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Abstract

Raspberry is a source of dietary fibre and phenolic compounds, which are metabolised by the gut microbiota, resulting in
the production of short chain fatty acids (SCFAs) and phenolic catabolites; but the formation of these compounds depends
on the microbiota composition. The aim of this study was to investigate whether the raspberry and its fractions (phenolic
extract, total and insoluble dietary fibre) affect the microbial activity depending on the body weight condition. For this, in
vitro fermentations of raspberry fractions were carried out using faeces from normal-weight (NW) and overweight volun-
teers (OW) during 48 h, and phenolic catabolites and SCFAs were analysed at 0, 6, 24 and 48 h. The whole raspberry and
the phenolic extract produced greater quantities of urolithins and total SCFAs when compared with fibre fractions, reaching
the highest amount between 24 and 48 h. The body weight condition was an important factor, since faeces from NW led
to greater production of urolithins from non-extractable phenolic compounds bound to fibre fractions, whereas in OW the
urolithins production was higher from the fractions with more extractable polyphenols. In summary, the whole raspberry has

been shown to have a prebiotic effect, mainly due to its phenolic compounds content rather than its fibre content.
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HPLC-DAD High performance liquid chromatography
with a diode array detector

PCA Principal components analysis
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Introduction

Raspberry (Rubus idaeus) production and consumption has
risen in recent years due to greater adherence to healthier
diets [1], since these berries show a significant content of
fibre, vitamins, minerals and phenolic compounds [2, 3].
Dietary fibre, defined as non-digestible polysaccharides,
helps to prevent some diseases like colon cancer, obesity,
diabetes and cardiovascular diseases, this beneficial effect
being associated with its prebiotic effect [4, 5]. In addition
to fibre, their phenolic compounds, mainly anthocyanins
and ellagitannins, also have beneficial effects on human
health (anti-cancer and neuroprotective, among others) due
to their antioxidant activity [6, 7]. In most cases, phenolic
compounds become attached to cell walls and act together
with the dietary fibre in the large intestine, being metab-
olized by the gut microbiota. In this sense, when dietary
fibre undergoes the colon fermentation process, SCFAs
are produced, the most important being acetate, propionate
and butyrate [8]. The majority of SCFAs are absorbed by
colonic epithelial cells, helping to prevent colon carcino-
genesis, maintaining the intestinal barrier function and pro-
moting the development of the intestinal immune system
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[5, 8]. Moreover, when the raspberry-phenolic compounds,
specifically ellagitannins and ellagic acid, reach the large
intestine, they are metabolised by the intestinal microbiota,
producing different urolithins [9, 10]. These catabolites, after
their intestinal absorption, exhibit different biological activi-
ties such as antiglycative, anti-microbial, anti-cancer, anti-
inflammatory, among others [7]. However, the state of the
gut microbiota is very important for the performance of its
essential functions in the host: fermentation of indigestible
food components, removal of toxic compounds, competition
with pathogens and regulation of the immune system [11,
12]. Obesity is related to dysbiosis of the microbiota, by
modulation of its profile and through changes in substrate
metabolism, which lead to altered catabolite production [13].
The aim of this study was to investigate the prebiotic effect
of raspberry and its fractions (phenolic extract, total dietary
fibre and insoluble dietary fibre), as influenced by the faecal
inoculum (normal-weight and overweight subjects), in an
in vitro fermentation model, evaluating the production of
phenolic catabolites and SCFAs.

Materials and Methods
Samples

The whole raspberry (RAS) was obtained by a freeze-dry-
ing process, and was used to obtain its fractions, phenolic
extract (PEX), total dietary fibre (TDF) and insoluble dietary
fibre (IDF). In short, the fibre fractions (TDF and IDF) were
extracted by enzymatic and in vitro digestion, followed by
precipitation with or without ethanol (80%) according to the
fraction, and the PEX fraction was obtained with 70%-etha-
nol from RAS, removing the ethanol in a rotatory evaporator
[3]. The composition of the different fractions (neutral sug-
ars, uronic acids and extractable and hydrolysable phenolic
compounds) has been described by Baenas et al. [3]. In sum-
mary, all the fractions had as major compounds ellagitan-
nins, anthocyanins and ellagic acid in their extractable frac-
tion; besides flavonols and caffeic acid were only detected
in RAS. The hydrolysable phenolic compounds were repre-
sented by ellagic acid derivatives in all the fractions, except
for the PEX fraction. Indeed, the extractable phenolic com-
pounds were more abundant in the RAS and PEX fractions,
whereas the hydrolysable phenolic compounds were more
abundant in the TDF and IDF fractions.

