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ABSTRACT
The Mediterranean diet (MD) and its bioactive constituents have been advocated for their neuro
protective properties along with their capacity to affect gut microbiota speciation and metabolism. 
Mediated through the gut brain axis, this modulation of the microbiota may partly contribute to 
the neuroprotective properties of the MD. To explore this potential interaction, we evaluated the 
neuroprotective properties of a novel bioactive blend (Neurosyn240) resembling the 
Mediterranean diet in a rodent model of chronic low-grade inflammation. Behavioral tests of 
cognition, brain proteomic analysis, 16S rRNA sequencing, and 1H NMR metabolomic analyses 
were employed to develop an understanding of the gut-brain axis interactions involved. 
Recognition memory, as assessed by the novel object recognition task (NOR), decreased in 
response to LPS insult and was restored with Neurosyn240 supplementation. Although the open 
field task performance did not reach significance, it correlated with NOR performance indicating an 
element of anxiety related to this cognitive change. Behavioral changes associated with 
Neurosyn240 were accompanied by a shift in the microbiota composition which included the 
restoration of the Firmicutes: Bacteroidota ratio and an increase in Muribaculum, Rikenellaceae 
Alloprevotella, and most notably Akkermansia which significantly correlated with NOR perfor
mance. Akkermansia also correlated with the metabolites 5-aminovalerate, threonine, valine, 
uridine monophosphate, and adenosine monophosphate, which in turn significantly correlated 
with NOR performance. The proteomic profile within the brain was dramatically influenced by both 
interventions, with KEGG analysis highlighting oxidative phosphorylation and neurodegenerative 
disease-related pathways to be modulated. Intriguingly, a subset of these proteomic changes 
simultaneously correlated with Akkermansia abundance and predominantly related to oxidative 
phosphorylation, perhaps alluding to a protective gut-brain axis interaction. Collectively, our 
results suggest that the bioactive blend Neurosyn240 conferred cognitive and microbiota resi
lience in response to the deleterious effects of low-grade inflammation.

ARTICLE HISTORY 
Received 10 January 2024  
Revised 22 May 2024  
Accepted 29 May 2024 

KEYWORDS 
Gut-brain axis; Akkermansia; 
neurodegenerative disease; 
cognition; inflammation; 
microbiota

CONTACT David Vauzour D.Vauzour@uea.ac.uk Norwich Medical School, Faculty of Medicine and Health Sciences, University of East Anglia, Norwich 
NR4 7TJ, UK

Supplemental data for this article can be accessed online at https://doi.org/10.1080/19490976.2024.2363011

GUT MICROBES                                              
2024, VOL. 16, NO. 1, 2363011 
https://doi.org/10.1080/19490976.2024.2363011

© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0001-5952-8756
https://doi.org/10.1080/19490976.2024.2363011
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19490976.2024.2363011&domain=pdf&date_stamp=2024-06-04


1. Introduction

Mediterranean diet (MD) adherence, which con
sists of a proportionally higher intake of unpro
cessed cereals, legumes, extra virgin olive oil, 
fruits, nuts, and vegetables, along with moderate 
consumption of fish, dairy, and meat products,1 

has been frequently associated with brain 
health.2–4 The characteristics of MD (as described 
above) lead to an increased intake of bioactive 
constituents (e.g., polyphenols, vitamins, and 
omega-3 polyunsaturated fatty acids) which have 
been reported to contribute to the neuroprotective 
effects of MD.5 Inflammation and oxidative stress, 
which occur in the development and progression of 
neurodegenerative disorders, have been consis
tently shown to be mitigated by both MD adher
ence and intake of bioactive compounds,6–8 

providing further insight into the mechanistic 
underpinnings. More recently, modulation of the 
composition and metabolism of the gut microbiota 
has been posited as a potential mediator of these 
health-related outcomes, although evidence to date 
has been inconsistent.9

Given the strength of evidence supporting MD 
in the prevention of neurodegenerative diseases 
(and other cardiometabolic diseases), MD is widely 
advocated by dietitians, the NHS, and charities 
alike. Despite this, the proportion of individuals 
adhering to MD in England is minimal.10 This is 
likely owing to the difficulties in achieving beha
vioral changes, and the prohibitive cost nature of 
some of these dietary constituents. As such, meth
ods (e.g., dietary supplement) of delivering these 

bioactive compounds in an easy and convenient 
manner (if similarly beneficial), would be an 
advantageous alternative option for individuals 
unable to or only partially adhering to MD.

In the present manuscript, we explore the 
impact of a novel blend of bioactive compound 
supplementation resembling the constituents asso
ciated with MD in the context of chronic low-grade 
inflammation. Microbiota, metabolomic and pro
teomic analyses were conducted in an attempt to 
understand the potential microbial contribution 
with an emphasis on metabolomic changes.

2. Results

2.1. Chronic LPS treatment and subsequent 
Neurosyn240 intervention has minimal influence on 
body weight

Body weight increased over the 8-week period 
experiments; however, it did not significantly differ 
across the treatment groups (Figure 1(a)). Neither 
LPS nor Neurosyn240 affected the overall body 
weight gain (Figure 1(b)). No significant difference 
in mean food intake was observed over the course 
of the study, with mice consuming on average 
3.19 ± 0.16 g per day per mouse, providing the 
animals with 183.23 ± 11.07 mg per kg body weight 
per day of Neurosyn240 (not shown). Using an 
allometric scaling based on body surface area,11 

we calculated a human equivalent dose of 893.80  
± 54.02 mg Neurosyn240 per day for a person of 
60 kg.

