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RESEARCH ARTICLE

Long-term supplementation with anthocyanin-rich or -poor Rubus idaeus
berries does not influence microvascular architecture nor cognitive outcome
in the APP/PS-1 mouse model of Alzheimer’s disease

Aaron Alonso Torrensa, Christopher A. Mitchella, L. Kirsty Pourshahidia , Brian �Og Murphya,
William Allwoodb , Lisa Rizzettoc, Matthias Scholzc, Kieran Tuohyc, Gema Pereira-Carod,e,
Jos�e Manuel Moreno-Rojasd,e, Gordon McDougallb and Chris I. R. Gilla

aNutrition Innovation Centre for Food and Health (NICHE), Centre for Molecular Biosciences, University of Ulster, Coleraine, Northern
Ireland, UK; bPlant Biochemistry and Food Quality Group, Environmental and Biochemical Sciences, The James Hutton Institute,
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Alameda del Obispo, C�ordoba, Spain; eFoods for Health Group, Instituto Maim�onides de Investigaci�on Biom�edica de C�ordoba (IMIBIC),
C�ordoba, Spain

ABSTRACT
Disruption of microvascular architecture is a common pathogenic mechanism in the progression
of Alzheimer’s disease (AD). Given the anti-angiogenic activity of berry (poly)phenols, we investi-
gated whether long-term feeding of Rubus idaeus (raspberries) could ameliorate cerebral micro-
vascular pathology and improve cognition in the APP/PS-1 mouse model of AD. Male C57Bl/6J
mice (50 wild type, 50 APP/PS-1) aged 4-months were fed for 24-weeks, with a normal diet
enriched with either 100mg/day glucose (control diet) or supplemented with glucose and
freeze-dried anthocyanin-rich (red) or -poor (yellow) raspberries (100mg/day) and assessed/
sampled post intervention. Cerebral microvascular architecture of wild-type mice was character-
ised by regularly spaced capillaries with uniform diameters, unlike APP/PS-1 transgenic mice
which showed dysregulated microvascular architecture. Long-term feeding of raspberries demon-
strated limited modulation of microbiota and no substantive effect on microvascular architecture
or cognition in either mice model although changes were evident in endogenous cerebral and
plasmatic metabolites.
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Introduction

Alzheimer’s disease (AD) is the most common cause of
dementia, clinically characterised by difficulties with
planning, reasoning, judgement and memory (Khan
et al. 2016). Accumulation of amyloid-ß (Aß) protein
and phosphorylated tau aggregates in the brain paren-
chyma resulting in neuronal loss and synapse degener-
ation (Serrano-Pozo et al. 2011) are no longer
considered the sole causes of the progression in patho-
physiology. A growing body of evidence implicates cere-
brovascular diseases (CVD) as a contributing factor in
the development of AD (Lamar et al. 2020; Hendrickx
et al. 2021), with dysbiotic microbiota also reported in
both AD patients and recognised AD models (Elmaleh

et al. 2021). This may in part be due to the gut micro-
biota’s important role in regulating barrier function,
both locally and in other organ systems. Consequently,
disturbance of the gut-brain axis is reflected in blood–-
brain barrier (BBB) and microbiome dysfunction
thought to presage the neuroinflammation and plaque
formation that precedes AD (Rutsch et al. 2020). In add-
ition, several studies have shown that disruption of the
BBB and impaired cerebral blood flow (CBF) results in
the accumulation of Aß in the brain (Bookheimer et al.
2000; Knopman and Roberts 2010). Angiogenesis, or the
growth of capillaries from pre-existing vessels, can con-
tribute to Aß accumulation in AD as hypoxia, inflam-
mation and increased oxidative stress accompanies the
production of small-diameter tortuous vessels with low
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rates of flow (Jefferies et al. 2013). Pathological angio-
genesis is a hallmark of impaired CBF in a range of
mouse models of AD (Beckmann et al. 2003) and a rec-
ognised feature of cerebral AD pathology in post-mor-
tem studies of human brain (Pfeifer et al. 2002).
Furthermore, the presence of Aß in APP mutant mouse
models of AD has been reported to significantly alter
brain vasculature; for example, APP23 mice show altera-
tions in blood flow as well as structural modification of
blood vessels. Similar microvascular pathologies are also
observed in 3-month-old and 27-month-old mice after
ultrastructural analysis (Beckmann et al. 2003). The
importance of such microvascular alterations and their
implications for AD pathogenesis and therapy have been
comprehensively reviewed by Steinman et al. (2021).

Yet, despite AD being a leading cause of death
worldwide, the majority of treatments, excluding the
recently approved use of Aducanumab for AD-related
mild cognitive impairment (Herring et al. 2021), pro-
vide only symptomatic relief and show little evidence
of prevention or delay of disease progression
(Srivastava et al. 2021). The lack of effective pharma-
ceutical intervention and nature of the disease has
resulted in a significant economic burden to society
(Wimo et al. 2017). Epidemiological evidence indi-
cates that there are protective effects on cognitive
decline (Morris et al. 2015; Berendsen et al. 2018) and
lower risk of AD (Rom�an et al. 2019) associated with
the Mediterranean diet. Polyphenols are likely to be
important mediators of such dietary effects, with high
polyphenol take, specifically flavanols, anthocyanins
and flavonoid polymers, being associated with lower
AD risk (Shishtar et al. 2020). In pre-clinical and clin-
ical studies, polyphenol-rich foods such as berries may
be a viable option to prevent the early cognitive
decline that is associated with progression of AD
(Gildawie et al. 2018; Lamport and Williams 2021)
given that consumption of anthocyanin-rich blueber-
ries are associated with improved cognitive perform-
ance in older adults (Miller et al. 2018; Rutledge et al.
2021). These health effects appear, at least in part, to
work through the gut microbiota and microbiota
modulatory components (e.g. probiotics, prebiotic
fibres and polyphenols) as all have been reported to
reduce inflammation, improve barrier function and
reduce Ab formation in AD pre-clinical models (Fan
et al. 2021; Wu et al. 2020; Go et al. 2021; Cao et al.
2021; El Gaamouch et al. 2021). Moreover, flavonoids
like taxifolin found in berries can increase blood flow
and limit Aß production in the brain (Saito et al.
2017). Major components of berries such as anthocya-
nins inhibit angiogenesis (Tsakiroglou et al. 2019) and

anthocyanin-rich extracts inhibit vessel formation over
time in a concentration-dependent manner (Joshua
et al. 2017).