In vitro Fermentation of Raspberry and Its Fractions
with Human Faeces

RAS and its fractions (PEX, TDF and IDF) were fer-
mented in vitro with faecal samples collected from three

healthy normal-weight women (NW) and three healthy
overweight women (OW), aged from 35 to 60 years old.
Volunteers were non-smokers with stable food habits,
had not received antibiotics for at least 3 months before
the study and were free of any gastrointestinal disease.
The study was approved by the Committee of Eth-
ics of Research of the University of Murcia (Ref. No.
1434/2017) and informed written consent was obtained
from each subject. Fresh faeces were collected and
immediately introduced in a tube containing an Anaero-
Gen™ Sacket (AN35, Ox0id®, Basingstoke, Hampshire,
UK) to obtain anaerobic conditions and avoid microbial
modifications. The samples were processed in the first
hour after deposition. The in vitro fermentation was
performed according to the methodology described by
Gonzalez-Barrio et al. [14]. Samples of fresh faeces were
homogenised with phosphate buffer to obtain 32% faecal
slurries. Five millilitres of faecal slurry were added to
44 mL of fermentation medium at pH 7.0 and placed in
a 100-mL McCartney bottle. Samples of RAS (200 mg),
PEX fraction (— 2.8 mg), TDF fraction (94 mg) and IDF
fraction (67 mg), previously dissolved in 1 mL of steri-
lised water, were added to the fermentation bottles. After
these substrates had been added, the fermentation bottles
were purged and then incubated for 48 h at 37 °C in a
shaking bath, simulating colonic lumen conditions. Ali-
quots of the fermented faecal samples were collected at
baseline (0 h) and after 6, 24 and 48 h and were stored
at— 80 °C prior to analyses.

Quantitative and Qualitative Analysis of Microbial
Phenolic Catabolites by Liquid Chromatography

Fermented faecal samples (1 mL) were mixed with water
acidified with 0.1% formic acid and passed through a
C18-SPE column (Waters Corporation, Milford, Mas-
sachusetts, USA) and the compounds of interest were
eluted in 1 mL of methanol [3]. The methanolic extract
was analysed by HPLC-DAD (Agilent Technologies,
Waldbronn, Germany), using the method described by
Gonzilez-Barrio et al. [15]. Urolithins and ellagic acid
derivatives were identified according to their absorbance
spectra, based on data previously reported [16]. Urolith-
ins were quantified by comparison with the standard uro-
lithin B at 305 nm and ellagic acid by comparison with
the pure standard at 360 nm. The results were expressed
in ug mL~L.

Analysis of SCFAs by Gas Chromatography
The analysis of SCFAs was performed with a gas chro-

matograph equipped with a flame ionization detector
(GC-FID), using the protocol described by Baenas
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et al. [3]. Fermented faecal samples were centrifuged at
room temperature for 15 min, at 16,110 g, and 100 uL of
supernatant were mixed with 650 uL of 20% formic acid,
methanol and 2-ethyl butyric acid as the internal stand-
ard (1/4.5/1; v/v/v). Then, the samples were vortexed
for 5 min, filtered and analysed by GC-FID. Acetic acid,
propionic acid and butyric acid were used as standards
to identify and quantify SCFAs. The concentration of
each SCFA was expressed as mmol L™".