Figure 1. Body weight in response to LPS and Neurosyn240 treatments. a) There was no significant weight difference across groups 
throughout the 8-week experimentation, b) Total body weight gain did not significantly differ across groups. Data are represented as 
the mean ± standard error of the mean (s.e.m.). n = 10 mice per group. ns, not significant. LPS: Lipopolysaccharide.
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2.2. Neurosyn240 supplementation ameliorates 
LPS-mediated deficit in recognition memory

NOR performance was significantly different 
across experimental groups (p = 0.0026) with 
a significant 27% reduction in NOR perfor
mance observed in LPS treated animals com
pared to control (Figure 2(a) p < 0.05). 
Interestingly, supplementation with 
Neurosyn240 mitigated LPS-mediated deficit 
in recognition memory (Figure 2(a); p < 0.01). 
Travel distance and movement speed did not 
differ during NOR suggesting that this result 
was not a product of locomotion issues (Figure 
S2A and B). However, NOR performance sig
nificantly correlated with OF performance 
(Figure S2C; p = 0.0339), indicating that an ele
ment of anxiety may contribute to this finding, 
although both OF performance and exploration 
time with objects did not significantly differ 
across groups (Figure S2D). Indeed, OF perfor
mance did not significantly differ across 
experimental groups (Kruskal–Wallis test p =  
0.1161; Figure 2(b)), although a non- 
significant reduction was observed in the LPS 
group. Similarly, Y maze performance was not 
significantly altered by LPS treatment nor 
Neurosyn240 co-supplementation (Figure 2(c); 
p = 0.2216).

2.3. Neurosyn240 supplementation promotes 
a more favorable microbial composition that 
correlates with nor performance

After demonstrating the beneficial effect of 
Neurosyn240 on cognitive behavior, we next 
sought to investigate whether the gut microbiota- 
brain axis was involved in the protective effect 
against chronic low-grade inflammation. The top 
10 relative abundance of key OTUs showed an 
enrichment of Bacteroidota (class Bacteroidia) 
and Verrucomicrobiota (class Verrucomicrobia) 
and a reduction in Firmicutes (class Bacilli (76%) 
and Clostridia (24%)) in the Neurosyn240 treat
ment group (Figure 3(a)). Additionally, consump
tion of Neurosyn240 increased richness as assessed 
by Chao1 index (p < 0.05; Figure 3(b)) but did not 
affect diversity (Shannon index >0.05; Figure 3(c)). 
Principle Component analysis (PCA) based on 
OTUs revealed a significant and distinct clustering 
of gut microbial communities as observed between 
groups based on Bray-Curtis distance 
(PERMANOVA p < 0.05; Figure 3(d)). Further 
analyses at both the phylum and genus levels 
revealed numerous differences between the experi
mental groups (Table S1). Notable changes at the 
phylum level included a significant increase in 
Verrucomicrobiota in response to Neurosyn240 
supplementation (p < 0.05; Table S1) and the 
Neurosyn240 mediated restoration of the 

Figure 2. Neurosyn240 improves LPS mediated reduction in cognitive performance a) nor performance significantly dropped in 
response to LPS treatment but was subsequently restored through Neurosyn240 supplementation. b) Although not significant, of time 
in center appeared to drop in response to LPS and was partially recovered by Neurosyn240 supplementation. c) Similar to OF, Y maze 
performance although not significant appeared to be reduced by LPS treatment with slight recovery observed through Neurosyn240 
supplementation. Data are represented as the mean ± standard error of the mean (s.e.m.). n = 10 mice per group. *p < p < 0.05, 
**p < 0.01. ns: not significant. OF: Open field; NOR: Novel object recognition; LPS: Lipopolysaccharide.
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Firmicutes: Bacteroidota ratio which was decreased 
by LPS treatment (p < 0.01; Figure 3(e)). At the 
genus level, in line with the aforementioned 
increase in Verrucomicrobiota, the abundance of 

Akkermansia was similarly increased by 
Neurosyn240 supplementation (p < 0.05; Figure 3 
(f)) which correlated significantly with NOR per
formance (p < 0.05; Figure 3(g)).

Figure 3. Neurosyn240 alters gut microbial profile which may influence nor performance a) Relative abundance of microbiota at the 
phylum (left) and class (right) levels in the indicated groups. b) Alpha diversity as analyzed using chao1 was significantly increased 
through Neurosyn240 treatment, c) but no significant difference was established using Shannon diversity index. d) PCA of beta 
diversity measured through Bray-Curtis analysis was significantly different across experimental groups. e) the Firmicutes to 
Bacteroidota ratio was significantly altered in response to LPS insult but was subsequently restored through Neurosyn240 treatment. 
f) at the genus level the Neurosyn240 intervention resulted in an increased in Akkermansia g) the abundance of Akkermansia 
correlated with nor performance. Data are represented as the mean ± standard error of the mean (s.e.m.). (n = 6 per group). *p < 0.05, 
**p < 0.01 ns: not significant.
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2.4. Metabolomic profile is associated with 
Akkermansia abundance and nor performance

To further investigate the mechanisms underlying 
the protective effect of the Neurosyn240, we carried 
out metabolomic assessments of cecal content from 
Control, LPS, and LPS+Neurosyn240 mice. The 
metabolomic profile was distinctly different across 
the experimental groups as showcased by the PLS- 
DA plot, which depicts a clear separation of each 
group indicating a metabolomic shift in response 
to both LPS and Neurosyn240 treatments (Figure 4 
(a)). This is further emphasized by the volcano plot 
which depicts the concentration of the 19 signifi
cantly modulated metabolites (Figure 4(b); FDR q  
< 0.05) A full heatmap is given in the supplemen
tary data which displays interindividual difference/ 
variability within each group (Figure S3). As with 
the microbiome analysis, we performed 
a Spearman correlation analysis between the sig
nificantly altered metabolites and NOR perfor
mance revealing eight metabolites (Valerate, 
5-Aminovalerate, Proline, Threonine, Valine, 
UMP, Tartrate, and AMP) which were significantly 
associated with NOR performance (p < 0.05; 
Table 1). Further correlation analysis this time 
between the significantly altered metabolites and 
Akkermansia identified nine significantly asso
ciated metabolites (Isovalerate, 5-Aminovalerate, 
Ornithine, Threonine, Valine, UMP, CMP, AMP, 
and Guanosine), five of which were identified in 
the previous analysis to correlate with NOR per
formance (p < 0.05; Table 1).