Consequently, the main objectives of this study were
to determine if a diet supplemented with anthocyanin-
rich (red) and -poor (yellow) raspberries can restore
wild-type cerebral microvascular morphology in the
APP/PS-1 mouse model of AD and protect against cog-
nitive decline and whether this us via modulation of
the gut microbiota and metabolic output.

Material and methods

Anthocyanin-rich (red) and -poor (yellow) Rubus
idaeus varieties were selected for the current study,
red raspberry (Glen Ample) and the yellow raspberry
variety (Hutton breeding line 08108H1). The raspber-
ries were grown at the James Hutton Institute
(Scotland, UK) in 2016, picked when ripe and frozen
on the day of harvest then freeze dried and then
milled to less than 0.5mm particle size. The freeze-
dried powder was individually portioned (10 g) for use
in study and stored at �80 �C.

Raspberry composition

The red and yellow raspberry powders (200mg) were
extracted using 1ml of a mixture of methanol:distilled
water (80:20, v/v) with 1% formic acid (FA). The mix-
ture was sonicated for 15min and then centrifuged at
4900 rpm for 10min. The supernatant was collected
and frozen at �80 �C until analysis. The analysis of
individual anthocyanins, ellagic acid derivatives and
other phenolics was carried out using an UHPLC
Dionex Ultimate 3000 system (Thermo Scientific, San
Jos�e, USA) on a quaternary Rs Pump and autosampler
(Dionex Ultimate 3000) and coupled to an Exactive
mass spectrometer with heated-electrospray ionisation
probe (HESI). The separation was performed on a SB-
C18 (2.1� 100mm, 1.8 mm) column set at 40 �C
(Agilent, Santa Clara, USA) and at 0.4ml/min. The
solvents used as mobile phase were: Solvent A (water/
FA 95:5, v/v) and solvent B (acetonitrile/FA 95:5, v/v),
in the following gradient: 0–2min, 5% B; 2–12min
from 5% to 100% B; 12–13min from 100% to 5% B
and then, 5% B up to 15min. MS data were acquired
in negative mode for phenolic acids, flavonoids and
other phenolics and in positive mode for anthocyanins
by full scan acquisition covering m/z 100–2000 at
30,000 resolution. HESI source parameters were:
source voltage 3.5 kV, tube lens voltage 50V, capillary
temperature 300 �C and sheath and auxiliary gas flow
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rate (N2) 45 and 20 (arbitrary units). Identification of
(poly)phenols was performed by comparing the exact
mass and the retention time with available standards.
In the absence of standards, components were tenta-
tively identified by comparing the theoretical exact
mass with the measured accurate mass of the molecu-
lar ion. Quantification was carried out by obtaining
the peak areas under the theoretical exact mass of the
molecular ion and comparison to standard curves. In
the absence of standards, compounds were quantified
by reference to the calibration curve of a related com-
pound. No ellagitannin standards were available so
their levels were compared by peak areas.

Animals

This study received local and UK Home Office ethical
approval and was conducted in accordance with the
Animals (Scientific Procedures) Act of 1986. The mice
were housed in a room maintained at 22 �C with a
12:12 light:dark cycle. A total of 100 male mice, 50
C57Bl/6J and 50 expressing APP/PS1 mutation in
both the APP and presenilin gene, were bred with
C57BL/6 female mice (Harlan, Blackthorn, UK). After
21 days, offspring were weaned and tested for baseline
cognitive testing at 4months of age in seven different
cohorts of 10–16 mice. Mice were genotyped through
polymerase chain reaction (PCR) using ear tissue sam-
ples and primers specific for the APP-sequence (Kelly
et al. 2017). Six-month-old APP/PS-1 and wild-type
littermates were fed a normal rodent diet (Teklad
Global 16% Protein Rodent Diet, Envigo) supple-
mented with either 0.1 g p.d. glucose only (Controls:
n¼ 36), glucose mixed with Rubus powder (0.1 g p.d.)

from either red or yellow raspberries (n¼ 32 per
group) for 24weeks (Figure 1).

Tissue sampling

Microvascular corrosion casting: upon conclusion of
study and all cognitive assessment (described later),
six mice from each group were selected at random for
microvascular casting studies as described in Kelly
et al. (2015). In brief, the selected mice were anaesthe-
tised (isoflurane), an incision around the abdomen
was then made exposing the diaphragm and rib cage.
The diaphragm was then cut and the rib cage was
clamped. A catheter was then introduced via the right
ventricle into the aorta, being tied up with a 5-0
suture. The right atrium was then cut allowing proper
flushing of the vascular system with 10–15ml phos-
phate buffer solution at 37 �C, followed by 10–15ml
injection of 2.5% glutaraldehyde (Sigma-Aldrich, UK).
15ml of PUII resin compound was then used allowing
microvasculature casting. Following complete poly-
merisation (12 h at room temperature), the brain was
removed and desiccated for further SEM analysis.

The remaining mice not selected for casting were
terminally exsanguinated and approximately 1ml of
heparinised blood was collected on ice. Samples were
centrifuged at 13000 rpm for 10min, then plasma
samples were aliquoted and stored �80 �C for subse-
quent metabolomic analysis. Brains were removed
from mice and bisected horizontally through the mid-
sagittal plane into each hemisphere from which one
lobe was used for subsequent metabolomic analysis.
Faecal pellets were collected directly from the intestine
and immediately frozen in liquid nitrogen for metage-
nomics analysis.

Figure 1. Study design. Four-month-old APP/PS-1 (TG) and wild-type (WT) littermates (n¼ 100) were fed a normal rodent diet
(Teklad Global 16% Protein Rodent Diet, Envigo) supplemented with either 0.1 g p.d. glucose only (Controls: n¼ 18 TG, 18WT), glu-
cose mixed with Rubus powder (0.1 g p.d.) from either red or yellow raspberries (n¼ 16 TG, 16WT per group) for 24weeks.
Behavourial assessment was conducted pre and post intervention using open field test (OFT) novel object recognition tests (NOR)
and Morris water maze (MWM). Tissue sampling occurred at 10months.
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Non-targeted LC-MSn analysis

Brain tissue was weighed and homogenised in glass
hand-held homogeniser using 1ml of ice-cold extrac-
tant A [methanol containing 0.5% (v/v) FA and
20mM diethyl dithiocarbamate (DDC)]. A second
1ml was added, and homogenisation repeated. The
solution was poured into 13ml labelled tubes and
stored on ice. 1ml of extractant B (ultra-pure water
containing 0.5% (v/v) FA and 20mM DDC) was
added to the homogeniser and the material was
homogenised again. After storage on ice for 15min,
the samples were centrifuged (15min, 2500� g, 5 �C)
and supernatants decanted into new fresh labelled
tubes. The supernatants were stored at �80 �C over-
night to precipitate proteins and centrifuged again.
1.8ml of each sample was pipetted into 2ml
Eppendorff tubes and dried from frozen in a
Speed-Vac.