Statistical Analysis

A two-way analysis of variance (two-way ANOVA) was
performed, considering the effect of the different frac-
tions and the body weight condition of the subjects. To
determine the significance of the differences among the
mean values (p-value <0.05), a post-hoc Tukey’s test was
conducted. A principal component analysis (PCA) was
also performed, to correlate the metabolic activity of the
microbiota with the health status of the subjects. The sta-
tistical analyses were carried out using R studio, version
3.4.3 (R Foundation for Statistical Computing, Vienna,
Austria). The ellagic acid degradation and the production
of urolithins and SCFAs were expressed as A from the
baseline.

Results and Discussion
Microbial Phenolic Catabolites

As it has been reported previously [9, 10, 17], ellagic
acid reaches the large intestine, where it can be degraded
by the microbiota to urolithins. Our results show that
after 24 h of in vitro fermentation, the bulk of the ellagic
acid had been degraded by the gut microbiota to urolithin
A (Fig. 1), being identified by its spectral characteristics
reported by Gonzalez-Barrio et al. [16]. The urolithin
production rate was highest from 0 to 24 h, reaching the
highest accumulation after 48 h (Fig. 1b). However, no
significant differences were found in urolithin A pro-
duction, neither among the different raspberry fractions,
within the same group, nor between the study groups NW
and OW. However, the results showed a clear tendency
(Fig. 1), since the faecal incubations with RAS and PEX
showed the highest ellagic acid degradation, for both
groups, which resulted in higher production of urolithin
A in comparison with the fermentation of dietary fibre
fractions (TDF and IDF). This behaviour could be related
to the differences in the content of phenolic compounds
of the substrates. So, RAS had the highest amounts of
ellagic acid and ellagitannins [3], which were hydrolysed
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to ellagic acid that was then converted into urolithins,
whereas TDF fraction showed the lowest ellagic acid
degradation rate, and consequently the lowest urolithin
production due to the lowest content of extractable ella-
gitannins and ellagic acid [3]. Moreover, this fraction
had the highest amount of hydrolysable phenolic com-
pounds, and as non-extractable phenolic compounds,
their metabolisation by the microbiota may have been
hampered since they bind to cell walls. So, the higher
production of urolithins from RAS and PEX fractions
appeared to be associated to the bioaccessibility of their
precursors, because the extractable phenolic compounds
can be rapidly metabolised by the microbiota. It is also
notable that the urolithin production (Fig. 1b) was simi-
lar for RAS and PEX during the first 6 h, but after 24 h
differences were apparent, might be due to the distinct
compositions of the two fractions. PEX fraction only
contained extractable ellagic acid, while ellagic acid in
RAS was also present attached to the matrix and, there-
fore, it might be released from the cell walls and promote
urolithin production over a longer period.

As far as we know, only Inada et al. [18] analysed
in vivo the production of urolithins after ingestion of a
berry powder in NW and OW subjects, reporting similar
results that are in agreement with our findings, with-
out significant differences between the weight condi-
tion. However, a tendency was also observed related to
the body weight condition. It is important to highlight
that the fecal inoculum of NW produced more urolithins
from the fibre fractions (TDF and IDF) than those of
OW. By contrast, the fermentation with the fecal inocu-
lum of OW produced more urolithins from the RAS and
PEX fractions, probably due to their amount of extract-
able phenolic compounds (Fig. 1b). Hence, our results
show that when the bulk of the phenolic compounds
were extractable, the microbiota of OW was able to
produce a greater quantity of urolithins than the micro-
biota from NW. However, for the fractions with more
hydrolysable phenolic compounds (TDF and IDF), the
microbiota from OW was less able to bio-transform them
into urolithins.