2.5. Proteomic changes in the brain relate to 
oxidative phosphorylation, retrograde 
endocannabinoid signalling, and 
neurodegenerative disease

Shotgun and 2DE proteomic analyses identified 
a large shift in the proteomic profile of the brain 
in response to LPS treatment and Neurosyn240 
supplementation, with shotgun identifying 314 
proteins significantly altered across experimental 
conditions (Figure S4 and Figure 5). 2DE proteo
mic analysis returned 46 significant proteins 
which were highly aligned with the shotgun ana
lysis, thus validating the shotgun proteomic ana
lysis (Figure S5 and Figure 5). Analysis of 

protein–protein interactions was conducted 
using STRING with the minimum required inter
action score set to 0.9 (highest confidence) 
(Figure 5(a)). Subsequent KEGG pathway analysis 
highlighted 76 pathways significantly altered in 
response to LPS treatment and Neurosyn240 sup
plementation according to shotgun proteomic 
analysis (p < 0.05; Table S2). Of these pathways, 
Parkinson’s disease and Alzheimer’s disease 
(along with other neurodegenerative conditions), 
oxidative phosphorylation, metabolic pathways, 
and retrograde endocannabinoid signaling 
emerged as highly significant pathways (p <  
0.0001; Figure 5(a) and Table S2). The abundance 
of these proteins appeared to be predominantly 
upregulated in response to Neurosyn240 inter
vention when compared to control (Figure 5(b)). 
A cluster of proteins (highlighted on the heat
map) namely V-type proton ATPase subunit 
F (ATP6V1F), guanine nucleotide-binding pro
tein G(I)/G(S)/G(O) subunit gamma-2 (GNG2), 
cytochrome b-c1 complex subunit 7 (UQCRB), 
cytochrome c oxidase subunit 5B (GM11273), 
cytochrome c1 (CYC1), ATP synthase F(0) com
plex subunit B1 (ATP5PB), and NADH dehydro
genase [ubiquinone] 1 alpha subcomplex subunit 
2 (NDUFA2) were reduced by LPS treatment but 
were subsequently recovered by Neurosyn240 
supplementation. Six of these seven proteins 
were linked (STRING high confidence 0.7) and 
highly associated with oxidative phosphorylation 
(Figure 5(c); p < 0.0001).

2.6. Akkermansia abundance correlates with 
proteomic changes in the brain relating to 
oxidative phosphorylation and Alzheimer’s 
disease

Having established a correlation between 
Akkermansia and both NOR performance and key 
metabolomic changes, we further explored whether 
Akkermansia similarly correlated with proteomic 
changes in the brain. Akkermansia significantly 
correlated with 61 proteins identified by shotgun 
proteomics analysis (p < 0.05; Table S3). These pro
teins were analyzed utilizing STRING with an 
interaction score set to 0.7 (high confidence) and 
subsequent KEGG pathway analysis, which 
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Figure 4. The gut metabolomic profile is altered by LPS and premix treatment a) PLS-DA plot showed separation of groups indicative 
of a metabolomic shift in response to treatment. (n ≥ 5); b) Volcano plot depicting the 19 significantly altered metabolites (FDR 
q < 0.05). c) Correlation analysis between metabolomics data and microbiome data conducted using M2IA. *p < 0.05, **p < 0.01.
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highlighted pathways related to Alzheimer’s dis
ease and oxidative phosphorylation (Figure 6(a)). 
These proteins were largely increased by 
Neurosyn240 supplementation (Figure 6(b)).

3. Discussion

Low-grade chronic inflammation, also known as 
“inflammageing,” accompanies ageing and is likely 
a significant factor in the progressive decline that is 
observed throughout the ageing process. It is dri
ven by cell senescence, immune system dysfunc
tion, metabolic disturbances, and microbiome 
dysbiosis.12 Crucially, of these factors, the micro
biome represents a modifiable and therefore more 
targetable component of the underlying process. 
Here, using an LPS model of chronic low-grade 
inflammation, we evaluated the efficacy of a novel 
bioactive blend resembling the Mediterranean diet 
(Neurosyn240) in counteracting the deleterious 
impacts of chronic inflammation. Utilizing beha
vioral tests of cognition, 16S rRNA sequencing, 
1H NMR metabolomics, and shotgun proteomics 
analyses, we were able to determine the efficacy of 
Neurosyn240 supplementation and simultaneously 
explore potential interactions across the gut – brain 
axis, with an emphasis on metabolomic changes. 
Collectively, our results suggest that the bioactive 
blend conferred cognitive resilience, mitigating the 
impact of LPS induced chronic inflammation. 
These behavioral differences were associated with 
changes in the microbiome, with restoration of the 
Firmicutes: Bacteroidota ratio and some strains 
including Muribaculum, Rikenellaceae, 
Alloprevotella, and notably Akkermansia, which 
closely correlated with metabolic changes. The pro
teomic profile within the brain was dramatically 

influenced by both interventions, with oxidative 
phosphorylation emerging as an influential path
way. Intriguingly, a subset of these proteomic 
changes simultaneously correlated with 
Akkermansia abundance, perhaps alluding to 
a protective gut-brain axis interaction.