Serum samples were thawed from �80 �C storage
and 500mL samples were pipetted into labelled 2ml
tubes. 1ml of extractant A was added, vortexed well
and placed in �80 �C freezer overnight. After centri-
fugation in pre-chilled microfuge (10,500 � g, 5 �C,
15min), 1000mL was removed from each sample into
2ml tubes and dried in Speed-Vac from frozen. When
required, material was re-suspended in 50 mL of aceto-
nitrile then vortexed well. 200mL of 0.1% FA in UPW
containing the internal standard compound, morin, at
required final concentration was added to each sample
and vortexed again. Samples were placed into LC-MS
filter vials. The metabolic profiles of the brain and
plasma samples were analysed by LC-MSn using an
Orbitrap MS in both positive and negative ionisation
modes as described previously (McDougall et al. 2017).
The extraction efficiency was assessed by doping in
morin, epicatechin and quercetin in mice brain and
serum samples at 10mM then following the extraction
procedure above. The recoveries were all > 90%.

Data handling and statistical analysis for non-
targeted analysis

The LC-MS data from the samples from the control
and raspberry fed animals were converted into MZML
centroid format using the Proteowizard MSConvert
software package (http://proteowizard.sourceforge.net/
). The data were then deconvoluted using the XCMS
online package (https://xcmsonline.scripps.edu/) pro-
ducing a Microsoft Excel based XY matrix of the
paired RT and m/z of each feature against the peak
intensity for each sample. The dataset was next sub-
jected to automated peak annotation workflows within

PutMedID (Brown et al. 2011; Allwood et al. 2013),
highly correlated (Pearson 0.9>) m/z features within a
set RT window are grouped and considered as m/z
likely associated with the same compound (i.e. a ‘peak
group’). Accurate mass differences between m/z within
each peak group were next calculated to allow the
annotation of the parent m/z, isotope and adduct
ions, as well as common in-source fragments. The
neutral accurate mass was then matched to a library
of possible metabolite features and associated metabo-
lites (Plant Metabolic Network PlantCyc database
(http://www.plantcyc.org/ and the Manchester
Metabolomics Database (MMD: http://dbkgroup.org/
MMD/). After annotation, non-grouped low intensity
features, redundant isotope, adduct and fragment fea-
tures were removed from the dataset to reduce
data complexity.

Gut microbiome analysis

Total DNA was extracted from faecal samples
(8–10mg) using the FastDNATM SPIN Kit for Faeces
(MP Biomedicals, Santa Ana, CA, USA). PCR ampli-
fication was performed using the bacterial specific
primer set 341 F (50 CCTACGGGNGGCWGCAG 30)
(Klindworth et al. 2013) and 806 R (50 GACTACN
VGGGTWTCTAATCC3’) with overhang Illumina
adapters targeting a �460 bp fragment of the 16S
rRNA variable region V3-V4 and used for commu-
nity 16S rRNA partial gene sequencing by lluminaVR

MiSeq (PE300) platform (MiSeq Control Software
2.0.5 and Real-Time Analysis software 1.16.18) as
previously described (https://pubmed.ncbi.nlm.nih.
gov/28538678/).

Initial processing of sequence data, quality control,
phylotype binning and taxonomic alignment of raw
sequencing reads were performed using DADA2
(Callahan et al. 2016) and follow-up statistical analyses
were performed using the QIIME software, version
1.9.1 (Caporaso et al. 2010). After quality control
processing, sequencing resulted in a total of 3,520,369
rDNA reads with a mean of 49,582.662 (± SD
12,003.741) OTU-like [amplicon sequence variants
(ASVs)] per sample accounting for a mean of
386.507 ± 66.174 ASVs per sample. Taxonomy assign-
ments were performed using the SILVA 132 reference
database (Quast et al. 2013). Starting from a table of
ASVs we obtained the final output from metagenome
prediction as an annotated table of predicted gene
family counts for each sample. Alpha (within-sample
richness) and beta-diversity (within and between-
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sample Bray-Curtis dissimilarity) estimates were com-
puted using QIIME software.

Behavioural assessment

Open field test (OFT). Mice were placed in the centre
of the arena and allowed to explore the open field for
5min. Motor activity (path length), exploratory behav-
iour (rearing), anxiety level (grooming session), speed
and time spent in the centre versus the periphery of
the arena was then monitored and recorded.

Novel Object Recognition task (NOR) was taken
place in a circular open field where movements
throughout the trial were recorded Working memory
was further assessed by subjecting mice to a 10min
acquisition period, with two identical objects NOR.
Following a 3–4 h retention period mice were re-
exposed for 10min to one of the previously encoun-
tered objects and a ‘novel’ object that the animal had
not previously explored. The discrimination score for
novel object exploration was calculated by the recog-
nition index (RI). The RI was calculated for each
object, defined as the amount of time spent exploring
object A or B over the total time spent exploring both
objects � 100 (tA or tB/(tAþ tB) � 100).

Morris water maze

Spatial learning was measured in the Morris water
maze (MWM) task. Mice were handled for 2min and
30 s for 2 weeks previous to the test, allowing them to
adapt to conditions previously mentioned. A circular
pool with a hidden platform was used and mice
learned the location using visual cues. The acquisition
phase involved 4 trials per animal at 90 s max for 4
days. On the fifth day, the probe trial was conducted
the object being to determine whether or not the ani-
mal remembered where the platform was located
(memory recall). Mice were given 60 s to swim in the
pool without the platform. The time spent in the tar-
get quadrant of the pool or the other three quadrants
(opposite target quadrant, clockwise or counterclock-
wise from target quadrant was then compared
between groups to estimate memory recall of
the mice).

Statistical analysis

Data are expressed as groups mean ± SD unless other-
wise indicated. For metabolomic analysis, Principal
component analysis (PCA) was applied to the XCMS
data from all subjects (SIMCA-P 12.0.1.0 software)

and separation was noted between the samples from
the control fed, and the red and yellow raspberry fed
mice. Therefore, discriminant optimised partial least
squares (OPLS-DA) analysis was also justified. Using
the loadings plot from the OPLS-DA analysis, a list of
putative metabolites was extracted that most influ-
enced the separation towards the raspberry-fed sam-
ples. Components were then putatively identified by
their MS properties and possible molecular formulae
generated in the XCMS process and checked against
literature. For cognitive tests, analysis was conducted
using one-way ANOVA. Differences were considered
significant at p� 0.05 including where Tukey com-
parison tests were performed for correction analysis.
For microbiome analysis, the non-parametric
Kruskal–Wallis test was used for the comparison of
relative abundances of microbial taxa between groups,
and the resulting p-values were corrected (Bonferroni
correction) for multiple testing controlling the false
discovery rate (Benjamini and Hochberg 1995) at all
taxonomic levels taken into account.

