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1. Introduction

Saffron extract (Safr'Inside™) improves anxiety
related behaviour in a mouse model of low-grade
inflammation through the modulation of the
microbiota and gut derived metabolites+

Matthew G. Pontifex,® Emily Connell,? Gwenaelle Le Gall,? Line Pourtau,”
David Gaudout,? Cristina Angeloni, Lorenzo Zallocco, 2 ¢ Maurizio Ronci,®
Laura Giusti,” Michael Muller® and David Vauzour {2 *@

Treatment of anxiety and depression predominantly centres around pharmacological interventions, which
have faced criticism for their associated side effects, lack of efficacy and low tolerability. Saffron, which is
reportedly well tolerated in humans, has been recognised for its antidepressant and anti-anxiety pro-
perties. Indeed, we previously reported upon the efficacy of saffron extract supplementation in healthy
adults with subclinical anxiety. However, the molecular aetiology remains unclear. In a rodent model of
low-grade chronic inflammation, we explored the impact of a saffron extract (Safr'Inside™) supplemented
at a physiological dose, which equated to 22 + 1.2 mg per day human equivalent dose for a person of
60 kg. Behavioural tests (Open Field task, Y maze, Novel object recognition), caecal 16S rRNA microbial
sequencing, caecal *H NMR metabolomic analysis and 2DE brain proteomic analyses were completed to
probe gut-brain axis interactions. Time occupying the centre of the Open Field maze (OF) was increased
by 62% in saffron supplemented animals. This improvement in anxiety-related behaviour coincided with
gut microbial shifts, notably Akkermansia, Muribaculaceae, Christensenellacae and Alloprevotella which
significantly increased in response to saffron supplementation. Akkermansia and Muribaculaceae abun-
dance negatively correlated with the neurotoxic metabolite dimethylamine which was reduced in saffron
supplemented animals. Brain proteomic analysis highlighted several significantly altered proteins including
ketimine reductase mu-crystallin which also correlated with dimethylamine concentration. Both di-
methylamine and ketimine reductase mu-crystallin were associated with OF performance. This may be
indicative of a novel interaction across the gut—brain axis which contributes to anxiety-related disorders.

disorders constitute a major cause of disability, conferring
substantial economic and social implications, costing the

One in four people will experience some form of mental health
disorder in their lifetime." Of these conditions, depression
and anxiety which frequently co-occur together are acknowl-
edged as the most common® affecting 264 million and
284 million people worldwide respectively.® As such, mental
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global economy US$ 1 trillion each year.* The COVID-19 pan-
demic accentuated these issues®® and exposed the challenges
associated with treatments, emphasising the need to improve
both effectiveness and accessibility.

Treatment of anxiety and depression has predominantly
centred around pharmacological interventions. Despite this,
clinical evidence to date shows that traditional antidepressants
and anxiolytics approaches are ineffective for a subset of indi-
viduals, with efficacy and/or tolerability issues reported.””® This
likely stems from an inadequate understanding of the disease
process which remains only partially understood. In an
attempt to improve the outlook for such individuals, other
non-pharmaceutical —approaches (e.g., electroconvulsive
therapy, psychotherapy, and other somatic treatments) have
been developed, many of which purportedly confer greater
efficacy and patient outcome.’ However, as with pharmacologi-
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cal treatments, considerable interindividual variability in treat-
ment outcome is evident,'®'! emphasising that a “one size fits
all” approach to anxiety and depression treatment may not be
achievable. Developing novel and well-tolerated interventions
to bolster the current repertoire may be of great benefit to
those who do not respond adequately to these established
approaches.

Diet has long been associated with mental health and
mood.">"® Indeed, observational studies provide compelling
evidence that adherence to a Mediterranean diet reduces
anxiety and depression risk.'**® Although the mechanisms
responsible for such effects are conceivably complex and mul-
tifactorial,"® diet-mediated modulation of the gut microbiota,
a collection of approximately 100 trillion microbes'” is emer-
ging as a key contributing factor, providing a route (microbial-
gut-brain axis) by which diet can modulate neuronal
function.’®' The composition of this microbiome is central
in health and disease, providing a large repertoire of genes,
antigens and metabolites that can regulate immune and meta-
bolic functions.”® A close/delicate relationship exists between
diet and gut microbiota composition, dysfunction of which is
increasingly associated with mental illnesses.

Saffron, obtained from the dried stigmas of Crocus sativus®"
has been reported to have anti-anxiety and anti-depressant pro-
perties as determined by us and others in both preclinical**~>*
and clinical trials.”>’” Regarded as safe/well-tolerated, the
effectiveness of saffron in the treatment of both anxiety and
depression appears comparable to that of pharmaceutical
intervention. Despite these positive reports emphasising
saffron’s anti-anxiety/depressive properties, the mechanistic
picture remains incomplete. Of the limited evidence available,
saffron’s anti-inflammatory properties are most frequently
cited,®® along with modulation of the monoaminergic
neurotransmission®*>* and oxidative stress,>” indicating that
these mechanisms may be an integral part of the process.
Despite evidence of saffron-mediated gut microbial shift,*°
this has not been explored in the context of mental health/
anxiety.