SCFAs Production

The potential prebiotic effect of the different substrates
assayed was measured by evaluation of the SCFAs pro-
duced by the gut microbiota. As we can see in Table 1,
acetate was the major SCFA produced, for both NW
and OW groups, since acetate is recognized as the main
SCFA produced by the intestinal bacteria [19, 20]. RAS
produced the highest amounts of acetate, propionate and
total SCFAs, followed by the PEX fraction. These results
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Fig. 1 Decrease (A) in the NTDE NIDF
content of ellagic acid (a) and
increase (A) in urolithin produc- 0.45 a)

tion (ug mL™") (b) produced by
the faecal microbiota of humans
(normal-weight and overweight
volunteers) after 6, 24 and 48 h 0.15
of in vitro fermentation with
different substrates: NTDF (
normal-weight, total dietary
fibre), NIDF (- normal-
weight, insoluble dietary fibre),
NRAS (——normal-weight,
whole raspberry), NPEX (——
normal-weight, polyphenol
extract), OTDF ( over-
weight, total dietary fibre),
OIDF (- --overweight, insoluble
dietary fibre), ORAS ( -0.75
overweight, whole raspberry),

OPEX (- =-overweight,

polyphenol extract). Values are

i
S
-
0

A Ellagic acid (ug mL™")
s
F'S
wn

expressed as the means +SD -1.05
(n=3)
5 b)
4
z
w3
S
<
=
£
S 2
o
=}
< 1
7
1

NRAS —+-~NPEX

OTDF OIDF ORAS |- == OPEX

18 30 36 42

Time (h)

reveal that not only dietary fibre from raspberry exhib-
its a prebiotic effect [5] but also its phenolic compounds
(Table 1) may be considered as potential prebiotics, show-
ing a synergistic effect [21]. On the contrary, the fibre
fractions (TDF and IDF) produced the lowest amount of
total SCFAs, which indicates a lower prebiotic effect com-
pared with RAS and PEX fraction. The prebiotic effect of
fibre depends on its solubility, and TDF fraction has a low
content of soluble dietary fibre (only 28%, mainly pectins
and soluble hemicellulose), whereas IDF fraction contains
the non-fermentable carbohydrates (mostly cellulose) [3].
For this reason, the fermentation of TDF fraction led to a
higher formation of SCFAs than IDF fraction. The butyrate

42 48

Time (h)

content showed the smallest differences when comparing
TDF and IDF with RAS and PEX, since butyrate is mainly
produced from non-digestible polysaccharides, and there-
fore, in the fibre fractions the production was equalised to
the other two fractions [22].

It is known that overweightness leads to a higher
amount of SCFAs in faeces because the intestinal micro-
biota from OW people showed a better ability to produce
SCFAs [20]. However, we did not observe a clear effect,
and the amounts of SCFAs were mainly related to the
fermentable substrate or sample. The propionate pro-
duction from RAS was higher in the NW at 6 h. On the
other hand, the production of acetate, propionate and
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Table 1 Increase (A) in short-chain fatty acids (SCFAs) (mmol L) (acetate, propionate, butyrate and total) produced by human faecal microbiota after 6, 24 and 48 h of in vitro fermentation

(5

IDF

TDF

PEX

RAS
6h

with different substrates: RAS (whole raspberry), PEX (polyphenol extract), TDF (total dietary fibre) and IDF (insoluble dietary fibre). The faecal samples were obtained from NW (normal-