Results

Composition of raspberries

The red raspberries were almost 12-fold higher in
total quantifiable (poly)phenol content (Table 1) than
the yellow raspberries and this difference was predom-
inantly due to the low anthocyanin content of the yel-
low variety. The phenolic acid, flavonol and catechin
and the ellagic acid derivatives only made up a small
portion of the total polyphenol content in the red
raspberries. The ellagitannins, Sanguiin H6 and
Lambertianin C were also noted as major components
but were not quantified as no suitable standard was
available. However, the levels of these ellagitannins as

Table 1. Comparison of (poly)phenolic composition of red
and yellow raspberries.

Yellow raspberry Red raspberry

Components (mg/g DW) Mean SE Mean SE

Phenolic acids 324.20 37.24 453.80 81.70
Flavonols and catechins 1514.70 25.20 1200.40 49.01
Ellagic acid derivatives 230.10 20.27 167.10 35.91
Cyanidin-3-sophoroside 237.70 9.01 15218.20 830.77
Cyanidin-3-(20 ’-O-glucosyl)rutinoside 78.90 3.00 3068.10 201.73
Cyanidin-3-glucoside 202.30 9.30 4707.50 428.64
Cyanidin-3-rutinoside 54.50 2.66 3474.50 300.58
Cyanidin-xylosyl-rutinoside ND ND 40.50 2.77
Pelargonidin-3-O-sophoroside 4.90 0.17 310.00 44.40
Pelargonidin-3-O-glucoside 0.00 0.00 321.00 28.46
Cyanidin-3, 5-O-diglucoside 46.40 2.42 3609.60 369.46
Delphinidin-3-O-glucoside 40.10 2.83 25.90 2.08
Anthocyanins 664.80 29.39 30,775.30 2208.89
Total polyphenol (mg/g DW) 2733.80 203.29 32,632.40 2375.51

Mean of triplicates; ND, not detected, under the limit of quantification.
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assessed by MS peak areas was also slightly higher in
the red raspberries (e.g. �117%, p< 0.005). The red
raspberries also had higher levels of total carotenoids
(164.87 ± 0.26 mg/g DW) compared with the yellow
raspberries (72.79 ± 0.26mg/g DW; p< 0.001), whereas
the yellow raspberries had significantly higher vitamin
C content than the red raspberries (2.91 ± 0.06 vs.
2.62 ± 0.04mg/g DW, respectively; p< 0.001).

Corrosion cast ultrastructure in wild-type mice

Cerebral cortex microvascular morphology in wild-type
control-fed mice was characterised by regularly spaced
capillaries with uniform diameters and smooth surfaces
(Figure 2). The smallest capillaries in wild-type mice
were 3–5mm in diameter and typically bend along their
length at least once by up to 90� (Figure 2b,c), a feature
that is characteristic of plexus architecture in wild-type

murine cerebral microvessels. Larger diameter surface
veins or arterioles were regularly spaced on the cerebral
cortex, between flattened venous sinuses (Figure 2a).
Occasional areas within the cortical surface (particularly
near large veins or venous sinuses) were conspicuously
devoid of capillaries (Figure 2a). Very rarely, capillaries
in the wild-type mice contain microaneurisms, visible as
small bulges in the vessel surface (Figure 2d). In yellow
raspberry fed (Figure 3) and red raspberry fed mice
(not shown), microvessel architecture was identical in
appearance to control mice.

Corrosion cast ultrastructure in APP/PS-1
transgenic mice

Low power SEM images in the cerebral cortex of APP/
PS-1 mice supplemented with control feed revealed a
variety of aberrant microvessel morphological features,

Figure 2. SEM of microvascular corrosion casts from the cerebral hemisphere of a wild-type C57BI/6J mouse fed with control diet.
(a) At low power, this part of the surface of the cerebral hemisphere shows superficial veins and venous sinuses (with pitted surfa-
ces) overlaying a network of smaller diameter capillaries. Occasional, rarified areas of vasculature are also observed, particularly
close to large vessels. In (b), small venules with smooth surface contours drain a network of evenly spaced capillaries which (c)
periodically bend at �90�: a conspicuous feature of cerebral microvasculature, which ensures regional perfusion. (d) High-reso-
lution ultrastructural analysis reveals capillaries with diameters between 3 and 5mm, with fine surface textural features and rarely,
small eccentrically located bulges are observed (d).
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that were characteristic of this strain of transgenic ani-
mal (Kelly et al. 2015, 2017). These include increased
frequency and extent of rarefied capillary areas giving
the surface a ‘moth-eaten’ appearance as well as larger
calibre vessels with widely variant vessel diameters
(Figure 4a). Higher power images of microvessel plexi
in these mice clearly showed roughened capillary surfa-
ces (Figure 4b) and wide variation in diameters of arte-
rioles (Figure 4c). Capillaries were frequently clustered
(Figure 4a; a sign of recent angiogenesis), exhibited
roughened surfaces with non-uniform diameters
(Figure 4b,c). Some capillaries had distinctive irregular
and bulbous granular distensions of the vessel wall
(Figure 4d) similar to those described in previous stud-
ies of APP/PS-1 transgenic mice (Kelly et al.
2015, 2017).

In APP/PS-1 mice supplemented with either yellow
(Figure 5) or red (Figure 6) raspberry, a range of cere-
bral microvascular pathologies were observed.
Capillary clusters as well as vessel poor regions were
observed within the cerebral cortex of APP/PS-1 mice
receiving yellow berry supplementation (Figure 5a,b).
Irregular, bulbous distensions of the capillary wall
were frequently seen (Figure 5a,b), in addition to rect-
angular tags on endothelial surfaces consistent with
leakage of resin between inter-endothelial junctions.
In addition, thin flattened microvessels, consistent
with incomplete capillary formation, were conspicuous
in areas with capillary clusters indicative of recent
angiogenic vessel formation. In some SEM images,
microvessel loss in APP/PS-1 mice supplemented with
yellow berries was severe, microvessel clustering was

obvious and inter-endothelial leakage was conspicuous
(Figure 5b). Similarly, low power imaging of brains
from APP/PS-1 supplemented with red berries revealed
cerebral microvasculature with numerous vessel-poor
areas, capillary clustering and evidence of failed angio-
genesis (Figure 6a,b). Higher power images of micro-
vasculature from these mice showed evidence of failed
sprouting angiogenesis and clustering of angiogenic
capillary segments around larger vessels. Despite
detailed examination of vascular casts from APP/PS-1
mice treated with either yellow or red raspberry, there
were no significant changes in microvascular architec-
ture in these animals compared with those supple-
mented with the control diet.

