cognitive
performance. Int J Obes (Lond). 2017;41:1627-35.

[25] Miller AA, Spencer SJ. Obesity and neuroinflammation: a pathway to cognitive impairment. Brain
Behav Immun. 2014;42:10-21.

[26] Westfall S, Pasinetti GM. The Gut Microbiota Links Dietary Polyphenols With Management of
Psychiatric Mood Disorders. Frontiers in Neuroscience. 2019;13:1196.

[27] Yong SJ, Tong T, Chew J, Lim WL. Antidepressive Mechanisms of Probiotics and Their Therapeutic
Potential. Frontiers in Neuroscience. 2020;13:1361.

[28] Brickman AM, Khan UA, Provenzano FA, Yeung LK, Suzuki W, Schroeter H, et al. Enhancing dentate
gyrus function with dietary flavanols improves cognition in older adults. Nat Neurosci. 2014;17:1798-803.
[29] Stringer TP, Guerrieri D, Vivar C, van Praag H. Plant-derived flavanol (-)epicatechin mitigates anxiety
in association with elevated hippocampal monoamine and BDNF levels, but does not influence pattern
separation in mice. Transl Psychiatry. 2015;5:e493.

[30] Spencer JPE. The impact of fruit flavonoids on memory and cognition. British Journal of Nutrition.
2010;104:540-57.

[31] Haskell-Ramsay CF, Schmitt J, Actis-Goretta L. The Impact of Epicatechin on Human Cognition: The
Role of Cerebral Blood Flow. Nutrients. 2018;10(8):986.

[32] Gratton G, Weaver SR, Burley CV, Low KA, Maclin EL, Johns PW, et al. Dietary flavanols improve
cerebral cortical oxygenation and cognition in healthy adults. Sci Rep. 2020;10:19409.

[33] Kang J, Wang Z, Oteiza Pl. (-)-Epicatechin mitigates high fat diet-induced neuroinflammation and
altered behavior in mice. Food Funct. 2020;11:5065-76.

[34] Cremonini E, Wang Z, Bettaieb A, Adamo AM, Daveri E, Mills DA, et al. (-)-Epicatechin protects the
intestinal barrier from high fat diet-induced permeabilization: Implications for steatosis and insulin
resistance. Redox Biol. 2018;14:588-99.

[35] Vogiatzoglou A, Mulligan AA, Lentjes MA, Luben RN, Spencer JP, Schroeter H, et al. Flavonoid intake
in European adults (18 to 64 years). PLoS One. 2015;10:e0128132.

[36] Harnly JM, Doherty RF, Beecher GR, Holden JM, Haytowitz DB, Bhagwat S, et al. Flavonoid content
of U.S. fruits, vegetables, and nuts. J Agric Food Chem. 2006;54:9966-77.

[37] Cremonini E, Bettaieb A, Haj FG, Fraga CG, Oteiza PI. (-)-Epicatechin improves insulin sensitivity in
high fat diet-fed mice. Arch Biochem Biophys. 2016;599:13-21.

[38] Antunes M, Biala G. The novel object recognition memory: neurobiology, test procedure, and its
modifications. Cogn Process. 2012;13:93-110.

[39] Wang D, Noda Y, Zhou Y, Mouri A, Mizoguchi H, Nitta A, et al. The Allosteric Potentiation of
Nicotinic Acetylcholine Receptors by Galantamine Ameliorates the Cognitive Dysfunction in Beta
Amyloid25-35 I.c.v.-Injected Mice: Involvement of Dopaminergic Systems. Neuropsychopharmacology.
2007;32:1261-71.



Journal Pre-proof

42

[40] Kellingray L, Tapp HS, Saha S, Doleman JF, Narbad A, Mithen RF. Consumption of a diet rich in
Brassica vegetables is associated with a reduced abundance of sulphate-reducing bacteria: A
randomised crossover study. Molecular Nutrition & Food Research. 2017;61:1600992.

[41] Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ Microbiol. 2007;73:5261-7.

[42] Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucleic Acids Res. 2013;41:D590-6.
[43] Tran TTT, Corsini S, Kellingray L, Hegarty C, Le Gall G, Narbad A, et al. APOE genotype influences the
gut microbiome structure and function in humans and mice: relevance for Alzheimer's disease
pathophysiology. Faseb j. 2019;33:8221-31.

[44] Ni Y, Yu G, Chen H, Deng Y, Wells PM, Steves CJ, et al. M2IA: a web server for microbiome and
metabolome integrative analysis. Bioinformatics. 2020;36:3493-8.