To address this knowledge gap, we investigated the impact
of Safr'Inside™, (a standardized saffron extract) supplemen-
tation in an LPS model of low-grade inflammation. Gut micro-
biota speciation and metabolism were conducted by 16S rRNA
sequencing and "H-NMR respectively, together with behaviour-
al assessments of cognition and brain proteomic analysis in
an attempt to probe gut-brain axis interactions. Using a model
of low-grade inflammation, we investigated the supplemen-
tation of Safr’Inside™ on gut microbial and metabolite com-
position, and further link this to changes in brain proteomic
profiles and cognitive performance.

2. Materials and methods
2.1. Study approval

All experimental procedures and protocols performed were
reviewed and approved by the Animal Welfare and Ethical
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Review Body (AWERB) and were conducted in accordance with
the specification of the United Kingdom Animal Scientific
Procedures Act, 1986 (Amendment Regulations 2012).
Reporting of the study outcomes comply with the ARRIVE
(Animal Research: Reporting of In Vivo Experiments)
guidelines®

2.2. Overview of experimental procedure

Thirty male C57BL/6] mice sourced from Charles River
(Margate, UK) were maintained in individually ventilated cages
(n = 5 per cage), within a controlled environment (21 + 2 °C;
12 h light/dark cycle; light from 7:00 AM) and fed ad libitum
on a standard chow diet (RM3-P; Special Diet Services (SDS,
Horley UK) up to the age of 10 weeks, ensuring normal devel-
opment and stabilisation of the microbiota.*> After which
mice were transferred onto one of two diets, namely control
(AIN93-M) and saffron supplemented diet (Safr'Inside™;
SAFF) for the remaining of the experimentation. The SAFF diet
consisted of the background control diet (AIN93-M) sup-
plemented with 44 mg kg™ diet of Safr'Inside™ (Activ’Inside,
Beychac-et-Caillau, France), a full-spectrum standardised
saffron extract obtained according to the patent FR 3054443 -
WO02017EP69200. This extract contains ~150 compounds as
measured by UHPLC method®® of which: crocins (mainly ¢rans-
4-GG, trans-3-Gg; cis-4-GG, trans-2-G) >3%, safranal >0.2%,
picrocrocin derivatives (mainly picrocrocin, HTCC) >1%, and
kaempferol derivatives (mainly kaempferol-3-sophoroside-7-
glucoside, kaempferol-3-sophoroside) >0.1%, are considered
the most bioactive constituents (see ESI Table S1f for full
dietary composition). Diets were prepared by Research Diet
Inc. (New Brunswick, USA) to comply with animal nutrition
requirements. Chronic low-grade inflammation was induced
through weekly intraperitoneal injections (IP) of 0.5 mg kg™
lipopolysaccharide (LPS) for 8 weeks as described previously**
or a SMAM injection consisting of saline. At the end of the
experiments and following the completion of behavioural
testing (see below for detail), 5-month-old animals were
sedated with a mixture of isoflurane (1.5%) in nitrous oxide
(70%) and oxygen (30%) and transcardially perfused with ice-
cold saline containing 10 UI heparin (Sigma-Aldrich, UK). Sera
were isolated via centrifugation at 2,000g for 10 min. Brains
were rapidly removed, halved, snap frozen and stored at
—80 °C until biochemical analysis. Additionally, caeca were
removed, weighed and contents were gently extracted. Samples
were then snap-frozen in liquid nitrogen and stored at —80 °C
until further analysis.

2.3. Behavioural assessment

All behavioural tests were performed at the experimental end-
point after the 8-week intervention. Prior to commencing, a
visual placing test was performed on each animal to ensure
animals were not visually impaired.>® All behavioural tests
were analysed using the Ethovision software (Tracksys Ltd,
Nottingham, UK).

The Open Field (OF) task used as a measure of anxiety,*®
was performed as described previously.®” Animals were indivi-
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dually placed within the (50 cm x 50 cm x 50 cm) square arena
illuminated with dim lighting (100 lux) and were allowed to
move freely for a 10-minute period. Mice were tracked using
Ethovision software which determined travel distance, velocity
and time spent in the centre/periphery of the maze
respectively.