Effects of raspberry consumption of metabolomic
profiles in brain and plasma

LC-MSn data were obtained from each sample type in
both negative and positive ionisation modes as some
metabolites are only readily detectable in one ionisation
mode. Metabolomic profiles from samples of brain con-
tained many identifiable metabolites (Supplementary
Table S1), but substantial inter-individual variation was
evident for metabolomic profiles of mice within the
same feeding regimes (e.g. Supplementary Figure
S1¼ control fed mice; Supplementary Figure S2¼ red
raspberry and Supplementary Figure S3¼ yellow rasp-
berry fed mice). Consequently, identification of metabo-
lites consistently and significantly different between
different feeding regimes in both brain and plasma sam-
ples was challenging (Supplementary Figures S4–S6).

Figure 3. Microvascular corrosion cast SEM images of the cerebral microvasculature from a wild-type animal supplemented with
freeze-dried yellow-raspberry for 6months. (a) Small calibre veins, drain a regularly spaced network of capillaries. (b) The capillaries
have smooth luminal surfaces and show no evidence of microaneurisms or inter-endothelial leakage of resin. Typical cerebral
microvessel spacing is approximately 50mm and the gaps between segments is consistent.

INTERNATIONAL JOURNAL OF FOOD SCIENCES AND NUTRITION 7

https://doi.org/10.1080/09637486.2022.2141209
https://doi.org/10.1080/09637486.2022.2141209
https://doi.org/10.1080/09637486.2022.2141209
https://doi.org/10.1080/09637486.2022.2141209
https://doi.org/10.1080/09637486.2022.2141209
https://doi.org/10.1080/09637486.2022.2141209


To deal with this complexity of data, we used MS
deconvolution and comparison software linked to multi-
variate statistical methods to detect metabolites that var-
ied between the feeding regimes (e.g. McDougall et al.
2017). Briefly, all MS data for brain or plasma samples
in each ionisation mode weree compared by retention
time across LCMS runs from all feeding regimes using
XCMS software. PCA was used to examine the data
and attempt to separate the control fed samples from
the raspberry fed samples. For example, the PCA plot
(Supplementary Figure S7A) clearly shows that the con-
trol feed plasma samples (black symbols) separated
from the raspberry feed samples (red and yellow sym-
bols) highlighting that genetic background of the mice

did not influence separation. The OPLS-DA analysis
forced separation between the feeding regimes
(Supplementary Figure S7B), and examination of the
underlying loadings plot (Supplementary Figure S7C)
determined metabolites driving this separation as well
as metabolites that were significant for the separation of
the red and yellow raspberry feed samples from the
controls. Using a similar process, OPLS-DA plots were
obtained for the plasma samples (þve mode), and for
the brain samples (þve, –ve mode; Supplementary
Figure S8). In all cases, the loadings plots from these
OPLS-DA analyses discerned metabolites (i.e. m/z val-
ues) that were driving the separation between the rasp-
berry fed and control feed samples.

Figure 4. Microvascular corrosion cast SEM images of the cerebral hemispheres of an APP/PS1 tg mouse fed with control diet. (a)
At low power, superficial venous sinuses (flattened vessels with pitted and dimpled surface) overlay a microvascular network with
numerous gaps devoid of capillaries (c.f. wild-type control-vehicle) and intertwined capillary networks, giving the overall architec-
ture a ‘moth eaten’ appearance. The (white) flocculent materials (in a and b) are artefactual remnants of cellular debris from insuf-
ficient washing following the maceration process. In (a), a cerebral venous sinus (right) with two surrounding arterioles are
conspicuous, one of which is severely narrowed 100mm upstream of its bifurcation point (a typical feature of APP/PS-1 cerebral
cortex arterioles). In these high-power SEMs, roughened irregular contours of capillaries in APP/PS-1 cerebrum are obvious (c) as
well as granular distentions of the capillary wall (d).
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Certain m/z values were clearly elevated in post
raspberry feeding samples. In the plasma samples, four
components had increased levels in both the red and
yellow raspberry plasma samples (Figure 7), all noted
from negative mode data. An early eluting component
with an exact [M-H]– m/z value of 128.0350 yielded a
predicted molecular formula of C5H7NO3. MS frag-
mentation data suggested that this was an amino acid
derivative and it was putatively identified as pyrogluta-
mate, with levels in the raspberry plasma samples more
than double the control samples. Notably two peaks
with m/z 128 were noted which could represent two
distinct enantiomers. Indeed, a peak with MS proper-
ties that match pyroglutamate was also consistently ele-
vated in plasma samples inþ ve mode (m/z [MþH]þ
¼130.0494, predicted formula of C5H7NO3). A later
eluting compound with an exact [M-H]– m/z of
321.0427 yielded a predicted molecular formula of
C15H14SO6. MS fragmentation data suggested that this
was a sulphated metabolite putatively identified as
equol sulphate and was �9-fold higher in the red rasp-
berry plasma samples. A compound with an exact m/z
[M-H]– value of 580.3251 was �3-fold higher in the
yellow raspberry plasma samples. This had a predicted
molecular formula of C24H48

�
8N6S but yielded no MS2

fragmentation data and therefore identification is
problematic. Finally a compound with an m/z [M-H]–

value of 215.0816 had 2-fold higher levels in the rasp-
berry plasma samples. This component yielded a pre-
dicted molecular formula of C12H12

�
2N2 but gave

uninformative MS fragmentation data. The formula
however, suggests it could be an indolyl structure per-
haps cyclomethyltryptophan (PubChem 449440) or tet-
rahydro-carboline-3-carboxylic acid (PubChem 98285).

Using a similar process with the positive mode MS
data, other putative metabolites were identified that
increased after raspberry feeding in plasma. An
increased peak with m/z [MþH]þ ¼ 160.0963 (pre-
dicted formula of C7H13NO3) was putatively identified
as dehydrocarnitine but could be N-acetyl-valine or
indeed N-acetyl-norvaline. MS data from brain samples
yielded � 30 increased compounds with average abun-
dances >2-fold greater than control feed levels.
However, many of these metabolites gave no useful MS
or fragmentation data and their predicted formulae
could not be readily tested without further MS analysis.
However, there were some plausible hits. A peak with
m/z [MþH]þ ¼ 161.1109 (predicted formula
C5H8N2O4) was elevated in the post raspberry feeding
brain samples with a putative formula match for thy-
mine glycol. Another peak m/z [MþH]þ ¼ 287.0552
with a predicted formula of C15H10

�
6, matched some fla-

vonoid components (including kaempferol) but the frag-
mentation data did not allow conclusive identification.