[45] Dhariwal A, Chong J, Habib S, King IL, Agellon LB, Xia J. MicrobiomeAnalyst: a web-based tool for
comprehensive statistical, visual and meta-analysis of microbiome data. Nucleic Acids Res.
2017;45:W180-w8.

[46] You Y, Liang D, Wei R, Li M, Li Y, Wang J, et al. Evaluation of metabolite-microbe correlation
detection methods. Anal Biochem. 2019;567:106-11.

[47] Pang Z, Chong J, Zhou G, de Lima Morais DA, Chang L, Barrette M, et al. MetaboAnalyst 5.0:
narrowing the gap between raw spectra and functional insights. Nucleic Acids Research. 2021;49:W388-
W96.

[48] Prut L, Belzung C. The open field as a paradigm to measure the effects of drugs on anxiety-like
behaviors: a review. European Journal of Pharmacology. 2003;463:3-33.

[49] Miranda M, Morici JF, Zanoni MB, Bekinschtein P. Brain-Derived Neurotrophic Factor: A Key
Molecule for Memory in the Healthy and the Pathological Brain. Frontiers in Cellular Neuroscience.
2019;13:363.

[50] Keen CL, Holt RR, Oteiza PI, Fraga CG, Schmitz HH. Cocoa antioxidants and cardiovascular health.
The American Journal of Clinical Nutrition. 2005;81:2985-303S.

[51] Galleano M, Bernatova |, Puzserova A, Balis P, Sestakova N, Pechanova O, et al. (-)-Epicatechin
reduces blood pressure and improves vasorelaxation in spontaneously hypertensive rats by NO-
mediated mechanism. IUBMB life. 2013;65:710-5.

[52] Ottaviani JI, Heiss C, Spencer JPE, Kelm M, Schroeter H. Recommending flavanols and procyanidins
for cardiovascular health: Revisited. Mol Aspects Med. 2018;61:63-75.

[53] Schroeter H, Bahia P, Spencer JP, Sheppard O, Rattray M, Cadenas E, et al. (-)Epicatechin stimulates
ERK-dependent cyclic AMP response element activity and up-regulates GIuR2 in cortical neurons. J
Neurochem. 2007;101:1596-606.

[54] Altintas MM, Rossetti MA, Nayer B, Puig A, Zagallo P, Ortega LM, et al. Apoptosis, mastocytosis, and
diminished adipocytokine gene expression accompany reduced epididymal fat mass in long-standing
diet-induced obese mice. Lipids in Health and Disease. 2011;10:198.

[55] Strissel KJ, Stancheva Z, Miyoshi H, Perfield JW, Il, DeFuria J, Jick Z, et al. Adipocyte Death, Adipose
Tissue Remodeling, and Obesity Complications. Diabetes. 2007;56:2910-8.

[56] Simon GE, Von Korff M, Saunders K, Miglioretti DL, Crane PK, van Belle G, et al. Association between
obesity and psychiatric disorders in the US adult population. Arch Gen Psychiatry. 2006;63:824-30.

[57] Sanderlin AH, Todem D, Bozoki AC. Obesity and Co-morbid Conditions Are Associated with Specific
Neuropsychiatric Symptoms in Mild Cognitive Impairment. Front Aging Neurosci. 2017;9:164.

[58] Pistell PJ, Morrison CD, Gupta S, Knight AG, Keller JN, Ingram DK, et al. Cognitive impairment
following high fat diet consumption is associated with brain inflammation. J Neuroimmunol.
2010;219:25-32.



Journal Pre-proof

43

[59] Kaidanovich-Beilin O, Cha DS, Mclintyre RS. Crosstalk between metabolic and neuropsychiatric
disorders. F1000 Biology Reports. 2012;4.

[60] Martins LB, Monteze NM, Calarge C, Ferreira AVM, Teixeira AL. Pathways linking obesity to
neuropsychiatric disorders. Nutrition. 2019;66:16-21.

[61] Wang B, Kong Q, Li X, Zhao J, Zhang H, Chen W, et al. A High-Fat Diet Increases Gut Microbiota
Biodiversity and Energy Expenditure Due to Nutrient Difference. Nutrients. 2020;12(10): 3197.

[62] Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, et al. Cross-talk between
Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proceedings of the
National Academy of Sciences. 2013;110:9066-71.