The novel object recognition (NOR) task, a measure of reco-
gnition memory was performed as described previously,**>°
with slight modifications. All experimentation was performed
in dim lighting (100 lux) lighting. Briefly, on day 1 (habitu-
ation), the animal was placed into an empty maze for
10 minutes. On day 2, animals were conditioned to a single
object for a 10-minute period. On day 3, mice were exposed to
2 identical objects for 15 minutes. Following an inter-trial
interval of one hour, mice were placed back within the testing
arena now containing one familiar object and one novel
object. Videos were analysed for a 5-minute period, after which
if an accumulative object exportation of 8 seconds failed to be
reached, the analysis continued for the full 10 min or until 8
seconds was achieved. Those not achieving 8 seconds of
exploration were excluded from the analysis.*® Discrimination
index was calculated as follows DI = (TN — TF)/(TN + TF),
where TN is the time spent exploring the novel object and TF
is the time spent exploring the familiar object.

Y maze spontaneous alternation test, a measure of spatial
working memory, was performed as previously described.*!
Ethovision software analysed each animal for 7 minutes
recording zone transitioning and locomotor activity.
Spontaneous alternation was calculated using the following
formula: (number of alternations/max number of alternations
% 100).

A shortened version of the Barnes maze as previously
described,** was performed with slight modifications to assess
spatial retrieval memory. Briefly, the maze consisted of a
brightly illuminated (800 lux lighting) circular platform (92 cm
diameter), with 20 evenly distributed holes located around the
circumference and visual cues (4 simple shapes) placed at the
periphery. The experiment was conducted over a 4-day period.
On day 1 (habituation) animals were placed into the centre of
the maze for 2 minutes and were able to explore freely, if
animal did not find the escape box within this time frame the
animal was guided to it after which they remined in the box
for a further 2 minutes. Following habituation each mouse was
tested/trained on their ability to locate the escape box on days
1-3 (once on day one, three times on day two and twice on day
three). On day 4, a probe test was conducted, the maze was
rotated 90°, the escape box was removed, and mice were
placed in the centre of the maze in which they were free to
navigate for 1 minute. Percentage time in the correct quadrant
was determined using Ethovision software.

2.4. Microbial 16S rRNA extraction and sequencing

Microbial DNA was isolated from approximately 50 mg of
caecal content using the QIAamp PowerFecal Pro DNA Kit
(Qiagen, Manchester, UK) as per the manufacturer’s instruc-
tions. DNA quantity was assessed using a Nanodrop 2000
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Spectrophotometer (Fisher Scientific, UK). 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 Illumina NovaSeq 6000 PE250.
Sequence analysis was performed by Uparse software (Uparse
v7.0.1001),*? using all the effective tags. Sequences with >97%
similarity were assigned to the same OTUs. A representative
sequence for each OTU was screened for further annotation.
For each representative sequence, Mothur software was per-
formed against the SSUrRNA database of SILVA Database
138.** OTUs abundance information was normalised using a
standard of sequence number corresponding to the sample
with the least sequences. Alpha-diversity was assessed using
both Chaol and Shannon H diversity index whilst beta diver-
sity was assessed using Bray-Curtis. Statistical significance was
determined by Kruskal-Wallis or Permutational Multivariate
Analysis of Variance (PERMANOVA). Comparisons at the
phylum, family and genus level were made using classical uni-
variate analysis using Kruskal-Wallis combined with a false
discovery rate (FDR) approach used to correct for multiple
testing.

2.5. 'H NMR metabolomics

Caecal metabolites were analysed and quantified by "H NMR
analysis. The preparation method was similar to that previously
described.**° Briefly, frozen caecal contents were thoroughly
mixed at 5,000 rpm in a Precellys®24 (Bertin Technologies,
France) and diluted to a faeces-to-buffer ratio of 13 (e.g;, 50 mg
faeces in 750 pL buffer) by adding deuterated phosphate buffer
(1.9 mM Na,HPO,, 8.1 mM NaH,PO,, and 1 mM sodium 3-(tri-
methysilyl)-propionate-d4 in deuterated water (Goss Scientifics,
Crewe, United Kingdom)). After mixing and centrifugation,
500 pl was transferred into a 5 mm NMR tube for spectral acqui-
sition. High resolution "H NMR spectra were recorded on a
600 MHz Bruker Avance spectrometer fitted with a 5 mm TCI
proton-optimized triple resonance NMR inverse cryoprobe and
a 24-slot autosampler (Bruker, Rheinstetten, Germany). Sample
temperature was controlled at 300 K. Each spectrum consisted
of 128 scans of 65536 complex data points with a spectral
width of 20 ppm (acquisition time 2.6 s). The noesyprid presa-
turation sequence was used to suppress the residual water
signal with low power selective irradiation at the water fre-
quency during the recycle delay (D1 = 2 s) and mixing time (D8
= 0.01 s). A 90° pulse length of 11.4 ps was set for all samples.
Spectra were transformed with a 0.1 Hz line broadening and
zero filling, manually phased, baseline corrected, and refer-
enced by setting the trimethylsilylpropanoic acid methyl signal
to 0 ppm. Metabolites were identified using information found
in the literature or on the web (Human Metabolome Database,
https:/www.hmdb.ca/) and quantified using the software
Chenomx® NMR Suite 8.6™.

