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Fruits are the seed-bearing product of plants and have considerable nutritional importance in the human
diet. The consumption of fruits is among the dietary strategies recommended for constipation due to its
potential effects on the gut microbiota and gut motility. Dietary fiber from fruits has been the subject of
research on the impact on gut microbiota, gut motility and constipation, however, fruits also contain
other components that impact the intestinal luminal environment that may impact these outcomes
including sorbitol and (poly)phenols. This review aims to explore the mechanisms of action and effective-
ness of fruits and fruit products on the gut microbiota, gut motility and constipation, with a focus on fiber,
sorbitol and (poly)phenols. In vitro, animal and human studies investigating the effects of fruits on gut
motility and gut microbiota were sought through electronic database searches, hand searching and con-
sulting with experts. Various fruits have been shown to modify the microbiota in human studies including
bifidobacteria), (bifidobacteria), fruit  (Bacteroides,
Faecalibacterium prausnitzii) and raisins (Ruminococcus, F. prausnitzii). Prunes, raisins and apple fiber

blueberry powder (lactobacilli, prunes kiwi

isolate have been shown to increase fecal weight in humans, whilst kiwifruit to increase small bowel and
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fecal water content. Apple fiber isolate, kiwifruit, fig paste, and orange extract have been shown to reduce
gut transit time, while prunes have not. There is limited evidence on which fruit components play a pre-
dominant role in regulating gut motility and constipation, or whether a synergy of multiple components is
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Introduction

Constipation is a symptom-based bowel disorder, character-
ized by difficult, infrequent or incomplete bowel movements."
Constipation can be acute (duration of less than a week) or
chronic (duration of more than 3 months)® and based on the
etiology it is categorized by the Rome IV criteria into two sub-
types: functional constipation and constipation-predominant
irritable bowel syndrome (IBS-C).*> Both types can be impacted
by impaired gut transit time (slow-transit constipation), and
evacuation disorders may also be present.” Constipation can
be either primary or secondary, with the latter resulting from
underlying conditions or pharmacological therapies.*® The
focus of this review will be primary, functional constipation.
Functional constipation is defined according to the Rome IV
criteria as the presence of at least two of the following symp-
toms for at least 25% of defecations and lasting for at least
3 months: fewer than 3 defecations per week; hard or lumpy
stools; straining; a sense of incomplete evacuation; a sensation
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of anorectal obstruction; or the need for manual maneuvers to
assist defecation. This diagnosis also requires loose or watery
stools to be rare and the person not meeting the Rome IV cri-
teria for irritable bowel syndrome.?

The global prevalence of constipation is 14%.° A cohort
study of almost 500 general practitioners who reviewed
medical records of over 3 million patients in the United
Kingdom (UK), showed that 12.8 per 1000 people had a diag-
nosis of constipation by their general practitioner,” however
this likely underestimates the prevalence of constipation, as
many affected individuals do not consult a healthcare pro-
fessional.® The economic cost of chronic constipation to
patients and the health system is substantial and various
studies in the United States (US) and Europe have attempted
to quantify it.”** In the US, total cost was $235 million per
year (2006 data),’* while the annual constipation-related
healthcare costs per person was as high as $11991, with
almost half attributed to outpatient services (2010 data).'® In
England, the National Health Service spent £168 million on
constipation treatment in 2018-2019, split between the cost of
prescribed laxatives and constipation-related hospital admis-
sions.'’ In Romania, the annual national expenditure on pre-
scribed or over the counter laxatives was calculated at
15 million euros.’
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Risk factors for chronic constipation include older age, the
female sex, lack of physical activity, low energy intake and
other factors such as dieting, low fiber intake, fluid depletion,
number of medications, low income and education level, clini-
cal depression or a history of physical and sexual abuse.'®
Constipation has also been linked to an altered gut microbiota
compared to healthy controls."*™"”

Chronic constipation affects quality of life.*'® Constipation
also results in lower stool weight compared with healthy indi-
viduals," and low stool weight (average of 5 or more days) has
been associated with an increased risk of colorectal cancer,
with an incidence rate ratio of 1.49 (95% CI, 1.26-1.76) in
males and 1.67 (95% CI, 1.45-1.93) in females.”® However,
other observational studies have suggested that the link
between constipation and increased risk of colorectal cancer is
attributed to non-fiber laxatives,”® whose use is common
among constipation patients.””> However, another observa-
tional study did not show that such an association.*® These
observations of high economic cost, impact on quality of life
and potentially increased risk of colorectal cancer highlight
the importance of successfully preventing and managing con-
stipation,*® and it has been suggested that the goal is global
relief of constipation symptoms and return to normal bowel
function,® yet decreasing the risk of serious constipation-
associated cancer should also be a public health goal.

Dietary modification is part of the primary approach in the
treatment of constipation. The World Gastroenterology
Association recommends an increase in fiber intake either by
dietary advice or through supplementation.’® In the UK, gui-
dance for health professionals suggest the recommendation
for the consumption of fruits including those that are rich in
sorbitol, giving examples such as apricots, peaches and plums,
as well as their corresponding juices.”” National recommen-
dations provided to the general public highlight the impor-
tance of lifestyle and dietary modifications, with a particular
focus on ensuring adequate hydration and increasing the con-
sumption of fiber-rich foods, such as whole grains, vegetables
and fruits.””*® Some fruits are perceived to have stool soften-
ing abilities, with a survey of 1088 participants, including
healthy individuals and patients with constipation or IBS-C,
reporting prunes to be the most stool softening.>* However,
there is limited evidence regarding the mechanisms of action
of fruits towards gut motility and constipation, and few studies
have addressed their effectiveness in impacting gut transit
time and reducing constipation symptoms in clinical trials.
The aim of this review is to discuss the existing evidence on
the effects of fruits on gut microbiota, gut motility and consti-
pation, with a focus on the mechanisms of action and
effectiveness.