[63] Greer RL, Dong X, Moraes ACF, Zielke RA, Fernandes GR, Peremyslova E, et al. Akkermansia
muciniphila mediates negative effects of IFNy on glucose metabolism. Nature Communications. 2016;7.
[64] Macchione IG, Lopetuso LR, laniro G, Napoli M, Gibiino G, Rizzatti G, et al. Akkermansia muciniphila:
key player in metabolic and gastrointestinal disorders. Eur Rev Med Pharmacol Sci. 2019;23:8075-83.
[65] Peterson JM, Keskitalo A, Munukka E, Toivonen R, Hollmén M, Kainulainen H, et al. Enterobacter
cloacae administration induces hepatic damage and subcutaneous fat accumulation in high-fat diet fed
mice. Plos One. 2018;13(5):e0198262.

[66] Lu Q, Lai J, Lu H, Ng C, Huang T, Zhang H, et al. Gut Microbiota in Bipolar Depression and Its
Relationship to Brain Function: An Advanced Exploration. Frontiers in Psychiatry. 2019;10:784.

[67] Xu C, Jia Q, Zhang L, Wang Z, Zhu S, Wang X, et al. Multiomics Study of Gut Bacteria and Host
Metabolism in Irritable Bowel Syndrome and Depression Patients. Frontiers in Cellular and Infection
Microbiology. 2020;10:580980.

[68] Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, et al. Ingestion of
Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via
the vagus nerve. Proceedings of the National Academy of Sciences. 2011;108:16050-5.

[69] Sarkar A, Lehto SM, Harty S, Dinan TG, Cryan JF, Burnet PWJ. Psychobiotics and the Manipulation of
Bacteria—Gut—Brain Signals. Trends in Neurosciences. 2016;39:763-81.

[70] Filiou MD, Asara JM, Nussbaumer M, Teplytska L, Landgraf R, Turck CW. Behavioral extremes of
trait anxiety in mice are characterized by distinct metabolic profiles. J Psychiatr Res. 2014;58:115-22.
[71] Wang D, Ho L, Faith J, Ono K, Janle EM, Lachcik PJ, et al. Role of intestinal microbiota in the
generation of polyphenol-derived phenolic acid mediated attenuation of Alzheimer's disease B-amyloid
oligomerization. Molecular nutrition & food research. 2015;59:1025-40.

[72] Jang HM, Han SK, Kim JK, Oh SJ, Jang HB, Kim DH. Lactobacillus sakei Alleviates High-Fat-Diet-
Induced Obesity and Anxiety in Mice by Inducing AMPK Activation and SIRT1 Expression and Inhibiting
Gut Microbiota-Mediated NF-kB Activation. Molecular Nutrition & Food Research. 2019;63(6):e1800978.
[73] Martinowich K, Manji H, Lu B. New insights into BDNF function in depression and anxiety. Nature
Neuroscience. 2007;10:1089-93.

[74] Janke KL, Cominski TP, Kuzhikandathil EV, Servatius RJ, Pang KCH. Investigating the Role of
Hippocampal BDNF in Anxiety Vulnerability Using Classical Eyeblink Conditioning. Frontiers in psychiatry.
2015;6:106.

[75] Cattaneo A, Cattane N, Begni V, Pariante CM, Riva MA. The human BDNF gene: peripheral gene
expression and protein levels as biomarkers for psychiatric disorders. Translational Psychiatry.
2016;6:€958-€.

[76] Neshatdoust S, Saunders C, Castle SM, Vauzour D, Williams C, Butler L, et al. High-flavonoid intake
induces cognitive improvements linked to changes in serum brain-derived neurotrophic factor: Two
randomised, controlled trials. Nutr Healthy Aging. 2016;4:81-93.

[77] Seckl JR, Walker BR. Minireview: 11B-Hydroxysteroid Dehydrogenase Type 1— A Tissue-Specific
Amplifier of Glucocorticoid Action*. Endocrinology. 2001;142:1371-6.



Journal Pre-proof

44

[78] Andrews RC, Rooyackers O, Walker BR. Effects of the 11B-Hydroxysteroid Dehydrogenase Inhibitor
Carbenoxolone on Insulin Sensitivity in Men with Type 2 Diabetes. The Journal of Clinical Endocrinology
& Metabolism. 2003;88:285-91.

[79] Sandeep TC, Yau JLW, MacLullich AMJ, Noble J, Deary 1), Walker BR, et al. 11B-Hydroxysteroid
dehydrogenase inhibition improves cognitive function in healthy elderly men and type 2 diabetics.
Proceedings of the National Academy of Sciences of the United States of America. 2004;101:6734.

[80] Rogalska J. Chapter 20 - Mineralocorticoid and Glucocorticoid Receptors in Hippocampus: Their
Impact on Neurons Survival and Behavioral Impairment After Neonatal Brain Injury. In: Litwack G, editor.
Vitamins & Hormones: Academic Press; 2010. p. 391-419.

