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ABSTRACT: Anthocyanins are naturally occurring compounds abundant in the human diet. Evidence has accumulated
regarding the positive association of their intake with healthy biological effects. The microbiota has just been started to be
considered as a metabolic organ, hence contributing to the metabolism of phenolic compounds and, consequently, to their
bioavailability and the biological effects displayed by them. This review aimed to compile information regarding interaction of
anthocyanins with the microbiota, from two perspectives: (i) identification of their colonic metabolites as potential bioactive
molecules and (ii) their role as prebiotic agents. These perspectives are key points in anthocyanin metabolomics. Several
metabolites have been identified after anthocyanin consumption with potential health benefits, in particular phenolic acids and
simple phenols. On the other hand, microbiota modulation is closely related to several physiological impairments, and its
modulation has been considered as a possible mechanism by which phenolic compounds may exert their effect.
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■ INTRODUCTION

Over the past 10 years, studies have highlighted some key
aspects of the mammalian host−gut microbial relationship. The
microbiota maintains an important role in human metabolism
and is now considered a metabolizing “organ”, with impact on
endo- and xenobiotic metabolism beyond its metabolic
relevance for vitamin B12 synthesis and carbohydrate break-
down among other important metabolic and immunological
functions.
In addition to the obvious role of the intestine in the

digestion and absorption of nutrients, the human gastro-
intestinal (GI) tract contains a huge collection of micro-
organisms. The microbiota has not been fully described, but it
is clear that the human gut is home for an ecosystem of around
1013−1014 bacterial cells. As a whole, the microorganisms that
live inside humans are estimated to outnumber human cells by
a factor of 10, and the microbiome represents overall >100
times the human genome.1

The evidence that the gut microbiota composition can be
different between healthy and obese or type 2 diabetic
patients2,3 has led to the study of this factor as a key link
between the pathophysiology of metabolic diseases and the gut
bacteria composition.
High-fat diet feeding triggers the development of obesity,

inflammation, insulin resistance, type 2 diabetes, and
atherosclerosis and is also associated with the development of
metabolic endotoxemia in human subjects and participates in
low-grade inflammation, a mechanism associated with the
development of atherogenic markers.4,5

Different polyphenols have been suggested to affect the
relative viability of colonic bacterial groups,6,7 implying that

dietary modulation with polyphenols may play a role in
reshaping the gut microbial community and enhance host
microbial interactions to provide beneficial effects such as
weight loss.8 Thus, polyphenols should be considered to have a
prebiotic action.
Anthocyanins, a particular class of flavonoids, naturally occur

as glycosides of flavylium (2-phenylbenzopyrylium) salts but
differ from them by structural variations in the number of
hydroxyl groups in the molecule, the degree of methylation of
these hydroxyl groups, and the nature and number of sugar
moieties attached to the phenolic molecule and the position of
the attachment, as well as the nature and number of aliphatic or
aromatic acids attached to the sugars.9 The sugar moieties vary
but are usually a mono- or disaccharide unit, frequently glucose,
galactose, rhamnose, arabinose, or xylose.10 Most commonly
known anthocyanins are based on six anthocyanidins: cyanidin,
delphinidin, malvidin, pelargonidin, peonidin, and petunidin
(Figure 1), but there are about 700 anthocyanins reported to be
isolated from plants.11 The more widespread anthocyanins in
fruits are glycosylated in the 3-OH position (3-O-monoglyco-
sides) and, to a lesser extent, in both positions 3-OH and 5-OH
(3,5-O-diglycosides).
The majority of dietary anthocyanins are not absorbed at the

upper GI level, hence reaching the intestinal microbiota where
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they are biotransformed into their metabolites, which are
absorbed. In the intestinal microbiota, anthocyanins are
extensively metabolized, especially by genera and species with
enzymes necessary to catalyze these reactions. Dietary
polyphenols are substrates for several enzymes located in the
small intestine and colon and in the liver (hydrolyzing and
conjugating enzymes, phase I and phase II, respectively).12−15

Therefore, the colon is being considered as an active site for
metabolism rather than a simple excretion route and has been
receiving much attention from the scientific community.16 This
conversion is often essential for absorption and modulates the
biological activity of these dietary compounds, not only due to
the direct bioactivity of the products of microbiota metabolism,
which is different from that of the parent compounds, but also
because of their prebiotic activity in modulating the microbiota
composition.17,18