Materials and methods

This narrative review focused on in vitro and animal studies,
human clinical trials, and systematic reviews where available.
Electronic database searches were performed on Ovid
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(MEDLINE, Embase) using Medical Subject Headings (MeSH)
relevant to each concept of interest, applying the necessary
truncations and Boolean operators: ((“constipat*” OR (“bowel”
OR “gut” OR intestin*”)) AND (“function” OR “health” OR
“physiology” OR “microbiome” OR “microbiota”) AND (“fiber”
OR “fibre” OR “polyphenol*” OR “sorbitol” OR “fruit*” OR
“juice” OR “extract*”)). Relevant publications were also discov-
ered through back searching reference lists from eligible publi-
cations, hand searching and recommendations from experts in
the field. Studies including mechanistic outcomes (e.g. micro-
biome, gastrointestinal transit time, fecal output, gut pH, fecal
water content) were included.

Fruit components, gut microbiota, gut motility and
constipation

Fruits are the seed-bearing product of plants and have con-
siderable nutritional importance in the human diet. Fruits in
their fresh, dried or juiced form are a rich source of some vita-
mins, minerals and dietary fiber**>> and are a core com-
ponent of the World Health Organization ‘5-a-day’ fruit and
vegetable recommendation.??

Dietary fiber has been the subject of much research on the
impact on gut microbiota, gut motility and constipation,
however, fruits contain several other components that may
impact the intestinal lumen environment and they will be dis-

cussed below.>*™3°

Dietary fiber

Several fruits are excellent sources of dietary fiber.*® Fiber is
defined as the sum of carbohydrates that are polymers of three
or more monomeric units and are not digested or absorbed in
the small intestine, plus lignins."® Fiber is not one molecule,
but a range of molecules that vary in solubility, viscosity and
fermentability.*’ Non-fermentable fibers reach the lower gut
intact, whilst viscous fibers have a higher water-binding
ability, and therefore both are potent in bulking stool.*> An
increase in stool bulk further causes luminal distention and
triggers peristalsis.”®> Fermentable fibers increase gut micro-
biota abundance and therefore fecal biomass and increase
short-chain fatty acid (SCFA) production. This results in an
increased colonic osmotic load which increases the water
content of the feces** leading to softer stools. Several publi-
cations have reported that various high-fiber foods lead to
reductions in whole gut transit time.**™*

Sorbitol

Sorbitol is a sugar alcohol found in plants. Sorbitol is not
digested or absorbed in the small intestine’® and has the
ability to hold water in its molecules,’® leading to the increase
of water in the gut lumen, which could soften stools and there-
fore ease defecation. In a randomized controlled trial (RCT),
40 g per day sorbitol for 6 days resulted in significantly greater
fecal water and fecal weight compared to placebo.*®
Furthermore, unabsorbed sorbitol reaches the colon where it
is fermented by the gut microbiota, increasing SCFA pro-

duction,” and possibly altering the microbiota. While this
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hypothesis has not been tested in humans, sorbitol in rats
increased fecal, colonic and cecal Lactobacillus sp. AD102 and
fecal L. reuteri compared to fructo-oligosaccharides and
control, as well as higher butyrate in colonic and cecal
samples compared to control.>>

(Poly)phenols

(Poly)phenols are a large class of chemical compounds present
in plant foods and beverages, including fruits, vegetables,
grains, tea, coffee and wine.>>>* Their structure consists of
one or more hydroxyl groups bonded to an aromatic hydro-
carbon group.

Only a small proportion of low-molecular-weight (poly)
phenols are absorbed in the small intestine while those of a
higher molecular weight reach the colon unaffected,> where
they become available for fermentation by the gut microbiota,
which breaks larger (poly)phenols into smaller, absorbable
molecules, potentially responsible for numerous health
benefits.>® Moreover, existing evidence suggests that (poly)
phenols have the potential to positively modify the gut micro-
biota by either increasing bacteria known to be helpful for the
maintenance of gut health such as Bifidobacterium and
Lactobacillus, or by inhibiting the growth of potentially patho-
genic bacteria.’’~®> While it has been hypothesized that due to
their anti-inflammatory abilities (poly)phenols may be ben-
eficial in the treatment of inflammatory bowel disease or irrita-
ble bowel syndrome,® there are currently not enough data to
show a direct effect on constipation.

Fiber, sorbitol and (poly)phenols in fruits and fruit products

Fiber, sorbitol and (poly)phenols are the main constituents
that mediate the effect of fruits on gut microbiota, gut motility
and gut function and therefore might impact constipation.
Different fruits contain varying amounts of fiber, sorbitol and
(poly)phenols, while the processing of fruit can have major
impacts on these. For example, fresh or dried fruits, fruit
pulps or whole-fruit smoothies (drinks made with fresh,
pureed fruit) may contain significant amounts of fiber, sorbi-
tol and (poly)phenols, whereas a strained juice or juice from
concentrate may contain sorbitol and (poly)phenols, but little
fiber (Fig. 1).

Fruit pomace (by-product of juice-extraction that consists of
fruit skin, seed or pips and possibly stems) is unlikely to
contain significant amounts of sorbitol due to its high solubi-
lity and therefore extraction in the juice, although data for the
composition of fruit pomace is lacking. In the case of fruit
extracts, or seed extracts, the fiber is usually absent, and the
(poly)phenol or sorbitol content depends on the extraction
procedure. The sorbitol content of fruit peels is under-investi-
gated but some studies measuring the sorbitol of peeled and
unpeeled fruits yield values that imply the presence of sorbitol
in peels.®® Fruit peels and fiber isolates may also contain
(poly)phenols, again depending upon the isolation
procedure,®”® hence their health effects may be attributed to
both fiber and (poly)phenols (Fig. 1).
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Fig. 1 The major components of fruits likely to impact the gut micro-
biota, gut motility and constipation and their presence in fruit and fruit
products.

Moreover, the complex food matrix of each fruit product
may play a role in the bioaccessibility of each compound.
(Poly)phenols can be bound to dietary fibers, and after fiber
fermentation by the colonic microbiota are released and
become available to the local bacterial communities and the
host. This can lead to a series of local health effects.®®

Consequently, different fruit products, even from the same
fruit may have varying effects on gut microbiota, gut function
and motility due to their varying content of fiber, sorbitol,
(poly)phenols, and other, less investigated compounds (e.g.
tartaric acid or oxyphenisatin.**®” However, very few studies
directly compare the effects of the different fruit components
contained within different fruit products. Thus, there is
limited evidence on which fruit components play a predomi-
nant role in regulating gut motility and constipation, or
whether a synergic effect of multiple components is in fact
responsible for such effects.