The reduction in NOR performance resulting 
from chronic low-grade inflammation was signifi
cantly ameliorated by the Neurosyn240 diet. We 
and others have shown recognition memory to be 
sensitive to both LPS administration13–17 and 
a pro-inflammatory profile.18,19 Indeed, recogni
tion memory appears to be particularly sensitive 
and has been forwarded as a method of distinguish
ing prodromal AD.20 As such, considering all the 
behavioral analysis, it appears that the animals 
were in a relatively early state of cognitive decline. 
Similarly, it has been reported that the 
Mediterranean diet,21 as well as its bioactive 
constituents,22 can mitigate inflammation, leading 
to improvements in cognition and recognition 
memory alike.15,23–25 It is likely that the anti- 
inflammatory actions of Neurosyn240 contribute 
to this effect, however this is difficult to establish 
as the intervention is a low-grade inflammation 
and thus sub-clinical inflammatory response as 
described by our group previously.13 However, 
analysis at the gene level provides insight into this 
process (Supplementary Figure S6), with neuro
syn240 displaying anti-inflammatory effects in 
both the colon and the brain. This was particularly 
true for Tnfa (Supplementary Figure S6C) in the 
brain and Il10 (Supplementary Figure S6F) in the 
colon. However, other genes only showed nominal 
changes, reiterating that this is a sub-clinical 
inflammatory response. Recognition memory can 
be to some extent influenced by anxiety, and it is 
therefore important to consider anxiety when 

Table 1. The gut metabolomic profile associated with LPS and premix treatment correlates with nor performance and Akkermansia 
abundance. Metabolites in red highlight metabolites significantly associated with both nor performance and Akkermansia abundance. 
p-Adjusted values provided using Benjamini-Hochberg FDR correction.

Metabolite vs NOR R value P value P-adj Metabolite vs Akkermansia R value P value P-adj

Valerate −0.5245 0.0327 0.062 Isovalerate −0.5172 0.0355 0.071
5-Aminovalerate −0.5882 0.0147 0.053 5-Aminovalerate −0.5123 0.0376 0.071
Proline 0.6152 0.0100 0.053 Ornithine 0.5564 0.0223 0.065
Threonine 0.7230 0.0015 0.029 Threonine 0.5833 0.0157 0.06
Valine 0.5809 0.0162 0.053 Valine 0.6569 0.0052 0.033
UMP −0.6152 0.0100 0.053 UMP −0.6765 0.0037 0.033
Tartrate −0.5588 0.0216 0.053 CMP −0.7206 0.0016 0.03
AMP −0.5662 0.0197 0.053 AMP −0.5980 0.0128 0.06

Guanosine −0.5392 0.0275 0.065

Significant values are in bold
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determining the results of NOR. Extensively 
reviewed,26 it is evident that the Mediterranean 
diet, and likely the associated bioactives, have con
siderable impact upon mitochondrial function. 

Most notably in this experimentation, an LPS 
mediated reduction in a cluster of proteins asso
ciated with oxidative phosphorylation (UQCRB, 
NDUFA2, ATP5PB, CYC1, GM11273, 

Figure 5. Brain proteomic profile is altered by LPS and Neurosyn240 treatment a) Protein–protein interaction analysis using STRING 
highlight Alzheimer’s disease, Oxidative phosphorylation, metabolic pathways and retrograde endocannabinoid signaling as highly 
altered pathways; b) Subsequent heatmap depicting the highlighted proteins associate with these pathways; c) Cluster of proteins 
that are reduced by LPS and recovered by Neurosyn240 are highly related to oxidative phosphorylation.
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ATP6V1F), was prevented by Neurosyn240 supple
mentation. Reduced expression/abundance of 
these mitochondrial proteins is observed in the 
development of Alzheimer’s disease,27 and other 
neurodegenerative conditions.28 Indeed, UQCRB 
and CYC1C which encode proteins part of 

mitochondria complex III have been reported to 
have key functions in both metabolic syndrome 
and AD,29 perhaps relating to their association 
with reactive oxygen species (ROS) production 
and/or hypoxic signaling and/or angiogenesis.30– 

33 NDUFA2 is a subunit of NADH dehydrogenase 

Figure 6. Brain proteomic profile partially correlates with Akkermansia abundance. a) Protein–protein interaction analysis using 
STRING highlight Alzheimer’s disease and oxidative phosphorylation as being the most activated. b) Abundance of these key proteins.
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(complex 1), which is located in the mitochondrial 
inner membrane, and has also been associated 
with AD development.27,34 ATP5BP encodes 
a subunit of mitochondrial ATP synthase, and 
this protein has been found to be altered in diabetic 
vascular dementia,35 again highlighting the link 
between metabolic disturbances, the mitochondria 
and the development of neurodegenerative condi
tions. GM11273 or COX5B, a subunit of Complex 
IV, the terminal complex of the electron transfer 
chain, has also been linked to neurodegenerative 
disease36 and mental health conditions.37,38 

Together, these mitochondrial disturbances and 
subsequent recovery are likely key to the actions 
of the Neurosyn240 intervention.