■ PRODUCTS OF COLONIC METABOLISM OF
ANTHOCYANINS

Microbiota catabolism results in the production of new
phenolic compounds, which may be absorbed and exhibit
different bioactivity from that of the parents, and plays an
important role in systemic and local health effects.19

Information regarding the colonic metabolism of anthocyanins
is scarce and diffuse, especially because the metabolism of the
microbiota is often studied after an intervention with a whole
food or beverage, which contains not only anthocyanins but
also other phenolic compounds. In addition, animal and human
studies comprise an underlying interindividual variability that
can hardly be overcome.
Early in vitro studies on the metabolism of anthocyanins by

gut microflora have concluded that bacterial metabolism
involved the cleavage of glycosidic linkages and breakdown of
anthocyanidin heterocycle.20 Protocatechuic acid was indicated
as the major metabolite of gut microflora, but the techniques
employed did not allow the identification of other metabo-
lites.20 This phenolic acid was also the major human metabolite
detected in feces after blood orange juice consumption as a
cyanidin-3-glucoside source.21 Keppler et al.22 have also
confirmed the cleavage of the 3-glycosidic linkage and the
instability of the anthocyanidin, which is rapidly converted to
phenolic acids. Furthermore, O-demethylation of phenolic
acids was also shown.22

In vitro incubation of phenolic compounds with human gut
fecal matter has been a first approach to determine the
anthocyanin metabolites formed by microbiota catabolism.
Incubation of a red wine extract with a batch of human fecal
microbiota resulted in a rapid decline of malvidin-3-glucoside
and its acylated forms, but complete degradation of
anthocyanins was observed only after 30 h of incubation.23

The fast catabolism of anthocyanins was attributed to the
presence of β-glucosidase activity of the microbiota.20 The
acylation forms of anthocyanins also seem to be degraded
easily.23

The breaking of the heterocyclic C-ring of anthocyanins and
degradation into phloroglucinol derivatives (from A-ring) and
benzoic acids (from B-ring) are usually the result of bacterial
metabolism.22 In Sanchez-Patan et al., phloroglucinol was not
detected, but instead, the dihydroxylated benzene catechol/
pyrocatechol were progressively formed with incubation time.
Unlike other studies,24,25 in the model used by Sanchez-Patan
et al.,23 only an increase in syringic acid was observed, but no
changes in protocatechuic and vanillic acids. However, an
increase in benzoic acid was observed, which could be
indicative of O-demethylation metabolites being extensively
dehydroxylated, giving rise to benzoic acid as the final
degradation product.
Two phenolic acids and one aldehyde (3-O-methylgallic acid,

syringic acid, and 2,4,6-trihydroxybenzaldehyde) have also been
noted as colonic metabolites of anthocyanins from grapes.26

The primary phenolic degradation product detected in the
incubation of human gut microflora with malvidin-3-glucoside
was syringic acid and transitorily gallic acid and pyrogallol.27

Once again, syringic acid demethylation of the B-ring is
proposed to account for gallic acid formation.27 When other
anthocyanins are incubated, the main metabolites found are
gallic, syringic, and p-coumaric acids.27

Moreover, the supplementation of human volunteers with
raspberry anthocyanins resulted in the increase of catechol,
resorcinol, pyrogallol, 4-hydroxybenzoic acid, 3,4-dihydroxy-
benzoic acid (protocatechuic acid), tyrosol, 3-(3′-
hydroxyphenyl)propionic acid, and 3-(3′,4′-dihydroxyphenyl)-
propionic acid.25 In this study, an in vivo approach was used,
and as in other in vivo studies, with the advantage of being
closer to what happens in regular human consumption of
anthocyanins, but it also has the disadvantage of increasing the
confounding factors that may affect and influence anthocyanin
metabolism by colonic microflora.
An intervention study performed with red wine, which is a

very good source of anthocyanins, revealed significant changes
in eight metabolites: 3,5-dihydroxybenzoic acid, 3-O-methyl-
gallic acid, p-coumaric acid, phenylpropionic acid, protocate-
chuic acid, vanillic acid, syringic acid, and 4-hydroxy-5-
(phenyl)valeric acid.28 It is important to highlight that red
wine has several other phenolic compounds, other than
anthocyanins, that can give rise to these products, but the O-
methyl benzoic acids such as syringic and vanillic acids could
arise from methoxylated anthocyanin catabolism19,20 and
protocatechuic acid from cyanidin. p-Coumaric acid may also
be a product from p-coumaroyl-acylated anthocyanins.29 In
addition, alcohol does not seem to affect the performance of
the microbial catabolism as there were no changes with red
wine and dealcoholized red wine interventions.28