Fruit and fruit products, the microbiota and gut motility

Several fruits and fruit products have been investigated for
their effects on the gut microbiota, gut motility and consti-
pation. The human studies included in this review are sum-
marized in Table 1.

Stone fruits

Plums (species of the genus Prunus), in the form of dried
plums (prunes) or plum juice, are the most widely investigated
for their impact on gut motility and constipation, with 7 RCTs
and a systematic review published in total about these
effects,”® 7 yet few of them looked into mechanistic outcomes.
One RCT in healthy males, reported a higher fecal weight after
the consumption of 100 g d™" of prunes for four weeks com-
pared to 360 mL of grape juice, with no changes in fecal water
content.”® In an RCT, four weeks of prune consumption (80 g

This journal is © The Royal Society of Chemistry 2021
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d™" or 120 g d* prunes) resulted in greater fecal weight com-
pared to control (no prunes) but did not increase fecal water
content or whole gut transit time. The two prune-receiving
groups had increased baseline-to-endpoint changes in the
abundances of bifidobacteria compared to control, but with no
significant difference between the two doses.””

Plum juice has been investigated for its effect on the micro-
biota in a four-arm study on obese rats in which carbohydrate-
free plum juice was compared to carbohydrate-free peach juice
and control (a water-glucose drink), with an extra, negative
control group of lean rats who received the control. Plum juice
resulted in higher Turicibacter, Faecalibacterium and
Lactobacillus abundances compared to all other groups, while
Ruminococcaceae were higher compared to the two control
groups.”’

Overall, in humans, prunes increase fecal bulk but not fecal
water. The differences in the changes in microbiota that were
observed between plum products might be explained by the
fiber, which was present in the prunes in the human trials,
while not present in the plum juice fed to rats, however, of
course, different organisms were studied which itself con-
founds results. The increases of bifidobacteria observed in the
human trial is promising, as lower bifidobacteria have been
observed in constipation and it is possible this reduction plays
a role in its pathogenesis, but also because bifidobacteria exert
gut health benefits.”®

Apricots, which belong to the same genus as prunes, are
also rich in fiber and sorbitol. Only one study reported higher
fecal weight, fecal lipid content as well as higher relative abun-
dances of Bacteroides and Clostridium cluster IV in mice fed
Japanese apricot (Prunus mume) fiber isolate compared to
control (cellulose).”® While there is no evidence to support the
extrapolation of these results to humans, this study suggests
apricots may modulate microbiota composition and further
research is needed as to whether this occurs in humans.

Cherries (species of the genus Prunus) have also shown
potential to alter the gut microbiota. One animal and one
human study have investigated their effects in the gut. In
obese mice, the supplementation of whole, dark, sweet cherry
powder for 12 weeks lead to higher abundances of
Akkermansia, Alcaligenaceae and Bifidobacterium while also
resulted in 10-fold lower Lactobacillus and Enterobacteriaceae
abundances compared to the two control groups (obese and
lean mice receiving a cherry-free diet).®° In an RCT in healthy
adults, however, despite extensive 16S sequencing, a 4-week
supplementation of 60 mL d~" of Montmorency cherry concen-
trate did not have any effects on the gut microbiota compared
to control, which was an energy and glucose matched drink.’®
The difference between these studies could indicate that the
effects seen in animals may not be transferrable to humans, or
that cherry concentrate lacks the effective components which
freeze-dried cherry powder has, or finally, the lack of effect in
humans could be a type II error resulting from a small sample
size (n = 28).

Mangoes, stone fruits of the plant Mangifera indica L.,
belonging in the Anacardiaceae family.* One RCT in 36 adults
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with constipation compared a daily consumption of 300 g of
mango to 5 g of psyllium husk daily for 4 weeks. Mango
resulted in greater fecal content of valerate compared to
control and improved stool consistency, however fecal water
content was not measured.®” Psyllium husk and mango have a
comparable ratio of soluble to insoluble fibers.?*** As the fiber
was matched between the interventions, the differences in
these results may occur due to the (poly)phenol content of the
mango.

Overall, prunes and apricots increase fecal output in
humans and animals, which could be useful in constipation.
The disparities between microbial effects of stone fruits may
be a result of the differences in the fiber, sorbitol or (poly)
phenol content or each fruit (e.g. plums or apricots) or their
presentation (fruit or juice), and may also arise indirectly from
a potential altered gut motility, which is known to affect the
local microbiota.'*3%8>

Pome fruits

Apples (species of the genus Malus) have also been studied in
three animal studies, one in vitro experiment and one human
trial, regarding their effects on gut function. Apple pulp fed to
rats for seven days resulted in higher wet and dry fecal weight
compared to control.®® This effect was also observed in a clini-
cal trial of six healthy adults that compared apple fiber isolate
supplementation of a controlled diet to the same diet without
fiber addition for three weeks; greater fecal weight and lower
gut transit time was reported in the apple fiber isolate com-
pared to control.*’

Studies have also compared different apple components for
their effects on the gut microbiota. A controlled animal study
compared the effects of several apple products (apple juice,
apple purée, apple pomace and 0.33% or 3.3% apple pectin
isolate) in rats for 14 weeks. Only butyrate was found to be
affected by the interventions, with higher cecal concentrations
in the apple pomace and the 3.3% apple pectin groups com-
pared to control (no apple). Similar findings were reported in a
follow-up experiment, comparing the effects of a control diet
supplementation with 7% apple pectin or 10 g d~' whole
apple, which resulted in higher butyrate and lower cecal pH
for both interventions compared to control. Furthermore, the
16S rRNA gene content of Bacteroides was lower in pectin-fed
and whole apple-fed rats compared to control and when com-
paring the two apple groups, only Clostridium coccoides was
significantly higher in the apple pectin group compared to the
whole apple group.®” Another controlled study investigated the
effects of whole apple, apple peel, apple polyphenolic extract
and grape polyphenolic extract in mice. Whole apple resulted
in a higher abundance of Akkermansia, whereas apple peel led
to greater abundance of Bacteroides compared to control. The
apple and grape polyphenolic extracts resulted in higher
Enterobacteriaceae, Turicibacter and Enterococcus compared to
control.®® Overall, these animal studies indicate broadly
similar effects of different components of apple (e.g. whole,
pomace) compared with apple fiber isolate, suggesting that
any effect of apple on microbiota and gut function may be
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driven largely by the fiber component directly, or indirectly by
potential changes in gut motility.