2.6. Proteomic analysis

For proteomic analysis, left brain samples (about 0.2 g of
tissue) were transferred into a pre-cooled potter, resuspended
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in 6 volumes (w/v) of rehydration solution (7 M urea, 2 M
thiourea, 4% CHAPS, 60 mM dithiothreitol and 0.002% bro-
mophenol blue) added with 50 mM NaF, 2 mM NazVOy,,
10 mM p-glycerophosphate, 1 uL/0.02 g tissue protease inhibi-
tors, 1 uM trichostatin A, 10 mM nicotinamide, and homogen-
ized (15 strokes). After sonication (1 min, 2 times) homo-
genates were allowed to rehydrate for 1 h at room temperature
(RT) with occasional stirring. Thereafter, the solution was cen-
trifuged at 16 000g for 20 min at RT. Protein concentration of
the resulting supernatant was determined using the Pierce 660
protein assay (ThermoFisher Scientific). BSA was used as a
standard.

The 2DE was carried out as previously described.”” Briefly,
200 pg of proteins were filled up to 350 pL in rehydration solu-
tion. Immobiline IPG BlueStrip (SERVA Electrophoresis,
GmbH, Heidelberg, Germany), 18 cm, linear-gradient (pH
3-10) were rehydrated overnight in the sample and then trans-
ferred to the Ettan IPGphor 2 (GE Health Care Europe;
Uppsala, Sweden) for isoelectrofocusing (IEF). The second
dimension (Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis; SDS-PAGE) was carried out by transferring the
proteins to 12% polyacrylamide, running at 45 mA per gel and
14 °C for about 7 h, using the Protean® Plus Dodeca Cell (Bio-
Rad). The gels were stained with Ruthenium II tris (bathophe-
nanthroline disulfonate) and tetrasodium salt (Cyanagen Srl,
Bologna, Italy) (RuBP). ImageQuant LAS4010 (GE Health Care)
was used for the acquisition of images. The analysis of images
was performed using Same Spot (v4.1, TotalLab; Newcastle
Upon Tyne, UK) software. The spot volume ratios among the
different conditions (Control, LPS, and SAFF’s supplemen-
tation) were calculated using the average spot normalised
volume of three biological replicates. The software included
statistical analysis calculations.

For proteins identification, the gel pieces were trypsin
digested as previously described.*® After the digestion proto-
col, peptides were desalted and concentrated by C18 ZipTip
(Millipore) according to the manufacturer suggestions and
eluted directly on a Ground Steel plate (Bruker-Daltonics,
Bremen, Germany) with 2 pL of a solution of 5 mg mL™"
a-ciano-4-hydroxycinnamic acid (HCCA) (dissolved in 50%
acetonitrile, 0.1% trifluoroacetic acid (TFA)). MS spectra
were recorded manually on the AutoFlex Speed MALDI-TOF/
TOF spectrometer (Bruker Daltonics) operated in positive
reflectron mode. Cubic enhanced external calibration of the
TOF tube was performed using a standard solution of
albumin tryptic peptides, mixed 1:1 with the same 5 mg
mL™! a-ciano-4-hydroxycinnamic acid solution. The laser
frequency was set to 1 kHz and the number of acquired
shots was determined for each sample based on signal
intensity. FlexAnalysis v. 3.3 was used to process the raw
data and generate the peak list to be submitted to the data-
base search using BioTools 3.2 exploiting the free version of
MASCOT search engine (version 2.8.0 at https:/www.
matrixscience.com) against Uniprot/Swiss-Pro non-redun-
dant database version 2021-04 restricted to the Mus muscu-
lus taxonomy.
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2.7. Statistical analysis

Data analysis was performed in GraphPad Prism version 8
(GraphPad Software, CA, USA). All data are presented as min to
max box-and-whiskers plots unless otherwise stated. After
identifying outliers using the ROUT method (¢ = 1%), data
were checked for normality/equal variances using the Shapiro-
Wilk test. For analysis of dietary intervention, an ANOVA or
Kruskal Wallis test was used followed by Tukey or Dunns’s
multiple comparison depending on the normality of data. P
values of less than 0.05 were considered statistically
significant.

Statistical analysis of metabolomics data was carried out
using Metaboanalyst 5.0.*° Data was normalised by sum,
scaled by autoscaling and square root-transformed. Partial
Least-Squares  Discriminant Analysis (PLS-DA) was
employed to illustrate the clustering of different metab-
olites across groups. Univariate Analysis was carried out by
one-way ANOVA, followed by Tukey HSD. Dendrogram and
heatmaps were created with Spearman and Ward. Heatmap
shows the significant metabolites based upon ANOVA
results.