Effects of raspberry consumption behavioural and
cognitive functions

Locomotor activity and anxiety behaviour was meas-
ured by OFT in Wild-type and APP/PS-1 genotype

Figure 5. SEM images of microvascular corrosion casts from the cerebral microvasculature of an APP/PS-1 transgenic animal sup-
plemented with freeze-dried yellow-raspberry for 6months. The capillary spacing was irregular and there were conspicuous vessel
free areas (a,b). In addition, intertwined and clustered microvessels which is a typical feature of recent sprouting angiogenesis was
obvious. Several capillaries had characteristic multi-bulbous microaneurisms (a; arrows) emanating from their lumen. There were
also tapered, vessel segments joining capillaries (b) and numerous capillaries with extravasated resin (arrowheads) a feature con-
sistent with polymer leakage from junctions between endothelial cells.
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mice, after 6months consuming red or yellow rasp-
berries. No significant effects of raspberry intake were
observed on rearing, grooming, defaecation, linearity,
path length or speed when compared with control
groups (Supplementary Figure S9). Working memory
between wild-type and APP/PS-1 mice was measured
using the two-stage test (acquisition and test). There
were no significant differences observed in either
acquisition or test phase in 10-month-old wild-type
mice compared with APP/PS-1 mice nor in response
to dietary regimes (Supplementary Figure S10).

With respect to spatial learning in the MWM
(Figure 8a), wild-type mice on the control diet for
24weeks showed no significant changes in escape
latency, path length or speed. Escape latency remained
non-significant on the remaining days. There were no
statistically significant differences in either path length
or speed among groups fed the control diet or

treatments for 24weeks. As an indication of memory
retention, the probe trial (Figure 8b) demonstrated that
quadrant times were similar between control-, red rasp-
berry- and yellow raspberry-fed mice in both wild-type
and APP/PS-1 mice. Results failed to reach significance
p< 0.05. Within the APP/PS-1 group, although there
was a trend towards increased time spent in the target
quadrant, this failed to reach significance.

Impact of raspberry feeding on faecal microbiota
composition

The effects of red and yellow raspberry intake on the
gut microbiota of wild-type and transgenic mice were
profiled using 16S rRNA Illumina sequencing technol-
ogy. Bacterial richness within each sample did not
change significantly (Figure 9a). Bray-Curtis dissimi-
larity index, measuring within and between group

Figure 6. SEM of microvascular corrosion casts from the cerebral microvasculature of an APP/PS-1 transgenic animal supplemented
with freeze-dried red-raspberry for 6months. (a) At lower power, the cerebral surface shows the typical capillary clustering around
arterioles and venules as well as numerous microvessel free areas. Several clusters of intertwined capillaries were clearly visible (b)
and there were numerous blind-ended sprouts suggestive of failed angiogenesis. Microvessel clustering around an arteriole was
conspicuous (c). The white flocculent material in (c) is artefactual (remnant) cellular material. Densely packed capillary clusters and
narrowed microvessels (top: right of centre in d) characteristic of recent angiogenesis were apparent.
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dissimilarities showed differences depending on mouse
genotype. Specifically, in the APP-PS1 mice, ingestion
of both red and yellow raspberries increased commu-
nity dissimilarity compared with the control diet, with
red raspberry having a greater effect. This was not
observed in the wild-type animals (Figure 9b).

We compared the relative abundances between the
three different dietary regimes for each mouse genetic
background at different taxonomic levels focussing on
dominant and prevalent taxa only (excluding low abun-
dant taxa < 0.01 percent relative abundance and exclud-
ing rare taxa present in less than 25% of samples). Some
changes in the relative abundance at phylum level were
observed (Figure 9c and Table 2). In particular yellow
raspberry intake induced a decrease in Bacteroidetes
(92.680±3.05) with respect to control diet in wild-type
mice (98.077±0.66, FDR correct p¼ 0.0303), while an
increase in Proteobacteria was also observed [yellow
raspberry fed (2.225±1.05) vs. control diet fed wild-type
mice ([0.450±0.26), FDR corrected p¼ 0.0303].

Discussion

Globally, populations are ageing giving rise to increased
cognitive impairment and burden including rising

levels of AD. Lack of effective treatments makes it
essential to consider approaches and strategies for pro-
longing healthy cognitive ageing. Evidence suggests that
the traditional Mediterranean diet, which is rich in
fibre and polyphenols can help prevent or delay cogni-
tive dysfunction in the elderly, and preserve healthy
brain structure and function (Shishtar et al. 2020).
Polyphenols are likely to be important mediators as fla-
vanols and anthocyanins have been associated with
lower AD risk (Shishtar et al. 2020). Disruption of
microvascular architecture is common in the early
pathogenesis of AD and is gaining prominence as a
potential therapeutic target.

The functional unit of the circulatory system is the
microvasculature comprising capillaries, venules and
arterioles whose internal diameter (in mice) is gener-
ally less than 10 mm (Farkas and Luiten 2001).
Gaseous transfer, particularly O2 and CO2, in addition
to nutrients and metabolites are exchanged across the
endothelial membranes and the intervening tissues
(such as the thin alveolar epithelium in the lung)
making the microvasculature the primary organ
responsible for mediating tissue and organ homeosta-
sis. Capillaries, in the majority of tissues, are generally
less than 50 mm apart (reflecting the optimal diffusion

Figure 7. Relative abundance of m/z values elevated in post raspberry feeding plasma samples.
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distance of O2) and are the dominant class of micro-
vessels. Microvascular patency and optimisation of
flow through capillary plexi, is thus critical for regula-
tion of tissue hypoxia and maintenance of function.
There is a reciprocal dependency between the tissue
stroma and the supplying microvasculature: loss of
microvessels leads to tissue death (such as in throm-
bosis or stroke) and change in tissue volume that
accompanies cortical atrophy during the course of AD
is reflected in a local change in microvessel density. In
this study, we employed microvascular corrosion cast-
ing, a technique which produces exquisite ultrastruc-
tural detail and faithful replication of the luminal
surface of the microvasculature within the cerebral

hemispheres of APP/PS-1 transgenic mice or their
wild-type C57Bl/6J littermates (Ackermann and
Konerding 2015). We used this technique to test the
hypothesis that 6months of dietary supplementation
with yellow or red berries (with low and high poly-
phenol content, respectively) can rescue these micro-
vascular pathologies in APP/PS-1 transgenic mice.
Previously, our group has shown that cerebral micro-
vascular alterations in APP/PS-1 mice at 3–4months
of age include clusters of intertwined microvessels
(characteristic of recent angiogenesis), signs of inter-
endothelial leakage, microaneurisms, variations in
individual capillary diameters and bulbous extensions
to the endothelial lumenal wall (Kelly et al. 2017). The