Considering different apple cultivars, a recent study investi-
gated the effects of Renetta Canada, Golden Delicious and
Pink Lady compared to inulin and cellulose on microbiota
using a batch-culture colonic fermentation model. At 24 h of
fermentation, all three apple cultivars increased the relative
abundance of Actinobacteria compared to cellulose.
Bacteroidetes decreased and Proteobacteria increased over
time with Renetta Canada and Golden Delicious, whilst
Faecalibacterium prausnitzii increased over time with Renetta
Canada. While all apples increased the concentration of total
SCFA, acetate and propionate over time, only Renetta Canada
increased butyrate. No differences in SCFA were observed
between treatments at each time point.*® This cultivar com-
parison showed some significant microbiological differences
between the different apple types, possibly explained by the
difference in the (poly)phenolic profile of these three cultivars,
as the fiber content between them was similar. These are only
a small fraction of the existing cultivars though, signifying the
need for further investigation of the differences between sub-
species, as well as fruit components and fruit products, not
only for apples but possibly for other fruits as well.

Overall, regarding immediate gut motility effects, apple pro-
ducts seem to increase fecal output (weight, frequency) in
both humans and rats, as well as gut transit time in humans,
which may be helpful in constipation.

Citrus fruits

Orange (Citrus sinensis) is one of the most financially impor-
tant fruits of the family Rutaceae.”® In one simulated human
digestion trial using fecal cultures from three donors at risk of
metabolic syndrome, orange juice from concentrate was used
as a control, to be compared to orange juice supplemented
with a galactooligosaccharides mixture. Plain orange juice did
not produce any changes to the populations of the bacteria
studied in an in vitro colonic model study, nor the SCFA pro-
duction compared to baseline.”® However, some cultivar-
specific effects of orange juice were investigated in a random-
ized crossover trial involving 21 healthy adults, where a daily
dose of 500 mL Cara Cara orange juice was compared to the
same portion of Bahia orange juice or a placebo drink. The
Cara Cara group had a higher relative abundance of the
Porphyromonadaceae family and Parabacteroides genus, and the
Odoribacteraceae family and Butyricimonas genus, as well as
Enterobacteriaceae, Christensenellaceae, Lachnospiraceae, and
Ruminococcaceae families compared to placebo. Bahia orange

juice led to a greater relative abundance of the
Coriobacteriaceae  family and Adlercreutzia genus, the
Enterococcaceae  family and  Enterococcus genus, the

Clostridiaceae family and Clostridium genus as well as
Ruminococcaceae family and Anaerotruncus genus, compared to
control. Between the two cultivars, Bahia led to higher relative
abundance of Veillonellaceae compared to Cara Cara, while the
latter resulted in higher Eubacterium dolichum than Bahia.
Neither variety produced significant changes in the SCFA pro-
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duction.”® Dried trifoliate orange (Poncirus trifoliata (L.) Raf. or
Citrus trifoliata L.) was investigated in an RCT on patients with
neurogenic bowel after spinal cord injury at a daily dose of
1600 mg of extract powder. It was found to reduce whole colon
transit time compared to baseline.”® Overall, the existing evi-
dence on two orange varieties show increased Ruminococcaceae
concentrations, while the rest of the bacterial families and
genera affected differed depending on the varietal. The lack of
such an effect in the existing in vitro study may result from the
fact that an orange juice from concentrate was used, which
would lack fiber and whose (poly)phenol content may have
been reduced during the drying process.’® Additionally, trifoli-
ate orange extract powder exhibited transit time reducing
effects, however, the mechanism of its prokinetic effects is not
yet fully understood. The type of extract (aqueous solution,
methane or hexane extract) seems to play a significant role in
which receptors are affected, in pathways related to the proki-
netic activity.

Berries

Several types of berries have been studied regarding their
effect on the gut. Four animal studies on black raspberries,
blueberries, blackcurrants, blackberries and raspberries, two
human trials on chokeberries and blueberries as well as one
in vitro study on cranberries are presented below.

A black raspberry freeze-dried powder supplementation
(10%w/w) of a standard feed in mice, led to a higher abun-
dance of Akkermansia municiphila compared to the control
group (feed with no supplementation). In the black raspberry
group, Firmicutes decreased, while Bacteroidetes increased.” A
similar change in the ratio of Firmicutes to Bacteroidetes was
observed in another study on male mice, comparing a 10%
supplementation of black raspberry freeze-dried powder to a
control diet with no supplementation. Specifically, Clostridium
was lower while Barnesiella was greater in the colon mucosal
samples compared to control. Turicibacter and Lactobacillus
were also found to be lower in both medial colon mucosal
samples and luminal samples compared to control.”®
Although information on the sorbitol content of black raspber-
ries is not available, these fruits have a high fiber content
(6.5 g per 100 g)*° and high-(poly)phenol content,”” which
could explain their potency in affecting microbiota as observed
in the animal studies available.

Chokeberries (Aronia melanocarpa), have been studied in
one RCT in healthy men, where whole chokeberry powder was
compared to a polyphenol-rich chokeberry extract and placebo
(maltodextrin). The chokeberry extract Anaerostipes was higher
compared to baseline and to the control, whereas whole fruit
increased Bacteroides compared to baseline.”®

Cranberries are fruits of several species of the genus
Vaccinium. Three products of cranberries were studied in one
human gut fermentation simulation study using microbiota of
phenotypically healthy donors with increased or absent
Enterobacteriaceae. A polyphenol-rich cranberry extract was
compared to a polyphenol-free extract, whole cranberry powder
and an untreated control fermentation. In the
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Enterobacteriaceae-free community, the phenolic-rich extract
increased Bacteroidaceae compared to baseline. In the
Enterobacteriaceae-rich community, whole cranberry increased
Bacteroidaceae and Porphyromonadaceae, while it decreased
Enterobacteriaceae over time. In the same community, the phe-
nolic-deficient extract also increased Porphyromonadaceae com-
pared to baseline. On the contrary, in this community the phe-
nolic-rich extract did not produce any significant changes to
the microbiota compared to baseline.”® These differences
between the effects of different cranberry components possibly
indicate that both fiber and polyphenols play a role in the
modification of gut bacteria in animal models.