Neurosyn240 supplementation influenced the 
microbiota composition, restoring the 
Firmicutes: Bacteroidota ratio and increasing 
abundance of strains such as Muribaculum, 
Rikenellaceae Alloprevotella, and notably 
Akkermansia. Intriguingly, Akkermansia abun
dance significantly correlated with 61 of the 314 
significantly altered proteins identified by pro
teomic analysis, providing evidence that 
Akkermansia may in part contribute to the neu
roprotective effects conferred by the 
Neurosyn240. These 61 proteins were predomi
nantly related to oxidative phosphorylation and/ 
or mitochondrial dysfunction (and included 
NDUFA2) suggesting that Akkermansia may 
contribute to the regulation of this pathway 
(mitochondrial integrity). This is in line with 
others who have similarly attributed the effects 
of bioactives such as tea polyphenols to the upre
gulation of Akkermansia and subsequent regula
tion of mitochondrial function.39 It should, 
however, be noted that the benefits of 
Akkermansia in the context of cognitive health 
and neurodegenerative disease are inconsistent 
across neurological conditions (e.g., 
Akkermansia abundance is positively associated 
with Parkinson’s disease and negatively asso
ciated with AD).40 Indeed, we found strong asso
ciations between pathways associated with both 
Alzheimer’s disease and Parkinson’s disease. 
However, upon evaluation of these proteins it is 
clear that there is considerable overlap between 
these two pathways, which likely explains the 
reason for both appearing on the KEGG analysis 

(and not due to alternative interactions). These 
results emphasize the potential implications of 
Akkermansia in neurological diseases and per
haps indicate the importance of balance (e.g., 
not too much, not too little) which should be 
considered in the future, particularly when 
developing therapeutics. As such, it may be wise 
to use a targeted approach in such situations 
restricting to those with low Akkermansia 
abundance.

These results also highlight a relationship that may 
exist between the gut microbiota and metabolomic 
profiles, which may in turn contribute to proteomic 
changes within the brain. Akkermansia was signifi
cantly increased by Neurosyn240 supplementation, 
suggesting that the bioactive compounds contained 
in the blend promote/protect Akkermansia abun
dance. This is in line with others who have reported 
similar results in response to bioactive compounds 
such as polyphenols, and our previous results in 
which comparable levels of saffron extract elicited 
a similar effect.14 Akkermansia abundance positively 
correlated with NOR performance. The protective/ 
enhancing effects of Akkermansia upon cognition 
have been widely reported,41,42 and encompass that 
of recognition memory.43 Intriguingly, five of the 
significantly altered metabolites that correlated with 
NOR performance similarly correlated with 
Akkermansia abundance, offering a route (i.e., meta
bolic change) by which Akkermansia may confer its 
protective effects. Surprisingly, despite numerous 
reports of Akkermansia influencing metabolism in 
which it has been described as the “holy grail for 
metabolic disease”44 the mechanisms underpinning 
these effects have not been well defined and should 
form the basis for future research endeavors.

Limitations and future directions: We would 
like to take this opportunity to discuss potential 
limitations and areas of future research endeavors. 
Firstly, we were only able to establish cognitive 
decline and subsequent improvement in the NOR 
task (recognition memory). A more extensive test 
battery may be warranted to tease out some of the 
subtle differences detected. Intriguingly, both 
Y maze (Spatial memory) and OF (anxiety) task 
performance mirrored NOR performance with 6% 
and 37% increases in the Neurosyn240 group 
compared to LPS group respectively. Although 
not reaching significance, collectively these results 
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support the notion that Neurosyn240 has benefi
cial impacts upon cognition. Recognition memory 
appears to be particularly sensitive to neurological 
insult, considering the results in their entirety it is 
possible that the animals at experimental end
point were in the early stages of cognitive decline, 
and a few more weeks would have resulted in 
significant cognitive decline in all cognitive 
domains tested, due to improved signal to noise 
ratio. Indeed, weekly dosage of 0.25 mg/kg admi
nistered for 12 weeks, 4 weeks longer than in the 
present study, resulted in a reduction in perfor
mance in multiple behavioral tests including 
NOR, Morris water maze and Y maze.45 Such 
findings clearly indicate that the LPS dosing regi
men along with the experimental set up can 
strongly influence behavioral test performance. 
The present study utilized a dose of 0.5 mg/kg 
body weight administered on a weekly basis for 
8 weeks (selected to mimic chronic low-grade 
inflammation). We have previously utilized this 
model and described similar defects in recogni
tion memory.13 In comparison to other studies, 
a onetime 0.33 mg/kg administration did not 
detect spatial memory impairment in young 
mice,46 and 5 days of 0.25 mg/kg treatment 
resulted in reduced NOR performance,15 report
ing on no other behavioral changes (no others 
measured). Administration of 0.25–0.75 mg/kg 
for 7 sequential days appears to consistently 
induce cognitive decline across a broad range of 
cognitive domains,47–50 with reduced spatial and 
recognition memory reported (Morris water 
maze, y maze NOR) however OF performance 
was only quantified (and found to be influenced 
by LPS) by Oz et al.50 Similar results were also 
reported in a study in which the seven injections 
were administered on alternative days (Water 
maze and Y maze),51 again OF was not reported. 
Higher doses e.g., 2 mg/kg − 5 mg/kg have been 
shown to drastically impact cognition across 
a wide variety of behavioral tests with only one 
dose necessary,52–55 however this does not model 
chronic low-grade inflammation. Extending the 
intervention period in models of chronic low- 
grade inflammation would therefore appear 
advantageous from a cognitive perspective to 
achieve significance across greater cognitive 
domains and should be trialed in future 