Correlation analysis between metabolomics data and micro-
biome data was conducted using M2IA.>® Missing values were
filtered if present in more than 80% of samples or the relative
standard deviation was smaller than 30%.’" The remaining
missing data values were handled using random forest. Data
was normalised using total sum scaling. All other correlation
analyses were conducted using Spearman’s rank-order corre-
lation analysis.>

3. Results

3.1. Chronic low dose LPS exposure and Safr’Inside™
supplementation have no impact upon body weight gain

The experiments were conducted as depicted in Fig. 1A.
Whilst body weight increased over the 8-week experiment, it
did not significantly fluctuate across the experimental
groups (Fig. 1B). Neither LPS treatment nor SAFF interven-
tion influenced overall body weight gain (Fig. 1C). There
was no significant difference in mean food intake over the
course of the study with mice consuming on average
3.14 £ 0.16 g per day per mouse, providing the animals with
4.5 + 0.3 mg per kg bw per day of SAFF. Using allometric
scaling based on body surface area,® this dose equates to 22
+ 1.2 mg per day human equivalent dose for a person of
60 kg.

3.2. 8-Week Safr’Inside™ supplementation mitigates anxiety-
related behaviour associated with chronic inflammation

Upon completion of the 8-week intervention, a battery of be-
havioural tests was conducted to assess the impact of
LPS and SAFF upon cognitive performance and anxiety-
related behaviour. Supplementation with SAFF significantly
increased time spent in the centre of the OF maze by
62% when compared to un-supplemented LPS treated

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Administration of LPS (0.5 mg per kg bw per week) and supplementation with SAFF for 8 weeks had minimal impact upon body weight. (A)
Schematic of experimental study design. (B) Although body weight increased over the course of the experiment, it was not influenced by the inter-
vention. (n = 10) (C) similarly, overall body weight gain remained constant across all groups and was not altered by LPS treatment nor SAFF sup-
plementation (n = 10).

animals (p < 0.05; Fig. 2A). Distance travelled within the OF provided (Fig. 2C). Chronic exposure to LPS for an 8-week
was not altered, suggesting this was not a product of loco- period led to significant deficits in recognition
motor impairment (Fig. 2B). Representative heatmaps are memory, which were not restored through SAFF supplemen-
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Fig. 2 SAFF improves LPS mediated anxiety-like phenotype. (A) LPS-treated animals spent significantly less time in the centre of the OF compared
to their SAFF supplemented counterparts. (n = 10) (B) distance travelled remained unaffected by the interventions. (n = 10) (C) representative heat-
maps for the OF task are provided. (D) LPS treatment resulted in diminished recognition memory as assessed by the NOR task however this was not
recovered by SAFF treatment. (n = 10) (E and F) spatial memory performance as determined by the Y maze (n > 9) and Barnes maze (n > 8) was not
significantly affected by either LPS or SAFF. *P < 0.05.

tation (Fig. 2D). Neither LPS treatment nor SAFF Barnes maze (Fig. 2F), although a nominal 10% decrease in Y
supplementation significantly impacted spatial memory per- maze performance was observed in LPS-treated animals
formance as assessed by the Y maze (Fig. 2E) and (ANOVAp =0.07).
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3.3. 8-Week Safr’Inside™ supplementation resulted in a
microbiome shift which restored LPS-mediated disturbances

Alpha diversity was measured using Chaol and Shannon
index. Chaol index, a measure of species richness was signifi-
cantly increased in response to SAFF supplementation (p <
0.01 Fig. 3A), whilst Shannon index which accounts for both
richness and evenness was not significantly altered (Fig. 3B).
Furthermore, beta diversity was found to be significantly
altered according to Bray-Curtis (p < 0.05 Fig. 3C). Encouraged
by the results of the alpha and beta diversity, we explored
changes at the phylum, family, and genus levels. At the
phylum level SAFF mitigated LPS-induced Bacteriodota and
Firmicutes dysregulation (Fig. 3D and E). At the family level
Muribaculacaea displayed a similar LPS-mediated reduction in
abundance, which was in turn restored through SAFF treat-
ment (Fig. 3F). In addition to the recovery of LPS-mediated gut
microbiota dysregulation, SAFF supplementation promoted
the abundance of Akkermansiaceae and Christensenellacae
(Fig. 3G and H). At the genus level, an increase in Akkermansia
(Fig. 31) and Alloprevotella (Fig. 3]) was observed in the SAFF
treatment group. All significant microbial differences present

p-value: 0.0030772; p-value: 0.79607;
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across phylum, family and genus are given in ESI data
(Table S21).