Blueberries also belong in the genus Vaccinium.®" Rats fed a
high-fat diet with whole blueberry powder supplementation
had a greater abundance of Porphyromonadaceae,
Gammaproteobacteria, Proteobacteria and Fusobacteria, sig-
nificantly lower Firmicutes and Bacteroidetes compared to rats
fed a high-fat diet and rats fed a low-fat diet, both with no
blueberry supplementation. Additionally, the supplementation
resulted in higher acetate compared to both non-supplemen-
tation groups and higher propionate but lower butyrate than
low-fat-fed rats.'® An 8% supplementation of lowbush wild
blueberries powder fed to rats for 6 weeks led to higher abun-
dance of Actinobacteria, Coriobacteriaceae and some members
of Bifidobacteriaceae, while the abundances of Lactobacillus
and Enterococcus were lower compared to rats fed control
diets.'®" In another experiment with freeze-dried blueberry
powder on mice, the changes in the gut microbiota were sexu-
ally dimorphic, affecting different genera of bacteria in each
sex. In male mice, the consumption increased
Corynebacterium, Clostridium, and Facklamia and decreased
Ruminococcus and RF39 over time, while in female mice it

increased Turicibacter, Mogibacteriaceae, Coprococcus,
Adlercreutzia, and S24-7 and decreased Ruminococcus,
Mucispirillum,  Christensenellaceae,  Anaerotruncus,  and

Staphylococcus.'®* A randomized, repeated-measure, crossover
trial on 20 healthy male adults investigated the effects of a
daily portion of 250 mL wild blueberry drink (10% w/v freeze-
dried wild blueberry powder) compared to a placebo drink. The
abundance of Bifidobacterium spp. and Lactobacillus acidophilus
increased compared to baseline, although Lactobacillus acidophi-
Ius increased in the control group as well.'®> In summary, wild
blueberry powder had positive effects on the human microbiota
composition, increasing bifidobacteria and L. acidophilus,
despite contrasting effects seen in a previous animal study.'**
There is a need for caution in the extrapolation of fruit interven-
tion effects seen in animals to humans. The amount of fruit
given to the animals is greater than a human could be expected
to consume. Furthermore, the one existing human trial'®® was
only performed in men, while sex-related variability in the blue-
berry effects was observed in the animals, leaving a gap in the
knowledge about the effects of this fruit in women, which high-
lights the need for further human trials with blueberries on a
larger, more diverse population.

Freeze-dried blackcurrant (Ribes nigrum) led to greater wet
fecal weight in rats compared to freeze-dried blackberry (Rubus
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subgenus Rubus) and raspberry (Rubus ideaus) (16.1 + 1.2 vs.
9.0 + 0.3 vs. 9.3 + 0.4 g/5 days respectively, p < 0.05). Dry weight
in the blackcurrant group was also higher than that of the
raspberry group (7.2 + 0.8 vs. 5.7 + 0.2 g/5 days, p < 0.05). The
blackcurrant supplementation also resulted in higher total
SCFA concentrations than the other berries (152 vs. 150 pmol,
P = 0.002), higher cecal acetate (109 vs. 74 pmol, P = 0.002),
propionate (20 vs. 13 pmol, P = 0.001) and butyrate (17 vs.
13 pmol, P = 0.032), while in the proximal and distal colon, the
blackcurrant group had higher acetate than the other groups
(31 vs. 21 pmol, P < 0.001) and the raspberry group had higher
butyrate than the rest (4.8 vs. 3.5 pmol, P = 0.038). However,
this study was not controlled.'® While in this animal study
freeze-dried black currant seems to be more effective in fecal
bulking and SCFA production than two Rubus berries, the lack
of a control group deprives us from making assumptions
about the effect power of these berries overall.

Grapes

Grapes (Vitis vinifera) are also berries, rich in fiber,*® phenolic
compounds'®® and tartaric acid.®” Several grape products have
been studied in vitro and in vivo for their gut-related effects.
Some examples are presented below.

(Poly)phenolic extracts from white and red grape pomace
were studied in an in vitro gastrointestinal digestion model.
White grape pomace extract increased the total bacterial count
and the abundance of Bifidobacterium spp., while red grape
pomace extract increased in all bacterial groups investigated
(Actinobacteria, Proteobacteria, Bacteroidetes, Firmicutes,
Bifidobacterium and Lactobacillus) apart from Bacteroides, com-
pared to baseline measurements.'”® Lower cecal pH and
higher cecal SCFA were found in rats fed 71 mg kg™ proantho-
cyanidins from grape seeds for 14 weeks, compared to the
control group (no supplementation).’®” A dose of 0.5 g d™" of a
polyphenolic, proanthocyanidin-rich extract from grape seeds
significantly increased Bifidobacterium spp. in nine healthy
adults for 14 days, compared to baseline.'*®

Regarding raisins, an in vitro simulated human digestion
model (including simulated digestion and removal of simple
sugars) showed lower Bacteroidetes and Firmicutes abundances
and higher Actinobacteria and Proteobacteria compared to the
control vessel, where no raisins were added.'”® Additionally, a
human trial investigating the effects of three servings of
raisins per day for 14 days in 13 healthy adults showed a
decrease in Bifidobacterium spp., along with Prevotella spp. and
Klebsiella sp., and an increase in Bacteroidetes sp.,
Ruminococcus sp. and Faecalibacterium prausnitzii compared to
baseline. Overall microbial diversity was not altered."*® In both
studies, the same brand of sun-dried raisins was tested, while
the baseline microbial composition in both cases seems to be
different. In the in vitro study, fecal slurry from only one donor
was used, while the human trial only had 13 subjects. A larger
sample size may allow for detection of different effects depend-
ing on the subjects’ baseline microbiota.