experiments. In addition to this, the omics analy
sis (given the nature of this type of analysis) was 
only conducted on a subset (n = 6 or n = 3 respec
tively) of samples. A larger N number would have 
greatly strengthened the validity of our results, 
however the level of significance achieved utilising 
these randomly chosen subsets is a compelling 
indication of the strength of this interaction. 
Furthermore, there are several routes of transmis
sion by which the gut brain axis can influence the 
brain and subsequent cognition. In the present 
study we were particularly interested in the route 
relating to metabolite production,56 and therefore 
remained focused upon this aspect of the gut 
brain axis. As a result, we did not cover other 
aspects of the communication system, which 
would have given a more comprehensive picture 
of the process. This should certainly be followed 
up in future studies to determine a more complete 
understanding of the gut brain axis in this pro
cess. For example, histology of the colon/intestine, 
e.g., morphometric analysis, would provide 
greater evidence relating to the immunomodula
tory effect of Neurosyn240, supporting the qPCR 
evidence provided. Further to this, although we 
allude to the potential importance of Akkermansia 
in the neuroprotective actions of Neurosyn240 
more sophisticated approaches will be necessary 
in the future experimentation to validate this con
nection. Finally, the Mediterranean dietary pat
tern is characterized by a high consumption of 
plant-based food such as fruits, vegetables, herbs, 
and spices, a moderate consumption of olive oil as 
main fat source, fish, red wine, and low consump
tion of red/processed meat and refined carbohy
drate products.57 Given that Neurosyn240 is 
predominantly polyphenols and vitamins it only 
mimics this aspect of the Mediterranean dietary 
pattern, we envisage future interventions to build 
upon this given that multifaceted approaches are 
likely to elicit greater neuroprotective effects.

4. Materials and methods

4.1. Study approval

All experimental procedures and protocols performed 
were reviewed and approved by the Animal Welfare 
and Ethical Review Body (AWERB) and were 
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conducted in accordance with the specification of the 
United Kingdom Animal Scientific Procedures Act, 
1986 (Amendment Regulations 2012). Reporting of 
the study outcomes complies with the ARRIVE 
(Animal Research: Reporting of In Vivo 
Experiments) guidelines58

4.2. Overview of experimental procedure

Thirty male C57BL/6J mice sourced from Charles 
River (Margate, UK) were maintained in individu
ally 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, Horley UK) up to the age of 10 weeks, 
ensuring normal development and stabilization of 
the microbiota.59 Then, the mice were transferred 
onto one of two diets, namely control diet (e.g., 
AIN93-M) or AIN-93 M supplemented with 
Neurosyn240 (Activ’Inside, Beychac-et-Caillau, 
France). Neurosyn240 is a proprietary (patent 
pending) standardized blend of MemophenolTM, 
a unique formula of French Grape (Vitis vinifera 
L.) and North-American Wild Blueberry 
(Vaccinium angustifolium A.) (patent WO/2017/ 
072219), saffron extract (patent WO/2018/ 
020013), green tea extract, olive leaf extract, trans- 
resveratrol, zinc, vitamins B5, B9, B12, C, D3, E, 
polyphenols (mainly flavan-3-ol monomers ≥10%, 
resveratrol ≥1%, and others more specific such as 
oleuropein), crocins carotenoids (mainly trans- 
4-GG, trans-3-Gg; cis-4-GG, trans-2-G) ≥500 
ppm and at least 15% of vitamins and mineral 
reference value at the concentration of 1,794 mg/ 
kg of diet. This represents roughly 90.2% polyphe
nols and carotenoids rich extracts, 9.3% vitamins, 
and 0.4% minerals. Neurosyn240 is therefore 
a high polyphenol blend. Dietary fiber content of 
this mix is at trace amounts and therefore is unli
kely to exert a physiological response. Diets were 
prepared by Research Diet Inc. (New Brunswick, 
USA) to comply with animal nutrition require
ments. Chronic low-grade inflammation was 
induced through weekly intraperitoneal injections 
(i.p.) of 0.5 mg/kg body weight lipopolysaccharide 
(LPS; from Escherichia coli O55:B5; Sigma Aldrich, 
UK) for 8 weeks as described previously60 or 
a SHAM injection consisting of saline (Figure S1). 

At the end of the experiments and following the 
completion of behavioral 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 per
fused with ice-cold saline containing 10 UI heparin 
(Sigma-Aldrich, UK). Blood samples were kept on 
ice for 30 min and sera were isolated via centrifu
gation at 10,000 × g for 5 min at room temperature. 
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.

4.3. Behavioral assessment

All behavioral tests were performed at the experimen
tal endpoint after the 8-week intervention as 
described.14 Briefly, Open Field (OF) task was used 
as a measure of anxiety-like behavior. Animals were 
individually placed within the (50 cm × 50 cm × 
50 cm) square arena illuminated with low 100 lux 
lighting and were allowed to move freely for a 10- 
min period. Mice were tracked using Ethovision soft
ware which determined travel distance, velocity, and 
time spent in the center/periphery of the maze, 
respectively.

The novel object recognition (NOR) task, 
a measure of recognition memory was performed 
in low 100 lux lighting. On day 1 (habituation), the 
animal was placed into an empty maze for 10 min. 
On day 2, animals were conditioned to a single 
object for a 10-min period. On day 3, mice were 
exposed to two identical objects for 15 min. 
Following an inter-trial interval of 1 h, mice were 
placed back within the testing arena now contain
ing one familiar object and one novel object. 
Videos were analyzed for a 5-min period, after 
which if an accumulative object exploration of 
8 s failed to be reached, the analysis continued for 
the full 10 min or until 8 s was achieved. Those not 
achieving 8 s of exploration were excluded from the 
analysis.61 The discrimination index was calculated 
as 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.
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Y maze spontaneous alternation test, a measure 
of spatial working memory, was performed with 
each animal for 7 min recording zone transitioning 
and locomotor activity. Spontaneous Alternation 
was calculated using the following formula: 
(Number of alternations/max number of alterna
tions × 100).