3.4. Metabolomic profile associated with Safr’Inside™
supplementation reflected gut microbial change

Considering the gut microbial shift mediated through both
LPS and SAFF, we extended our line of investigation to encom-
pass the metabolomic profile. PLS-DA plots showed a clear sep-
aration of experimental groups indicating a metabolomic shift
in response to both LPS and SAFF treatments (Fig. 4A) the
extent of which can be seen through the heatmap provided
which displays all 12 significantly altered metabolites (Fig. 4B;
p < 0.05; FDR < 0.1) See ESI data full for statistical analysis
including post-hoc analysis (Table S31). Having established a
shift in both the microbiome and metabolome we performed a
Spearman correlation to elucidate potential interactions
between the two data sets. This analysis revealed a number of
bacterial-metabolite interactions, of particular interest were
those interactions relating to the aforementioned
Muribaculacaea, Akkermansiaceae, Akkermansia and
Alloprevotella which were significantly modulated by SAFF
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Fig. 3 SAFF supplementation leads to a significant shift in gut microbial profile and ameliorates LPS-associated dysbiosis. (A) Alpha diversity as ana-

lysed using chaol was significantly increased through SAFF treatment (n

= 6), (B) but no significant difference was established using Shannon index

(n = 6). (C) Beta diversity measured through Bray—Curtis analysis was significantly different across experimental groups (n = 6). (D and E) At the
phylum level Bacteroidota and Firmicutes were significantly altered in response to LPS insult but were both restored to control levels via SAFF treat-
ment. (n = 6) (F-H) at the family level recovery of LPS diminished Muribaculacaea was observed in response to SAFF treatment along with SAFF-
specific promotion of Akkermansiaceae and Christensenellacae (n = 6). (I and J) Finally at the genus level SAFF specific increase in Akkermansia and
Alloprevotella was also apparent (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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0.0001.

treatment (Fig. 5A). Interestingly, Muribaculacaea (p < 0.01),
Muribaculum (p < 0.01) and Akkermansia (p < 0.05) negatively
correlated with dimethylamine (DMA) (Fig. 5A), which was in
turn negatively correlated with time spent in the centre of the
OF test (Fig. 5B p < 0.01). The other 11 metabolites identified
did not significantly correlate with OF performance.

3.5. Brain proteomic analysis revealed protein dysregulation
that was associated with DMA

One-way ANOVA of 2DE brain proteomic analysis revealed 17
significantly modulated proteins (Table 1). Of the proteins
identified, ketimine reductase mu-crystallin (Fig. 6A) signifi-
cantly correlated with DMA concentration, along with Heat
shock 70 kDa protein 1B, 60S ribosomal protein L29,
T-complex protein 1 subunit beta and Septini1 (Fig. S1f).
However, only ketimine reductase mu-crystallin subsequently
correlated with OF performance (Fig. 6B).
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4. Discussion

Developing a clearer understanding of the underlying mecha-
nisms that cause anxiety-related conditions is an important
step in the enhancement and development of novel disease-
altering interventions. Gut health has been increasingly impli-
cated in the development of mental health conditions such as
anxiety, with modulation of the gut microbiota (via pre/probio-
tics or transplantation) an increasingly promising
prospect.'®>* Here we investigated SAFF supplementation in
an LPS model of chronic inflammation. Utilising a cognitive
behavioural test battery, 16S rRNA sequencing, 'H NMR meta-
bolomic and 2DE proteomics analyses we were able to explore
potential interactions across the gut-brain axis. Our findings
highlight a novel association between Muribaculaceae and
Akkermanisa abundance and DMA concentration, which were
altered by both LPS and SAFF supplementation and sub-
sequently correlated with rodent behaviour on the OF task.

SAFF supplementation mitigated the LPS-mediated
reduction in centre exploration time during the OF task.
Animals which display increased time in the periphery of the
OF maze and decreased time in the centre are considered to
be displaying anxiety-like traits. Increased anxiety has been
reported in response to LPS challenge,”>>® indeed others have
described this same impact upon OF performance,’”*® validat-
ing this phenotype in this model of chronic low-grade inflam-
mation. Similarly, saffron’s anti-anxiety properties are widely
described throughout the literature, with similar OF results
reported.>”®® Saffron’s ability to improve cognition and/or
mitigate neurodegeneration is currently less established,
however promising results have been reported.®' In our model
of low-grade chronic inflammation in which we observed sig-
nificantly diminished cognitive performance (NOR and Y
maze), we were unable to establish any SAFF-mediated effects.
As alluded to, this is in contrast to others. However, these dis-
crepancies may relate to variations in the disease models used
as well as the treatment dose, treatment duration and even
publication bias.