The effect of raisins on human gut transit time or fecal
weight has also been studied. In a randomized, crossover,
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comparative trial with 13 healthy adults, 120 g per day of
raisins were compared to an equivalent amount of tartaric acid
in the form of 5 g potassium bitartrate for 3 weeks. Raisins
increased fecal weight, decreased intestinal transit time and
increased SCFA production compared to baseline. On the con-
trary, potassium bitartrate did not produce any effects on
transit time, fecal weight or SCFA production compared to
baseline. The fiber, present only in raisins, may be the
reason behind their beneficial effects when comparing it with
the potassium bitartrate.®” In another randomized, crossover
trial, the doses of 84 g, 126 g or 168 g of raisins for 2 weeks
did not produce changes in fecal weight or intestinal transit
time in 16 healthy adults, compared to control (a raisin-free,
baseline diet''"). The difference between the results of these
two studies may be explained by the shorter duration of the
intervention. Evidence also exists on the effects of wine on the
gut microbiota;'** however, although wine is produced
through fermenting grapes, the resulting product’s nutrient
composition is considerably altered compared to the fruit.
Hence, the health effects of wine are not discussed in this
review.

While further studies on the multiple products of grape are
required to determine their effectiveness in improving gut
motility, their nutritional composition seems promising. The
current human trials focus on raisins, which may increase
fecal weight and decrease transit time, but their effects
become significant after 3 weeks of consumption.®””**! In one
in vitro and one human study, phenolic-rich grape extracts
resulted in a bifidogenic effect, however, when raisins were
given to humans, bifidobacteria actually decreased. Due to the
fiber content of raisins, a bifidogenic effect may be expected.
This contradictory finding might be explained by grape seed
tannins inhibiting sucrase activity which may result in sucrose
and glucose being more available to the colonic microbiota."*?
While extracts provide these tannins to the host, the seeds in
raisins may not be mechanically disrupted in the gastrointesti-
nal tract sufficiently to release the tannins. After raisin con-
sumption in humans, the abundance of Prevotella was lower
and Faecalibacterium higher both of which have been observed
in constipation.'®'” While the observed effects of raisins on
human gut function are desirable, those on the gut micro-
biome are unclear and further studies on the effect of raisins
on microbiota are warranted.

Kiwifruit

Kiwifruits (Actinidia chinensis) are high in fiber and polyphe-
nols'* and have been extensively studied for their effect on
gut motility and microbiota in two in vitro experiments, two
animal studies and five human trials.

Gold and green kiwifruit varieties were studied in an
in vitro fermentation model using fecal samples from ten
healthy humans. Compared to control (water), both green and
gold kiwifruit produced higher Bifidobacterium spp. by 0.8 and
0.9 log;, CFU per mL, respectively (p < 0.001), Bacteroides-
Prevotella-Porphyromonas group by 0.5 and 0.4 log;, CFU per
mL, respectively (p = 0.043) and total bacterial numbers (p =
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0.016) compared to inulin or control."*® However, in another
simulated gastrointestinal digestion study, green and gold
kiwifruit did not alter the abundances of any bacteria when
compared to a control fermentation without the addition of
kiwifruit. As far as diversity goes, it was also observed that gold
kiwifruit resulted in significantly lower species richness than
the control vessel.''® Different kiwifruit cultivars were also
investigated in an animal trial, which compared the effects of
a standard diet with supplementation of 10% dried skin or
flesh of kiwiberry (Actinidia arguta ‘Hortgem Tahi’), gold kiwi-
fruit (Actinidia chinensis ‘Gold3’), green kiwifruit (Actinidia
deliciosa ‘Hayward’) or red kiwifruit (Actinidia chinensis
‘Red19’), in rats for 7 days. The same diet with a 10% wheat
bran supplementation was used as a control. Both fruit com-
ponents of all cultivars were able to increase Lachnospiraceae
and Lactobacillus spp. compared to baseline, but so did the
control fiber. However, the skin of gold, green and red kiwi-
fruit reduced the abundances of Bifidobacterium spp. com-
pared to baseline, while the control fiber did not. Green kiwi-
fruit skin and flesh, as well as the bran control, significantly
increased the total bacteria compared to baseline. A signifi-
cantly greater dry fecal weight was produced after the skin of
gold, green and red kiwifruit, compared to the flesh equiva-
lents. Additionally, the fecal bulking index values (the change
of the fecal water-holding ability per 100 g of dried or fresh
fruit component) of the skins of all four cultivars investigated
were greater than those of the kiwifruit flesh, both on dry and
wet test component basis. This could indicate that the con-
sumption of whole kiwifruit, rather than peeled could have a
positive effect on fecal weight and fecal bulking, however, a
human study would be needed to verify that the kiwifruit peel
has a similar effect on humans.""” Peel and flesh of gold kiwi-
fruit (Actinidia chinensis) were also compared to a normal diet
in rats. Specifically, 3.80 g per kg bw of freeze-dried kiwifruit
flesh was compared to 4.60 g per kg bw of kiwifruit peels.
Flesh and peels, both significantly increased the relative abun-
dance of Lactobacillus (35.15% and 50.59% vs. 18.69%, respect-
ively) and Barnesiella compared to control (14.69% and 17.24%
vs. 9.83%, respectively, p < 0.05 for both comparisons). Both
kiwifruit flesh and peels also resulted in lower relative abun-
dances of potentially harmful bacteria Enterococcus,
Staphylococcus, Escherichia/Shigella and Clostridium XVIII com-
pared to control.'*®