4.4. Microbial 16S rRNA extraction and sequencing

Microbial DNA was isolated from approximately 
50 mg of cecal content using the QIAamp 
PowerFecal Pro DNA Kit (Qiagen, Manchester, 
UK) from n = 6 randomly chosen animals as per 
the manufacturer’s instructions. DNA quantity was 
assessed using a Nanodrop 2000 
Spectrophotometer (Fisher Scientific, UK). 
Quality assessment was performed using 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 
using the Uparse software (Uparse v7.0.1001),62 

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 represen
tative sequence, Mothur software was performed 
against the SSUrRNA database of SILVA Database 
138.63 OTUs abundance information was normal
ized using a standard of sequence number corre
sponding to the sample with the least sequences. 
Alpha-diversity was assessed using both Chao1 and 
Shannon H diversity indices whilst beta diversity 
was assessed using Bray-Curtis. Statistical signifi
cance was determined by Kruskal–Wallis or 
Permutational Multivariate Analysis of Variance 
(PERMANOVA). Comparisons at the Phylum, 
Family, 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.

4.5. 1H NMR metabolomics

Cecal metabolites were analyzed and quantified 
by1H NMR analysis from the same n = 6 randomly 
chosen animals utilized in the 16S analysis. The 

preparation method was as previously 
described.64 Briefly, frozen cecal contents were 
thoroughly mixed at 5,000 rpm in a Precellys 24 
(Bertin Technologies, France) and diluted to 
a feces-to-buffer ratio of 13 (e.g., 50 mg in 750 µL) 
by adding a deuterated phosphate buffer (1.9 mM 
Na2HPO4, 8.1 mM NaH2PO4, and 1 mM sodium 
3-(trimethylsilyl)-propionate-d4 in deuterated 
water (Goss Scientifics, Crewe, United 
Kingdom)). After mixing and centrifugation, 500  
µl was transferred into a 5-mm NMR tube for 
spectral acquisition. High resolution1H NMR spec
tra 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 
65,536 complex data points with a spectral width 
of 20 ppm (acquisition time 2.6 s). The noesypr1d 
presaturation sequence was used to suppress the 
residual water signal with low power selective irra
diation at the water frequency during the recycle 
delay (D1 = 2 s) and mixing time (D8 = 0.01 s). 
A 90° pulse length of 11.4 µs was set for all samples. 
Spectra were transformed with a 0.1-Hz line broad
ening and zero filling, manually phased, baseline 
corrected, and referenced by setting the trimethyl
silylpropanoic acid methyl signal to 0 ppm. 
Metabolites were identified using information 
found in the literature or on the web (Human 
Metabolome Database, http://www.hmdb.ca/) and 
quantified using the software Chenomx® NMR 
Suite 8.6™.

4.6. Proteomic analysis

For proteomic analysis, left brain samples (about 
0.2 g of tissue) from a subset n = 3 of the same 
utilized in the 16S and metabolomic analysis were 
transferred into a pre-cooled potter, resuspended 
in 6 volumes (w/v) of rehydration solution (7 M 
urea, 2 M thiourea, 4% CHAPS, 60 mM dithio
threitol, and 0.002% bromophenol blue), and 
added with protease and phosphatase inhibitors 
as reported previously.65

The 2DE was carried out as previously 
described,66 using Immobiline IPG BlueStrip 
(SERVA Electrophoresis, GmbH, Heidelberg, 
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Germany), 18 cm, linear-gradient (pH 3–10) for 
isoelectric focusing and a 12% SDS-PAGE for 
the second dimension, respectively. The analysis 
of the images was performed using Same Spot 
(v4.1, TotalLab; Newcastle Upon Tyne, UK) soft
ware. The spot volume ratios among the different 
conditions (Control, LPS, and Neurosyn240 sup
plementation) were calculated using the average 
spot normalized volume of three biological repli
cates. The software included statistical analysis cal
culations. For proteins identification, the gel pieces 
were trypsin digested as previously described.67 

FlexAnalysis v. 3.3 was used to process the raw 
data and generate the peak list to be submitted to 
the database search using BioTools 3.2 exploiting 
the free version of MASCOT search engine (ver
sion 2.8.0 at http://www.matrixscience.com) 
against UniProt/Swiss-Pro non-redundant data
base version 2021–04 restricted to the Mus muscu
lus taxonomy.

Shotgun proteomics analysis was carried out as 
follows. After protein quantification, a volume cor
responding to 50 μg of proteins was loaded onto 
a Nanosep 10-kDa-cutoff filter (Pall Corporation, 
Michigan, USA) and digested according to our 
routine protocol.68 Each digested protein sample 
was analyzed in technical triplicate by LC-MS/MS 
using a UltiMate3000 RSLCnano (Thermo Fisher 
Scientific, Waltham, MA, USA) chromatographic 
system coupled to an Orbitrap Fusion Tribrid mass 
spectrometer, operating in positive ionization 
mode, equipped with a nanoESI source (EASY- 
Spray NG) (Thermo Fisher Scientific, Waltham, 
MA, USA). Peptides were loaded on 
a PepMap100 C18 pre-column cartridge (5 µm par
ticle size, 100 Å pore size, 300 µm i.d. ×5 mm 
length, Thermo Fisher Scientific, Waltham, MA, 
USA) and subsequently separated on an EASY- 
Spray PepMap RSLC C18 column (2 µm particle 
size, 100 Å pore size, 75 µm i.d. ×15 cm length, 
Thermo Fisher Scientific, Waltham, MA, USA) at 
a flow rate of 300 nL/min and a temperature of 
38°C, by a one-step linear gradient from 95% elu
ent A (0.1% FA in water) to 25% eluent B (99.9% 
ACN, 0.1% FA) in 113 min and total LC run of 120  
min. Precursor (MS1) survey scans were recorded 
in the Orbitrap, at resolving powers of 120 K (at m/ 
z 200). Data-dependent MS/MS (MS2) analysis was 
performed in top speed mode with a 3 s cycle time, 