[81] Herrero Al, Sandi C, Venero C. Individual differences in anxiety trait are related to spatial learning
abilities and hippocampal expression of mineralocorticoid receptors. Neurobiology of Learning and
Memory. 2006;86:150-9.

[82] Chen J, Wang Z-z, Zhang S, Chu S-f, Mou Z, Chen N-h. The effects of glucocorticoids on depressive
and anxiety-like behaviors, mineralocorticoid receptor-dependent cell proliferation regulates anxiety-
like behaviors. Behavioural Brain Research. 2019;362:288-98.

[83] Hwang IK, Kim IY, Kim DW, Yoo K-Y, Kim YN, Yi SS, et al. Strain-specific differences in cell
proliferation and differentiation in the dentate gyrus of C57BL/6N and C3H/HeN mice fed a high fat diet.
Brain Research. 2008;1241:1-6.

[84] Navarrete-Yafiez V, Garate-Carrillo A, Ayala M, Rodriguez-Castafieda A, Mendoza-Lorenzo P,
Ceballos G, et al. Stimulatory effects of (-)-epicatechin and its enantiomer (+)-epicatechin on mouse
frontal cortex neurogenesis markers and short-term memory: proof of concept. Food & Function.
2021;12:3504-15.

[85] Pan-Vazquez A, Rye N, Ameri M, McSparron B, Smallwood G, Bickerdyke J, et al. Impact of voluntary
exercise and housing conditions on hippocampal glucocorticoid receptor, miR-124 and anxiety.
Molecular Brain. 2015;8:40.

[86] Reichardt Holger M, Umland T, Bauer A, Kretz O, Schiitz G. Mice with an Increased Glucocorticoid
Receptor Gene Dosage Show Enhanced Resistance to Stress and Endotoxic Shock. Molecular and Cellular
Biology. 2000;20:9009-17.

[87] Meaney MJ, Diorio J, Francis D, Widdowson J, LaPlante P, Caldji C, et al. Early Environmental
Regulation of Forebrain Glucocorticoid Receptor Gene Expression: Implications for Adrenocortical
Responses to Stress; pp. 49-60. Developmental Neuroscience. 1996;18:49-60.

[88] Tronche F, Kellendonk C, Kretz O, Gass P, Anlag K, Orban PC, et al. Disruption of the glucocorticoid
receptor gene in the nervous system results in reduced anxiety. Nature Genetics. 1999;23:99-103.

[89] Kolber BJ, Wieczorek L, Muglia LJ. Hypothalamic-pituitary-adrenal axis dysregulation and behavioral
analysis of mouse mutants with altered glucocorticoid or mineralocorticoid receptor function. Stress.
2008;11:321-38.

[90] Chapman K, Holmes M, Seckl J. 11B-Hydroxysteroid Dehydrogenases: Intracellular Gate-Keepers of
Tissue Glucocorticoid Action. Physiological Reviews. 2013;93:1139-206.

[91] Holmes MC, Carter RN, Noble J, Chitnis S, Dutia A, Paterson JM, et al. 11B-Hydroxysteroid
Dehydrogenase Type 1 Expression Is Increased in the Aged Mouse Hippocampus and Parietal Cortex and
Causes Memory Impairments. The Journal of Neuroscience. 2010;30:6916.

[92] Wang J, Ferruzzi MG, Ho L, Blount J, Janle EM, Gong B, et al. Brain-targeted proanthocyanidin
metabolites for Alzheimer's disease treatment. J Neurosci. 2012;32:5144-50.

[93] Moreno-Ulloa A, Romero-Perez D, Villarreal F, Ceballos G, Ramirez-Sanchez I. Cell membrane
mediated (-)-epicatechin effects on upstream endothelial cell signaling: evidence for a surface receptor.
Bioorg Med Chem Lett. 2014;24:2749-52.



Journal Pre-proof

45

[94] Ottaviani JI, Borges G, Momma TY, Spencer JP, Keen CL, Crozier A, et al. The metabolome of [2-
(14)C](-)-epicatechin in humans: implications for the assessment of efficacy, safety, and mechanisms of
action of polyphenolic bioactives. Sci Rep. 2016;6:29034.

[95] Angelino D, Carregosa D, Domenech-Coca C, Savi M, Figueira |, Brindani N, et al. 5-(Hydroxyphenyl)-
y-Valerolactone-Sulfate, a Key Microbial Metabolite of Flavan-3-ols, Is Able to Reach the Brain: Evidence
from Different in Silico, In Vitro and In Vivo Experimental Models. Nutrients. 2019;11:2678.