Figure 8. Effects of raspberry supplementation on cognitive performance in wild-type and APPASl mice in the Morris water maze
with respect to (a) escape latency, path length and speed of wild-type and APP/PSI mice. (b) Memory recall assessed as time spent
in the each quadrant (Q) of the Morris water maze for both wild-type and APP/PS-1 mice. Target quadrant (Q target), quadrant
opposite target Q (Q. Opp), quadrant clockwise Oom target Q (Q.CW), quadrant counterclockwise Oom target Q (Q.CCW). Data rep-
resent mean± SEM.
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cerebral microvascular alterations observed in 3–4-
month-old APP/PS-1 transgenic mice precede cogni-
tive decline that is characteristic in these mice. Severe
microvessel pathologies in 10–11-month-old mice
coincide with the onset of cognitive decline and
100� 200 mm diameter holes in the cortical vascula-
ture, that give the gross architecture a ‘moth-eaten’
appearance (Kelly et al. 2015), similar to those
observed in the murine APP23 model (Meyer et al.
2008). Cerebral hypoperfusion at 2–3months of age,

is also an early sign of perturbed microvascular struc-
ture in the Tg2576 murine model of AD, occurring
significantly earlier than the decline in cognitive per-
formance at 11–13months (Niwa et al. 2002). In the
present study, the changes in microvascular morph-
ology we previously described (Kelly et al. 2015, 2017)
were similarly observed in cerebral microvasculature of
10month old APP/PS-1 transgenic mice when com-
pared with littermate controls. Careful ultrastructural
examination of cerebral microvascular morphology in

Figure 9. Measure of bacterial diversity. (a) Alpha-diversity calculated with the Shannon entropy index. No statistically significant
differences were detected. The body of the box plot represents the first and third quartiles of the distribution, and the median.
The whiskers extend from the quartiles to the last data-point within 1.5� IQR, with outliers beyond represented as dots. (b)
Measure of beta diversity based on the Bray-Curtis dissimilarity index according to groups of treatments. Within group versus
between group dissimilarity. �p< 0.05, ��p< 0.01 and ���p< 0.001, Wilcoxon sum rank test. (c) Relative abundance of microbial
taxa at phylum level.

Table 2. Relative abundance at a phylum level.

Phyla
WT

Control
WT
Red

WT
Yellow

APP/PS1
Control

APP/PS1
Red

APP/PS1
Yellow

Actinobacteria 0.51 (0.3) 0.19 (0.29) 0.42 (0.45) 0.05 (0.10) 0.18 (0.26) 0.41 (0.69)
Bacteroidetes 98.08 (0.66)* 95.23 (2.22) 92.68 (3.05)* 97.05 (0.19) 92.72 (4.70) 94.84 (4.05)
Epsilonbacteraeota 0.48 (0.47) 0.59 (0.64) 1.31 (1.96) 0.138 (0.19) 1.13 (0.75) 1.27 (1.62)
Firmicutes 0.49 (0.18) 1.75 (1.29) 1.75 (0.98) 0.84 (0.70) 2.53 (3.65) 1.35 (1.31)
Proteobacteria 0.45 (0.26)* 1.64 (1.64) 2.23 (1.05)* 1.46 (1.17) 2.89 (1.65) 1.70 (1.30)
Verrucomicrobia 0.00 (0.00) 0.60 (1.17) 1.62 (2.52) 0.47 (0.60) 0.565 (1.2) 0.43 (1.00)

Data are reported as percentage, mean (±SD) of the relative abundance of microbial taxa at the phylum level, for each condition. Yellow raspberry fed
wild-type (WT) shows a significant decrease in Bacteroidetes and increase in Proteobacteria, compared with control diet (Wilcoxon sum rank test at�p< 0.05, in bold).
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treated (either yellow or red raspberry) compared with
control diet revealed that the range of pathologies
observed was unaffected following 6months of dietary
supplementation with berries in APP/PS-1 transgenic
mice. Temporal progression of microvascular pathology
is a consistent observation in all of the murine models
of AD, with the majority of these changes detected at
3–9months (reviewed by Szu and Obenaus 2021), prior
to the onset of cognitive decline. Similarly, human AD
is characterised by gross perturbations in cerebro-vas-
cular flow and post-mortem macro and microvascular
changes that have led to a ‘two-hit’ vascular hypothesis
involving Aß deposition in the brain. The first ‘hit’ is
considered to be vascular damage as a result of peri-
vascular amyloid deposition, that results in an increase
in Aß accumulation in the brain parenchyma or ‘hit 2’.
Macrovascular perfusion abnormalities, microvascular
pathology and BBB breakdown has also been observed
in patients with mild cognitive impairment who were
stratified for levels of circulating Aß consistent with the
hypothesis that this phenomenon is an early marker of
AD (Nation et al. 2019). Although our intervention
with berries did not lead to a reduction in vascular
pathology in the APP/PS-1 mice, lifestyle factors are
long known to be associated with an increased risk of
AD. In particular, the effect of reduced levels of exer-
cise, poor diet and adverse gut microbiota on brain
microvascular health is under-represented in the litera-
ture making this an attractive area for future research.

Consumption of red and yellow freeze-dried rasp-
berries produced consistent changes in putative
endogenous metabolites in both the brain and plasma
of wild-type and APP/PS-1 mice. However, as our
method did not employ solid phase extraction (SPE)
methods to specifically enrich potential polyphenol
metabolites (Kay et al. 2004), they were effectively
swamped by other more abundant endogenous compo-
nents and their relatively low abundance meant that
they were not available for MS2 fragmentation.
However, the lack of SPE avoided restriction of the
types of metabolites that could be identified in the
samples. Indeed, components putatively identified as
enriched in post raspberry feeding plasma samples
included amino acids derivatives such as pyrogluta-
mate, cyclomethyl tryptophan and potential carnitine
metabolites. Interestingly, pyroglutamate containing Aß
have been found to be increased during AD (Jawhar
et al. 2011) but increased serum levels of pyroglutamate
have not been reported. Dehydrocarnitine has been
suggested to be a biomarker for early onset AD (Liang
et al. 2015; Lee et al. 2016) However, as no confirma-
tory MS2 information was obtained, other matches