during which the most abundant multiple-charged 
(2 ± 7+) precursor ions detected within the range of 
375–1500 m/z were selected for activation in the 
order of abundance and detected in an ion trap at 
a rapid scan rate. Quadrupole isolation with a 1.6  
m/z isolation window was used, and dynamic 
exclusion was enabled for 60 s after a single scan. 
Automatic gain control targets were 4.0 × 105 for 
MS1 and 2.0 × 103 for MS2, with 50 and 300 ms 
maximum injection times, respectively. For MS2, 
the signal intensity threshold was 5.0 × 103, and the 
option “Injection Ions for All Available 
Parallelizable Time” was set. High-energy colli
sional dissociation (HCD) was performed using 
30% normalized collision energy.

Raw data were processed using PEAKS studio 
Xpro69 (Bioinformatics Solutions Inc., Waterloo, 
Ontario, Canada) using the ‘correct precursor only’ 
option and the filter charge set 2 to 8. Spectra were 
matched against the UniProt SwissProt database 
restricted to Mammalia taxonomy, to which a list 
of common contaminants was appended (67,666 
entries). False discovery rate (FDR) was set to 0.5% 
at the peptide-spectrum matches (PSM) level. The 
post-translational modification (PTM) profile was 
set as follows: fixed cysteine carbamidomethylation 
(ΔMass: 57.02), variable methionine oxidation 
(ΔMass: 15.99). Non-specific cleavage was allowed 
to one end of the peptides, with a maximum of two 
missed cleavages and Trypsin enzyme specificity. 
The highest error mass tolerances for precursors 
and fragments were set at 10 ppm and 0.5 Da, 
respectively. After processing every single raw data, 
the label-free quantification (LFQ) tool of PEAKS 
Studio was used to detect differentially expressed 
proteins. Parameters for LFQ were set as follows. 
Quantification type: Label-free quantification; Mass 
Error Tolerance: 10.0 ppm; Retention Time Shift 
Tolerance: Auto; FDR Threshold: 0.5%. For quanti
tative analysis, the significance threshold at the pro
tein level was set to ≥20–10 logP with a fold 
change ≥2.0.

Protein – protein interactions and pathway ana
lysis were conducted by uploading the names of 
significantly altered proteins (as determined by 
proteomic analysis) into String (https://string-db. 
org/) for PPI network construction.70 The species 
was set as “Mus musculus,” and other parameters 
were set as default with the exception of meaning of 

14 M. G. PONTIFEX ET AL.

http://www.matrixscience.com
https://string-db.org/
https://string-db.org/


network edges: which was changed to depict the 
strength of the interaction (reflected by the thick
ness of the line), network display options: non- 
interacting proteins were removed from the figures 
and Confidence threshold: Confidence threshold 
used for each string analysis is given in text. Node 
color depicts pathways of interest (i.e., those with 
the highest significance).

4.7. RNA isolation and qRT-PCR

RNA isolation, cDNA synthesis, and qRT-PCR 
were carried out as previously described.14 Briefly, 
total RNA was isolated from the brain samples 
using the Qiazol reagent (Qiagen, UK). One μg of 
total RNA was treated with DNase I (Invitrogen, 
UK) and used for cDNA synthesis using Invitrogen 
Oligo (dT) primers and M-MMLV reverse tran
scriptase. Quantitative real-time PCR (qRT-PCR) 
reactions were performed using SYBR green detec
tion technology on the Roche light cycler 480 
(Roche Life Science, UK). Results are expressed as 
relative quantity scaled to the average across all 
samples per target gene and normalized to the 
reference gene glyceraldehyde 3-phosphate dehy
drogenase (Gapdh), which was identified as the 
optimal housekeeping selection using the software 
RefFinder.71 Primer sequences of the inflammatory 
markers and housekeeping are given in the supple
mentary data (Table S4).

4.8. Statistical analysis

Data analysis was performed in GraphPad Prism 
version 8 (GraphPad Software, CA, USA). All data 
are presented as the mean ± standard error of the 
mean (s.e.m.) unless otherwise stated. After identify
ing outliers using the ROUT method (q = 1%), data 
were checked for normality/equal variances using 
Shapiro–Wilk test. For the analysis of dietary inter
vention, an ANOVA, or Kruskal Wallis test was 
used, followed by Tukey or Dunns’s multiple com
parison depending on the normality of data. For 
correlation analysis, Pearson correlation coefficient 
was utilized (unless stated otherwise). p values of less 
than 0.05 were considered statistically significant.

Statistical analysis of metabolomics data was 
carried out using Metaboanalyst 5.0.72 Data were 
normalized by sum, scaled by autoscaling, and 

square root-transformed. Partial Least-Squares 
Discriminant Analysis (PLS-DA) was employed 
to illustrate the clustering of different metabo
lites across groups. Univariate analysis was car
ried out using 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 microbiome data was conducted using M2IA.73 

Missing values were filtered if present in more than 
80% of samples or the relative standard deviation was 
smaller than 30%.74 The remaining missing data 
values were handled using Random Forest. Data 
were normalized using total sum scaling. All other 
correlation analyses were conducted using 
Spearman’s rank-order correlation analysis.75 

Exploratory correlation analyses were not corrected 
for multiple testing unless otherwise stated. When 
corrected, Benjamini-Hochberg FDR correction was 
utilized.
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