weight) and OW (overweight) volunteers

Springer

48 h

24 h

6h

48 h

24 h

6h

48 h

24 h

6h

48 h

24 h

NwW

41+1.1° 64+0.6" 6.8+0.9%
1.6+0.7°

19+1.1°

9.34+4.4%
2.1+0.6

125+1.6° 159+53* 14.5+55% 6.4+1.3%" 90+63%® 133+24® 46+09° 94+26%

Acetate

14+05°

1.0+04°
14+0.1

1.8+12°

1.0+0.4°
1.5+0.6

27+0.6%
2.8+0.2

1.9+1.0°

1.4+0.5

1.3+0.1%°

3.6+05*°

a

3.7+0.7
25+04%
22.0+5.8

1.7+£0.2

3.1+£0.7%

Propionate

1.9+0.6
10.4+1.8°

1.7+0.5°
95+04

13.2+5.6®

1.9+0.5%
13.1+4.0

21+1.1%
129+8.4

9.1+1.9%>

26+1.0

17.3+1.3%

Butyrate

Total

ow

6.6+1.4°

7.1+1.2°

18.8+1.9®

20.6+6.7* +

99+55% 222459 221+9.1 15.04£2.6%  21.1+7.6* 204+10.6 5.0+04° 9.1+2.1° 93+14 41+2.0P 83+27%  9.0+0.1%

Acetate

1.6+0.6
1.9+05
12.4+0.3

1.2+0.5°

0.7+04°

+0.4

1.6

1.5+0.5°

0.7+02°

+2.4

2.9+0.6

3.0+£0.7
27.6+9.7*

35+1.5

1.7+£0.3%*
23+0.2%

39422
25+038

+ 3.6+1.2%

09+1.0°

0.9 +0.9%2
11.7£7.2%®

Propionate

1.9+0.3°
11.3+2.8°

1.0+0.4%
5.8+2.5°

+0.4

1.9
128+1.6

1.8+03°

1.5+0.2%
72+0.5°

269+13.5

24+0.8%®
28.2+7.8%

Butyrate

Total

12.4+2.6%°

19.0+3.1%*

28.5+12.0

3). Different letters (a—c) indicate significant differences (p <0.05) among the fractions at the same time. *Indicates significant differences (p <0.05)

Values are expressed as the means+SD (n

between normal-weight and overweight volunteers

total SCFAs from the PEX fraction was higher in the
OW at 6 h, and acetate production from the IDF frac-
tion was higher in OW at 48 h. This could be due to the
high production of urolithins in the OW, since urolithins
have antimicrobial activity [23] and can cause a decrease
in the gut microbial activity leading to a reduction in
SCFAs production.

Multivariate statistical analysis was used to determine
the relationship between the substrates and the metabo-
lites produced during fermentation. In this sense, a PCA
was performed separately for NW and OW (Fig. 2). The
representation of the subjects is shown on the left side
of the figure, and that of the variables on the right. The
analyses identified six dimensions (Dim), the first two
explaining 85.7% of the total variance for NW and 89.5%
for OW. The contents of individual (acetate, propionate,
butyrate) acids, total SCFAs and urolithins were posi-
tively correlated with Dim 1, in both groups, whereas
ellagic acid was negatively correlated with this dimen-
sion. Dim 2 represented the formation of urolithins,
being negatively correlated with butyrate and urolithins
for NW but only with urolithins for OW. It is noteworthy
that the samples of the different fractions of raspberry
were clearly separated, but in a different way depend-
ing on the body weight condition. Figure 2a shows that
NW RAS was the substrate that gave rise to the great-
est formation of beneficial metabolites and catabolites
from the activity of the microbiota. Contrastingly, in OW
(Fig. 2b) PEX fraction led to the greatest formation of
these compounds, followed by RAS. In addition, these
results highlight that there was a relationship between
urolithins and butyrate production in the NW but not
in the OW. This relationship could be explained by the
greater ability of the NW to metabolise phenolic com-
pounds from the non-digestible fractions (TDF and IDF),
leading to higher production of urolithins and butyrate
at the same time. These results indicate that body weight
and the related condition of the microbiota could deter-
mine the beneficial effects of prebiotic functional food
and functional ingredients.

Conclusions

The whole raspberry exhibits a prebiotic effect which is
mainly due to its phenolic compounds content and not so
much to its fibre content. However, the phenolic com-
pounds associated with dietary fibre fractions also con-
tribute to the activity of the gut microbiota. These results
are interesting for the development of prebiotic functional
ingredients, taking into consideration that their benefi-
cial effects depend mainly on the ingredient composition
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Fig.2 Principal component
analysis (PCA) showing indi-
vidual distribution (on the left)
and variables distribution (on
the right) for selected variables
(A ellagic acid, urolithin A, 1
acetate, propionate, butyrate
and total SCFAs) in normal-
weight volunteers (a NW) and
overweight volunteers (b OW).
Different colours show different
fractions: PEX (epolyphenol
extract), IDF (. insoluble
dietary fibre), RAS (swhole
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but may be also influenced by the body weight condi-
tion, since the microbiota determine the metabolites and
catabolites formed in the colon. Further studies of the
changes in the individual groups comprising the micro-
biota are required.
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