Human trials exploring kiwifruits have also been per-
formed. In a randomized, double-blind, controlled crossover
trial, healthy participants and participants with functional
constipation received 600 mg d™* green kiwifruit (Actinidia chi-
nensis var. deliciosa ‘Hayward’) flesh supplement powder
(ACTAZIN™) with 1800 mg d~' placebo (isomalt, 2400 mg
d™), 2400 mg d~' ACTAZIN™, 2400 mg d~' gold kiwifruit
(Actinidia chinensis var. chinensis ‘Zesy002’) flesh supplement
powder (Livaux™), and finally, a placebo for 28 days each, with
a 14-day washout period between interventions. The Livaux™
treatment significantly increased the relative abundance of
Clostridiales, and Faecalibacterium prausnitzii in constipation,
compared to baseline. The high dose of ACTAZIN™ increased
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Dorea spp. in the constipation group compared to baseline.
Additionally, those receiving 2400 mg d~' ACTAZIN™ and the
placebo group were tested with SmartPill®, an ingestible
medical device that measures intestinal pH. The pH values
were similar between the two groups.''® Some human studies
have provided additional insight as to the effects of whole,
fresh kiwifruit on health. In a clinical trial on constipated and
healthy adults, two kiwifruits (Actinidia callosa) per day for
four weeks significantly lowered total colonic transit time com-
pared to baseline in the constipated group but not the healthy
group, for which a difference in transit time was only observed
on the sigmoid-rectal segment."** Bowel movement frequency
was also increased, and stool transit time was decreased in
patients with IBS-C."*" In a healthy-human, crossover RCT the
group receiving four kiwifruits per day for three days showed
higher small bowel water content compared to control (56 g
d™" of maltodextrin), although the colonic water content and
whole gut transit time were not significantly different between
the two interventions. These findings translated clinically to
softer reported stools compared to the control intervention,
although the fecal water content was not measured, and the
researchers hypothesize that a greater stool volume is
implied."” In a pilot intervention trial, participants were
asked to consume the flesh of two Zespri SunGold kiwifruits
(Gold3, Actinidia chinensis) per day (approximately 2 x 95 g
d™"), for 12 weeks. This dose increased the fecal water content
at weeks 6 and 12 compared to baseline. The relative abun-
dance of Actinobacteria was increased in the kiwifruit interven-
tion compared to baseline.'*

Once again, the microbiological effects differ between
in vitro and animal studies compared to human studies, which
could be explained by the different study design and organism
but also that in vitro and animal studies can supplement with
large amounts of kiwifruits, which would not be feasible in a
human diet intervention. Regardless of the type of cultivar
(green or gold), kiwifruits seem to favor bacteria such as
Lactobacillus spp. and Bifidobacterium spp. in animals, with
peels being more effective. The consumption of only the kiwi-
fruit flesh by humans may deprive them of beneficial effects
on the microbiota, yet there is no confirmation of this from
human trials where either kiwifruit flesh powder or whole
kiwifruits were investigated, and it is unclear whether partici-
pants peeled the fruits during the study. However, in one
human trial, the flesh powder of gold kiwifruit did increase
Faecalibacterium prausnitzii. In animals, fecal weight was
increased by both flesh and skin of green, gold and red kiwi-
fruit, as well as kiwiberries, which all had a high fecal bulking
index. Unfortunately, to our knowledge, this outcome has not
been studied in humans. Nevertheless, kiwifruit seems to be
able to increase the water retention in the human small intes-
tine and fecal water content, although there are still few
studies that explore these outcomes. Additionally, gut transit
time was reduced in individuals with constipation but not
those with healthy bowel function, possibly because of a differ-
ence in the physiology or microbiota between those two
groups.

This journal is © The Royal Society of Chemistry 2021
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Prickly pear juice (Opuntia ficus-indica L.) has been investigated
for its impact on gut motility in two animal studies.
Supplementation of 10 or 20 mL kg™ of prickly pear juice to
mice led to dose-dependently higher gastrointestinal transit
time, while an aqueous solution of prickly pear seeds had the
opposite, dose-dependent effect, at the doses of 200 and
400 mg kg™, compared to control (NaCl). In the same study,
compared to control, the dry and wet weight, as well as the
fecal water content of the mice given prickly pear juice, were
also lower at the doses of 5, 10 ml kg™, while for the dose of
20 ml kg™', only wet weight and fecal water content were
lower. On the contrary, the aqueous seed extract group had sig-
nificantly higher fecal weight at all doses. The differences in
the effects of these two products of the same fruit are attribu-
ted to the differences between the composition of the juice
and the seeds, with seeds having more fiber, total polyphenols,
less sugars and a different mineral profile than that of juice."**
In a follow-up study in rats, immature and mature prickly-pear
juice were investigated. Mature juice, at the doses of 5, 10 and
20 ml kg™, resulted in significantly and dose-dependently
higher gastrointestinal transit time and lower fecal wet and dry
weight compared to control (apart from the dry weight of the
highest dose). On the contrary, the same doses of immature
juice led to significantly, dose-dependently lower gastrointesti-
nal transit time compared to control. Differences in the effects
of the juices at these two maturity stages are attributed to the
variation of their chemical composition, as the fiber and sugar
content increased with maturity, while total polyphenols were
lower in more mature fruits than immature ones (no statistical
comparison provided).'*® As shown from these animal studies,
prickly pear seed extract and immature prickly pear juice can
result in lower gut transit time in animals, compared to
control, while the former has also shown to increase fecal
weight, which would be beneficial effects if they are confirmed
in human trials. Considering the maturity level changes the
chemical composition of most fruits, much like the prickly
pear, the nutrient composition or maturity stage should be
taken into account for further fruit intervention studies and
noted in publications.

White flesh dragon fruit (Hylocereus undatus (Haw) Britt.
and Rose) oligosaccharide extract was also studied in one con-
trolled trial on mice, in which the fecal weight after daily
doses of 500 and 1000 mg kg™ for one week was higher by 2.3
times and after the dose of 500 mg kg™ for two weeks by 2
times, compared to control. The doses of 1000 mg kg™ for a
week and 500 mg kg™" for two weeks led to lower gut transit
time by approximately 30% compared to control. This effect
on transit time was attributed to greater speed and total
number of intestinal contractions compared to control after a
week of 1000 mg kg™ d™" of dragon fruit."*® These results in
animals show great potential for fecal bulking and transit time
reduction. While red dragon fruit has not yet been studied, it
is a better source of fiber and phytochemicals compared to
white dragon fruit,"”” which could suggest that it could be an
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even better candidate to study for gut motility effects and may
be worth studying.