To ascertain if the gut microbiota may contribute to SAFF’s
anti-anxiety properties, we evaluated the gut microbial compo-
sition in response to both LPS and SAFF. Our results indicated
that SAFF supplementation increased species richness but not
evenness, suggesting that SAFF may mediate a relatively
specific rather than widespread microbial shift. This shift con-
sisted of an increase in the abundance of Muribaculacaea
(which was reduced by LPS treatment), Akkermansiaceae,
Christensenellacae, Akkermansia and Alloprevotella, all of which
are considered important constituents of a healthy microbiota,
have been shown to be dysregulated in anxiety-like
disorders.®*®® Of these modulated bacteria, Akkermansia is
particularly well established in the context of disease, with evi-
dence across both humans and mice that its reduced abun-
dance is a fundamental part of disease processes such as low-
grade inflammation.®®®” Christensenellacae, on the other hand,
is emerging as an important microbial component of human
health®® and was specifically increased by SAFF supplemen-

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Gut microbial profile is associated with gut metabolomic profile which may in turn influence anxiety-like behaviour. (A) Interactions between
the metabolome and microbiome of LPS SAFF groups expressed in relation to LPS group (n > 5). Interactions were made using Spearman correlation
analysis which highlighted a number of key significant microbiome—metabolite interactions (with asterisk) including that of Muribaculacaea and
Akkermansia with DMA. (B) Interestingly the metabolite DMA also significantly correlated with OF performance (n > 5). Each spot represents an indi-
vidual sample (blue: sham; red: LPS; orange: LPS + SAFF). The solid line is a linear trendline which is an indication of the linear (Pearson) correlation
between the two variables. (Note: shading shows the 99% confidence interval). *P < 0.05, **P < 0.01.

tation. As with Akkermansia, Christensenellacae has been linked
with metabolic health.®®

To explore the role of this microbial shift further we ana-
lysed the caecal metabolomic profile. Of the significantly
modulated metabolites identified across experimental groups,
the SAFF-mediated reduction in DMA concentration was of
particular interest given its significant, negative correlation
with both Muribaculacaea and Akkermansia as well as OF time
in the centre. Interestingly DMA a short-chain aliphatic amine
can be formed from dietary choline, as well as TMA and TMAO
in a reaction catalysed by enzymes provided by gut bacteria,*
emphasising its inherent relationship with gut microbial com-
position”® To our knowledge this is the first time a link
between Muribaculaceae and DMA has been reported, however
a link between Akkermansia and DMA has been previously

This journal is © The Royal Society of Chemistry 2022

made in the context of Cardiovascular Risk (in children with
chronic kidney disease),”* and sarcopenia.”"”> Muribaculaceae
have nevertheless been recently reported to play a key role in
curcumins (Indian saffron) ability to alleviate anxiety-like
behaviours.” Intriguingly, we are not aware of any study citing
DMA as a factor in anxiety, although it has been implicated in
depression”*”> neurodegenerative processes,”® neurotoxicity,””
and neuroinflammation.””

Proteomic analysis revealed a number of significantly
altered proteins within the brain of treated animals. Of these
proteins, there were several that significantly correlated with
DMA concentration. Interestingly many of these proteins relate
to protein production/conformation/stability (e.g. chaperones)
which may be indicative of DMA’s impact upon the brain.
Interestingly, ketimine reductase mu-crystallin (CRYM/KR)
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Table 1 Fold change and p-value of significantly altered proteins in the brain. Proteins that significantly correlate with DMA are highlighted in bold