include N-acetyl-valine or N-acetyl-norvaline which has
been identified in cultured astrocytes (Kiray 2015).
Another candidate component had m/z [MþH]þ ¼
302.2317 which gave a predicted formula of
C16H31NO4, but no MS2 data were available.
However, a match to this formula was noted in a study
of human plasma metabolites associated with AD and
identified as nonanoyl carnitine or dimethylheptanoyl
carnitine (Vardarajan et al. 2020). Potential metabolites
enriched inþ raspberry brain samples included thy-
mine glycol, an altered base that may arise from oxida-
tive damage of DNA in Alzheimer’s (Lyras et al. 1997),
and known to be produced in mice (Adelman et al.
1988). The identification of a potential isomer of
kaempferol is of interest as a similar component has
been noted in studies of phenolic derivatives in brain
samples and may be an isomer of kaempferol with dif-
ferent hydroxylation pattern (personal communication;
CD Kay). Equol sulphate was also identified as poten-
tially increased inþ raspberry plasma and it has been
shown that raspberry intake can alter mouse micro-
biota to produce higher levels of equol (Xian et al.
2021), which could be metabolised and circulated as
equol sulphate in the plasma.

An altered gut microbiota in AD is well docu-
mented and is now thought to play an important role
to play in regulating systemic and neuroinflammation
which drives Ab plaque formation (Rutsch et al.
2020). The gut microbiota and their metabolites, spe-
cifically the short chain fatty acids (acetate, propionate
and butyrate), and small phenolic acids derived from
microbial metabolism of complex plant polyphenols
play a regulatory role in both the intestinal barrier
and the BBB (Hoyles et al. 2018; Ghosh et al. 2021).
In the current study, we show that raspberry ingestion
can modulate the gut microbiota with greatest effect
seen in the APP-PS1 mice compared with the wild-
type background strain (C57Bl/6J mice). Although
microbiota modulation by the powder raspberries was
modest, the fact that it was statistically significant
indicates a potential to act on AD associated micro-
biota dysbiosis in terms of b-diversity (Bray-Curtis
dissimilarity index). Previous studies in pre-clinical
models have demonstrated microbiota modulators
include probiotic bacteria (Wang et al. 2020; Zhu et al.
2021) human commensal bacteria (Ou et al. 2020),
butyrate producing bacteria (Sun et al. 2020; Go et al.
2021), prebiotics (Sun et al. 2019; Han et al. 2020; Lee
et al. 2021) and polyphenols. These can improve barrier
function, reduce neuroinflammation and limit Ab
plaque formation in the hippocampus, improving cog-
nitive function in model systems (Wang et al. 2021).
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A limitation of the current work is the unequal number
of animals on control diet or diet supplemented with
raspberry, which could have impacted on our ability to
discern statistically significant differences between con-
trol and raspberry fed animals.

From a cognitive perspective, the long-term feeding
of male C57Bl/6J & APP/PS-1 mice with the freeze
dried anthocyanin-rich (red) or -poor (yellow) R.
idaeus berries (100mg/day) mice elicited few changes
in behaviour at �10months old. This contrasts with
neuroprotective effects observed in other studies using
the APP/PS1 transgenic models and polyphenol
extracts, albeit with older mice (i.e. 13–15months).
For example, an ethanol extract of mulberry fruit
(100mg/kg body weight, for 1.5� 3weeks) improved
the spatial memory and learning ability of APP/PS1
mice (Liu and Du 2020). While APP/PS1 mice fed
chow enriched in commercial anthocyanin-rich bil-
berry (1.53mg/g) or blackcurrant (1.43mg/g) extracts
for �10months alleviated spatial working memory
deficit (MWM) of the aged mice (13months) com-
pared with control diet (Veps€al€ainen et al. 2013).
Also, a blueberry extract fed to aged APP/PS1 mice
for 16weeks (Tan et al. 2017) and a polyphenolic-
enriched extract from blueberries and grapes (500 or
2500mg/kg body weight) fed to aged triple-transgenic
APP/PS1/Tau mice for 4months which resulted in
significant improvements in object recognition in
mice aged �15months versus control (Dal-Pan et al.
2016). It is possible that differences between the poly-
phenol composition of the fruits used influenced the
lack of effect as raspberries are generally lower in
anthocyanins and contain considerable amounts of
ellagitannins and ellagic acid constituents (Table 1;
McDougall et al. 2017) compared with the berries dis-
cussed above. However, a more feasible reason for our
lack of neuroprotective effects may be matrix and dos-
age, in that the previous studies used commercial or
in-house polyphenolic-enriched extracts of various
berries, whereas this study used powdered whole ber-
ries. These semi-purified polyphenol extracts contain
much higher levels of polyphenols than whole fruit
powders and they lack the soluble and insoluble fibre
present in whole fruits. In our study, the total poly-
phenol dose per day from the powdered raspberries
was 0.27mg (yellow) or 3.26mg (red) which contrasts
that of Dal-Pan et al. (2016) where mice consumed �
10mg or 50mg of polyphenolic-enriched extract per
day (i.e. doses of 500 or 2500mg/kg body weight
assuming an average mouse weight of 20 g) or the
ethanolic mulberry extract were mice were dosed at
�2mg p.d. Liu and Du (2020). However, comparison

of actual polyphenol doses is difficult because the
extraction and removal of the berry pulp could easily
increase the polyphenol content of such enriched
extracts by 20�50-fold over the original fruits. Our
strategy was to use an achievable diet based whole
raspberry intervention rather than using polyphenol
extracts that would deliver daily supraphysiologically-
relevant amounts of polyphenols. A final consider-
ation is the age of the mice, cognitive function was a
primary endpoint in the above studies and conse-
quently the mice were older (aged between 13 and
15months) to ensure a signifciant cognitive deficit
would be evident. In this study however, the mice
were �10months old at conclusion of the study
because we were focussed on detecting early changes
in the cerebral microvascular of the APP/PS1 vs.
C57Bl/6J wild type.

Conclusion

The APP/PS1 mice evidenced dysregulated microvas-
culature consistent with earlier studies by our group
(Kelly et al. 2015, 2017). However, in contrast to the
use of the diabetic drug Liraglutide, the feeding of R.
idaeus berries at levels consistent with average human
intake, did not restore microvascular architecture to
that observed in wild-type, age-matched littermates.
Raspberry feeding did modulate endogenous metabo-
lites present in the brain/plasma of the mice, as well
as gut microbiota in AD vs. wild-type albeit to a mod-
est extent indicating some potential to act on AD-
associated microbiota dysbiosis.
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