[96] Figueira |, Garcia G, Pimpao RC, Terrasso AP, Costa |, Almeida AF, et al. Polyphenols journey through
blood-brain barrier towards neuronal protection. Scientific Reports. 2017;7:11456.



Journal Pre-proof

46
Gene Forward Primer (5'— 3’) Reverse Primer (5'— 3’)
B-actin TCATGAAGTGTGACGTGGACATCCGC CCTAGAAGCATTTGCGGTGCACGATG
Bdnf ATGGGACTCTGGAGAGCCTGAA CGCCAGCCAATTCTCTTTTTGC
Nr3c1 (GR) TGGAGAGGACAACCTGACTTCC ACGGAGGAGAACTCACATCTGG
Nr3c2 (MR) TGTGTGGAGATGAGGC GGACAGTTCTTTCTCCGAAT
116-Hsd1 GGGATAATTAACGCCCAAGC TCAGGCAGGACTGTTCTAAG

Table 1. Primers used in the study.

Parameter c CE2 CE20 HF HFE 2 HFE 20
Food intake (g/d) 3.67£0.10 3.65+0.05 3.83+0.15 3.28+ 0.05b 3.25¢% 0.015b 313+ 0.09b
Body weight (g) 40910 30310 40911 50.51 + 0.6h 52.34 % 0.6b 51.17 % 0.7h
Fat Mass (%) 30512 304+1.0 31110 394410 414109 415407
Brain (mg) 43347 444 +5 438+ 4 443+4 443+5 445+6
Hippocampus (mg) 303+4.1 282+1.6 30.0+1.5 30.6+1.3 31.0£3.1 27.5+2.2
Visceral Fat (g) 0.68+0.11 0.54+0.07 0/64+0.05 115£0.04 1254004 1304005
Epididymal Fat (g) 1.8140.08 1454017, 1764007 1384007 1294004 1504008
Retroperitoneal Fat (g) 0.78+0.08 0.66 £ 0.08 0.73£0.06 16140.08 1714009 1574009
Subcutaneous fat (g) 29402 2503 26401 48+03" 51402 52403
Brown Fat (g) 0.27+0.03 0.21+0.03 0.25£0.02 035003 0.44+0.02° 042003

Table 2. Body and tissue weights after 24 weeks on the diets. Results are shown as means + SEM and
are the average of 8-10 animals/group. Values having different superscripts are significantly different (p

< 0.05, one-way ANOVA with Fisher’s LSD).
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Parameter c CE2 CE 20 HF HFE 2 HFE 20
Week 12

a ab b a a a
Glucose (mg/dL) 187.9+13.2 173.9+18.2 138.7£6.5 205.3+13.4 205.0+ 8.4 198.9 + 13.9

R a a a bc C ab

Insulin (ng/mL) 1.64 +0.21 1.40 +0.10 1.66 + 0.35 4.13+1.03 431+0.77 2.67 £0.56

ab a a cd 3 bd
HOMA-IR 19.29+2.71 15.36+ 1.78 14.30+2.18 45,53 +13.12 55.62 +12.20 35.11+6.49

a a a b b a
Total Cholesterol (mg/dL) 190.6 + 6.4 183.4+5.5 181.8 6.4 241.6+11.1 237.1+12.2 194.8 + 10.0
Triglyceride (mg/dL) 83.52+7.31 71.14 +5.57 80.55 + 3.45 74.91+ 6.62 79.45 + 6.10 70.82+5.86
Week 24

a ab ab 3 a bc
Glucose (mg/dL) 178.1+6.4 186.3 + 11.5 182.8 5.4 208.1+6.1 173.246.6 200.6 + 6.8

N a a a b © ©

Insulin (ng/mL) 2.02+0.24 1.76 +0.26 1.70 £ 0.22 5.38 +0.47 3.72+0.21 4.44 £0.44

a a a b 3 d
HOMA-IR 22.38+2.84 20.48 +3.51 19.16 +2.38 69.30 + 6.95 40.02 +3.07 54.86 + 5.61

a a a b b b
Total Cholesterol (mg/dL) 215.7+6.9 221+8.2 209.3%6.5 319.5+12.6 301.1+12.5 309.1+13.2
Triglyceride (mg/dL) 70.54+ 4,34 71.77 +3.87 72.08 +2.80 79.24+4.34 75.16 £ 5.07 70.12+3.31

Table 3. Blood parameters after 12 and 24 weeks on the diets. Results are shown as means + SEM and
are the average of 8-10 animals/group. Values having different superscripts are significantly different (p

< 0.05, one-way ANOVA with Fisher’s LSD).