A recent paper described the metabolism of cyanidin-3-
glucoside in human microbiota-associated rats and determined
protocatechuic acid, 2,4,6-trihydroxybenzaldehyde, and 2,4,6-
trihydroxybenzoic acid (gallic acid) as the main colonic
metabolites.24 Nevertheless, other metabolites were found but
not identified.
In a very recent study that makes use of isotopically labeled

cyanidin-3-glucoside (6,8,10,3′,5′-13C5-C3G), the human me-
tabolism and pharmacokinetics of this anthocyanin were
studied after an ingestion of 500 mg.30 It is very interesting

Figure 1. General structure of anthocyanidins (flavylium form).
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to observe that the higher 13C-dose recovery was in feces and
that the maximal concentration of total metabolites in feces was
reached 24 h postconsumption,30 highlighting the importance
of colonic metabolization and degradation on the bioavailability
and bioactivity of anthocyanins. A thorough analysis of these
metabolites showed that B-ring derived ferulic acid was present
at the highest concentrations within the feces, followed by the
A-ring derived ferulic acid and protocatechuic acid.31 Phase II
metabolites of protocatechuic acid were also identified in feces
by the presence of methyl-3,4-dihydroxybenzoate and methyl
vanillate, suggesting that dimethylation is a product of microbial
metabolism.31 The detection of caffeic acid and its methyl
metabolite, ferulic acid, within the feces supports the
assumption that phenylpropenoic acids arise from cyanidin-3-
glucoside as a result of bacterial cleavage of the C-ring in the
colon,31 as has already been proposed.25,26

It is worth noting that several factors differ within studies
such as the microbiota origin species, the amount of
anthocyanins tested in vitro and in vivo, the source of the
anthocyanins, or the accuracy and sensitivity of the techniques
used to identify the metabolites. Nevertheless, there is an
interesting set of studies indicating that anthocyanins are
metabolized in the colonic microflora, initially by deglycosyla-
tion and in a second phase by degradation into simple phenolic
acids. Some of these acids appear to be consistent across
studies, such as protocatechuic, vanillic, syringic, gallic, and p-

coumaric, the latter as a product of acylated anthocyanins
(Figure 2). These acidic metabolites are probably absorbed
through monocarboxylic acids transporters (MCTs) by the
epithelial cells.

■ ANTHOCYANIN MODULATION OF MICROBIOTA

No systematic reviews have been undertaken to assess the role
of xenobiotic biotransformation in the colon, in particular with
regard to anthocyanins. As described earlier, on the one hand,
anthocyanins are subjected to metabolism by microbiota, and,
on the other hand, they and/or their metabolites may modulate
growth of specific bacteria from the microbiota (Figure 2).
There is evidence that the composition of the human

intestinal microbiota has an influence on health and the
incidence of disease and that gut health is largely determined by
the complex interaction between host and gastrointestinal
microbiota.32

Putatively beneficial bacteria such as Bifidobaterium spp. and
Lactobacillus spp. are genera which include bacteria that have
been observed to contribute to human health at different levels.
They have been shown to enhance the gut barrier function,
stimulate the host immune system, prevent diarrhea or allergies,
participate in the activation of provitamins, and modulate lipid
metabolism.33,34 However, there are other bacterial species
associated with negative implications, such as Clostridium

Figure 2. Schematic representation of anthocyanin microbiota modulation and most common detected colonic metabolites. On the one hand,
interaction between the microbiota and anthocyanins results in a change of the abundance of certain bacterial groups (prebiotic activity), and, on the
other hand, the microbiota is responsible for anthocyanin metabolization giving rise to anthocyanidins and a wide variety of simple phenolics.
Anthocyanins are represented, according to the intestine pH range, in their carbinol anionic pseudobase and quinoidal anionic forms.