LPS Fold ANOVA
Protein ID Protein name Function (key word/s) LPS SAFF change (p value)
P05202 Aspartate aminotransferase Aminotransferase, transferase, lipid transport, 0.74+£0.12 0.26 +0.05 3.78 0.00423
transport
Q60932 Voltage-dependent anion- Porin, apoptosis, ion transport, transport 1.08+0.04 0.46 +0.14 2.35 0.024124
selective channel protein 1
P80314 T-complex protein 1 subunit beta Chaperone 0.63 £0.05 0.90+0.02 1.59 0.007097
P62196 26S proteasome regulatory Protein degradation 1.49+0.09 1.14 +0.02 1.49 0.000889
subunit 8
P68368 Tubulin alpha-4A chain Microtubule constituent 0.73 £0.03 0.97 +0.08 1.38 0.02232
054983 Ketimine reductase mu-crystallin Oxidoreductase, thyroid hormone binding 0.94 £0.04 0.74+0.04 1.35 0.010207
Q8C1B7  Septin-11 Cell cycle, cell division, GABAergic synaptic 1.32£0.07 1.08+0.04 1.32 0.016673
connectivity
P63005 Platelet-activating factor Cell cycle, cell division, differentiation, lipid 1.29 £0.05 1.25+0.04 1.29 0.011588
acetylhydrolase IB degradation, lipid metabolism, mitosis,
neurogenesis, transport
008553 Dihydropyrimidinase-related Differentiation, neurogenesis 1.19+£0.01 1.25+0.06 1.25 0.010754
protein 2
P17879 Heat shock 70 kDa protein 1B Chaperone, stress response 1.23 £0.04 1.04+0.03 1.23 0.026335
P97807 Fumarate hydratase Lyase, DNA damage, DNA repair, tricarboxylic acid 1.21£0.02 1.15+0.04 1.21 0.003112
cycle
P47915 60S ribosomal protein L29 Ribosomal protein 1.21£0.04 1.02+0.04 1.21 0.019722
Q61171 Peroxiredoxin-2 Antioxidant, oxidoreductase, peroxidase 0.83 £0.05 0.87 +£0.03 1.21 0.042685
Q60930 Voltage-dependent anion- Porin, ion transport, Transport 1.07 £0.02 1.18 +0.06 1.18 0.028904
selective channel protein 2
P09411 Phosphoglycerate kinase 1 Kinase, transferase, glycolysis 1.08+£0.03 1.18+0.05 1.18 0.041683
Q04447 Creatine kinase B-type Kinase, transferase, glycolysis 0.87 £0.03 0.85+0.01 1.17 0.015721
Q99]G3 Annexin A13 Lipid binding 1.16 £ 0.02 1.15+0.04 1.16 0.006164
A c subsequently correlated with OF performance, perhaps reveal-
E ing a novel gut-brain interactive pathway with implications
2 r=0.65;p<0.05 . upon anxiety-like behaviour. Evidence connecting ketimine
§ 6x10% reductase mu-crystallin (CRYM/KR) to anxiety is scarce,
e however, it has been shown to be altered in socially isolated
o ) y
2} .
g rodents.”® Furthermore, CRYM/KR expression has been found
4x10°+ . . . . o . .
-é to be highly expressed in mice treated with amitriptyline, a tri-
E cyclic antidepressant.”® In addition to depression, CRYM/KR
E %105 has been implicated in schizophrenia, Alzheimer’s disease
- i T T T T 1 . . .
S 000 0.02 0.04 0.06 and amyotrophic lateral sclerosis,®® possibly through the gene-
DMA ration of reactive oxygen species.®’ Interestingly, we recently
reported that the circulating human metabolites produced fol-
B ¢ lowing saffron intake were able to protect human neurons
T 6x106- against oxidative-stress-induced neurotoxicity by preserving
4 . oy . . P 27
g cell viability in an ex vivo clinical model.”” Although the exact
g 5%106 function of CRYM/KR remains to be fully elucidated, it may
] play important roles in neuroprotection, neurotransmission,
‘§ 4%105- cell survival and lysine metabolism through interactions with
3 thyroid hormone T3 or ketimines.®>
= ° o, . . . . . .
2 3x106- In addition to the microbiota-gut-brain interaction detailed
£ ' ' ' ' . above, there is a possibility that components of SAFF e.g. safra-
Q
X 0 2 4 6 8 10

OF (Time in Centre %)

Fig. 6 DMA concentration is associated with a key protein in the brain
which was in turn linked to OF performance. (A) DMA is significantly
correlated with ketimine reductase mu-crystallin (n > 3), (B) ketimine
reductase mu-crystallin is significantly correlated with OF performance
(n > 3). Each spot represents an individual sample (blue: sham; red: LPS;
orange: LPS + SAFF). The solid line is a linear trendline which is an indi-
cation of the linear (Pearson) correlation between the two variables.

(Note: shading shows the 99% confidence interval).
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nal cross the BBB and directly impact the brain. Indeed, pre-
clinical and in vitro studies highlight the modulatory actions
of safranal upon inflammatory/stress response signalling path-
ways within the brain.®* However, to our knowledge there is no
adequately conducted experiment to date addressing safranal
brain bioavailability, highlighting a critical research gap that
should be the focus of future experimentation. Amongst the
other bioactive constituents of saffron, it has been shown that
crocetin crosses the blood-brain barrier when saffron extract is

This journal is © The Royal Society of Chemistry 2022
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administered intraperitoneally.** Evidence similarly suggests
that crocins also cross the blood-brain barrier and reach the
central nervous system according to a study in mice.®’
Moreover, it seems that saffron can modulate the blood brain
barrier integrity. Indeed, in vitro results showed that Crocus
sativus extract increases the tightness of a cell-based blood-
brain barrier model. These observations were confirmed
in vivo, in an Alzheimer disease model where mice received a
saffron extract enriched diet.®®

To conclude, we forward a potentially novel gut-brain axis
mediated interaction in the development/prevention of
anxiety-related behaviours. The results presented here indicate
that LPS and SAFF lead to both a reduction and increase in
Muribaculaceae respectively, whilst SAFF boosted Akkermanisa
abundance. This increase in Muribaculaceae and Akkermansia
correlated with DMA concentration which in turn potentially
altered brain proteomic profile and OF performance. Thus,
highlighting the potential of SAFF, and the importance of the
microbiome in the mitigation of anxiety-related disorders.
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