Figs

Figs (Ficus carica) were investigated in one animal and one
human study. Increased fecal weight and fecal water content
in rats with loperamide-induced constipation fed a dose of 1, 6
or 30 g kg™'. While before the induced constipation fig sup-
plementation resulted in higher fecal weight and fecal water
content compared to control (no supplementation) only in the
30 g keg™! group, after constipation was induced, all three fig
groups led to higher fecal weight and water.'*® An eight-week,
randomized, double-blind, placebo-controlled clinical trial in
adults with <3 bowel movements per week compared a daily
dose of 300 g of fig paste to placebo (water sugar and modified
starch). Colonic transit time decreased compared to baseline
following both fig paste (76%) and placebo (67%), with the
decrease in the fig paste being significantly greater than that
of the placebo. While evidently a placebo effect resulted in a
desirable effect in the control group, the statistically signifi-
cant difference compared with placebo indicate that the nutri-
tional characteristics of the fig paste (high in fiber and pheno-
lics) led to an effect that cannot simply be attributed to a
placebo effect, although the additional effect size was relatively
small."*® Confirmatory studies should be performed to investi-
gate the effect of fig above that of placebo. However, food inter-
ventions are hard to mask, the few studies such as the latter
that are able to efficiently blind participants by creating an
effective placebo indicate the great need for well-controlled
nutritional clinical trials.

Summary and discussion of evidence
for fruits in humans

Several fruit products impact the gut microbiota, gut function
and may impact constipation. A dietary intervention for consti-
pation would seek to reduce gut transit time and increase fecal
weight, both of which could potentially decrease the risk of
other gastrointestinal disorders. Additionally, an increase in
fecal water could lead to softer stools and easier passage, a
beneficial outcome in constipation.

Review of the current literature on fruits has found evidence
that prunes, apple fiber isolate and raisins increased fecal
weight in humans (Table 1). Kiwifruit is the only fruit proven
to increase fecal and small bowel water content in humans,
however, this review focused on mechanistic evidence rather
than clinical evidence, therefore trials presenting data on self-
reported stool consistency were not included. Apple fiber
isolate, kiwifruit, fig paste, and trifoliate orange extract powder
reduced gut transit time, while prunes did not, despite their
proven bulking effect (Table 1). However, in the case of kiwi-
fruit, its ability to reduce gut transit time was observed only in
a group of constipated patients but not in healthy individuals
of the same study.
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Altered microbiota have been associated with constipation
in several studies. Patients with constipation have been shown
to have lower Bacteroidetes (Bacteroides and Prevotella) bifido-
bacteria, lactobacilli and Roseburia compared to healthy
individuals.’*™"” Studies have also reported higher abundance
of genera from the Firmicutes phylum, such as
Faecalibacterium in constipation.”'® The modulation of these
bacteria may be helpful in the management of constipation
and some fruits may be able to achieve that. At genus level,
only one human study showed fruits increased lactobacilli,
specifically by a wild blueberry powder drink, while others did
not show similar results. However, several other fruits having
such effects in in vitro and animal studies. Bifidobacteria,
which are associated with beneficial health effects, including
an association with faster transit time,"*® were increased by a
wild blueberry powder drink, prunes, and a polyphenolic
extract of grape seeds, in contrast to raisins which decreased
the abundance of this genus. Bacteroides, whose lower abun-
dance in constipation may be secondary to alterations of the
intestinal motility and the metabolic environment of the gut,*®
was only increased by chokeberry powder in one human
trial.”® Higher abundances of Ruminococcaceae have also
been found in constipation,'® but their abundance was only
increased by the consumption of raisins (Table 1). At species
level, Faecalibacterium prausnitzii, was increased in humans by
a green kiwifruit flesh powder supplement and raisins. While
lower abundances of F. prausnitzii have been reported in IBS-C,
and it is abundant in the healthy human gut microbiome,""
at the genus level constipation has been associated with
higher  Faecalibacterium  abundances,"'®  Paradoxically,
Faecalibacterium is a butyrate-producing genus, which may
stimulate gut transit through the production of serotonin, but
at higher concentrations may inhibit gut transit and induce
constipation,'” 37134

It has been suggested that a pharmacological treatment reg-
ulating bowel movement frequency may temporarily modify
the gut microbiota in constipation, indicating that slow transit
may affect gut microbiological communities."* As seen in this
review, fruits also have the potential to affect gut motility,
therefore indirectly create a short-term alteration in gut micro-
biota. Future study design, including a positive control with
stimulant laxatives (e.g. Prucalopride), as well as a follow-up
measurement after the fruit intervention has ended could
determine if the effects of fruits in the gut microbiome are
direct or indirect, short-lived or permanent.

Apart from the effect of motility on gut microbiota, it has
also been hypothesized that the metabolites produced may
further slow transit."* A long-term diet that integrates fruits
with proven positive effects on desirable bacteria, could poten-
tially contribute to stopping this vicious cycle. Extensive
research will have to be performed to confirm whether fruits
are able to have a large-scale, lasting effect on the microbiome,
gut motility and constipation.

While these findings are very important, they are but a start
in the exploration of the potential of fruit interventions in
altering gut function. The small number and power of these

This journal is © The Royal Society of Chemistry 2021
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studies, as well as the apparent differences between the com-
position and efficacy of different fruit products or components,
makes it difficult to extract firm conclusions for each fruit,
fruit component or fruit cultivar. However, based on the
knowledge behind the fruits’ composition of fiber (and type of
fiber), sorbitol and (poly)phenols, which have been shown to
improve gut motility, as well as the animal studies suggesting
some potential effects may also be applicable to humans, this
field of research is promising.

The fact that the studies that compare different fruit pro-
ducts, cultivars or ripeness stages show dissimilar and some-
times even opposite effects deems it appropriate that the culti-
var and stage of ripeness are considered as variables, and are
described in future publications. These indications highlight
the need for further studies on nutrient and phytochemical
analysis of fruits and parts of fruits.

Conclusions

Current constipation treatment approach includes dietary
modifications including fiber- and sorbitol-rich fruits. Based
on the literature cited in this review, fruits may have an impact
on gut motility as evidence shows that they can affect several
aspects of gut physiology and microbiota. Nonetheless,
different cultivars, parts or forms of a fruit may exert different
effects on the human gut. While fruits are perceived as helpful
in constipation symptom alleviation by the public and are
widely suggested as a measure to improve constipation symp-
toms by healthcare professionals, little is yet known about
fruits’ effectiveness and the mechanisms behind any potential
effects.
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