Journal of Agricultural and Food Chemistry Review

dx.doi.org/10.1021/jf501808a | J. Agric. Food Chem. XXXX, XXX, XXX−XXXC



difficile, which has been associated with inflammatory bowel
disease.35

In vitro incubation of malvidin-3-glucoside with fecal slurry
enhanced the growth of total bacteria including Bif idobaterium
spp. and Lactobacillus spp.27 with no effect observed on
Bacteroides spp. growth. Interestingly, malvidin-3-glucoside
mixed with other anthocyanins yielded a synergistic effect
regarding the enhancement of growth of the beneficial bacterial
group.27 Gallic acid, one of the microbiota anthocyanin
metabolites, was shown to reduce a group of potentially
harmful bacteria such as Clostridium histolyticum, without
negative effect on beneficial bacteria.27 In addition, it
significantly reduced Bacteroides spp. growth and enhanced
total bacterial number and Atopobium spp.27 Sanchez-Patan et
al. also found decreased growth in the C. histolyticum group
when incubating a red wine extract with human fecal bacteria,
but no other changes were found. A similar result in the C.
histolyticum group has also been described in human volunteers
after red wine consumption.36 It is noteworthy that red wine is
a very complex polyphenolic mixture, so it is not possible to
attribute these effects directly or solely to anthocyanins.23

Supplementation of mice with regular apples and genetically
engineered apples for high biosynthesis of anthocyanins
resulted in changes in the overall population of bacteria and
in the number of some individual species.37 Animals fed any of
the apple-supplemented diet showed a greater number of
bacteria than control mice. Moreover, a significant increase in
Bif idobaterium spp. was observed.37 Accordingly, a 6 week
consumption of a blueberry drink by human volunteers
significantly increased Bif idobaterium spp.18

The microbiota was also studied after an intervention in
human volunteers with red wine and dealcoholized red wine.
The distribution ratio of different genera within Bacteroidetes
and Firmicutes phyla was different between baseline and intake
periods,36 with increased Firmicutes concentration after red
wine consumption. At baseline, Bacteroides and Prevotellaceae
frequencies were lower than those after the polyphenol intake
periods, whereas the Clostridium frequency was similar. After
the dealcoholized red wine and red wine periods, the
Bacteroides, Clostridium, and Prevotellaceae frequencies were
similar when analyzed by denaturing gradient gel electro-
phoresis (DGGE).36

Major groups of intestinal bacteria possess β-glucosidase
activity, including Bif idobaterium spp. and Lactobacillus spp.
They possess the ability to metabolize phenolic compounds
during growth, supplying energy to cells and enriching the
medium for bacterial growth with the release of glucose. These
bacterial groups are associated with beneficial effects in the
large intestine including the antimicrobial effect of pathogenic
microorganisms by production of short-chain fatty acids, as well
as by competition for growth substrate and adhesion sites.38

In vitro, animal and human intervention studies with the
purpose of studying anthocyanin effect on gut microbiota are
few and, due to the diversity of techniques to study microbiota,
the different sources of anthocyanins, and the study designs, it
is very difficult to relate them and reach a conclusion. In
addition, whether anthocyanins exert a direct or indirect effect
(mediated by their microbiota biotransformation products) on
bacteria growth remains to be clarified. Nevertheless, there is
broad agreement that polyphenols, and in particular anthocya-
nins, have the ability to modulate colonic bacteria growth.7

Several data from experimental models and human subjects
support the fact that changing the gut microbiota by means of

prebiotics and/or probiotics may participate in the control of
several parameters involved in the development of metabolic
diseases associated with obesity.1 Further research is required to
consolidate the prebiotic effects associated with the con-
sumption of anthocyanin and to understand the mechanisms by
which the gut microbiota interact with the host to provide new
bases for putative dietary intervention.
The bioactivity of anthocyanins is significantly mediated

through their several cellular pathways. With regard to all of the
described bioactivities it must be assumed that they are
absorbed (are bioavailable) and/or that they affect the
microbiota, exerting in these ways their biological effects (as
microbiota modulators). It is crucial to emphasize the benefits
for bioavailability and/or bioactivity from anthocyanin
metabolites that are synthesized by the colonic microbiota.
Finally, the present evidence supports the biotechnology

applications of anthocyanins in the human diet and the interest
of clinical trials to further assess their biokinetics.
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