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The prebiotic concept and human health: a changing landscape
with riboflavin as a novel prebiotic candidate?
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Emerging evidence suggests that the gut microbiota has a critical role in both the maintenance of human health and the pathogenesis
of many diseases. Modifying the colonic microbiota using functional foods has attracted significant research effort and product
development. The pioneering concept of prebiotics, as introduced by Gibson and Roberfroid in the 1990s, emphasized the importance
of diet in the modulation of the gut microbiota and its relationships to human health. Increasing knowledge of the intestinal microbiota
now suggests a more comprehensive definition. This paper briefly reviews the basics of the prebiotic concept with a discussion of recent
attempts to refine the concept to open the door for novel prebiotic food ingredients, such as polyphenols, minerals and vitamins.
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INTRODUCTION
Emerging evidence suggests that the gut microbiota has a critical
role in both the maintenance of human health and the pathogenesis
of many diseases.1,2 Recent data, both from animal models and
human studies, have revealed close relationships between the
gut microbiota and host physiology. In addition, microbial perturba-
tions have been reported to be associated with a number
of diseases, including inflammatory bowel disease (IBD),3 diabetes4

and obesity.5 The recognition that the gut microbiota influences
signaling pathways that participate in the communication between
the gut and the brain has led to the suggestion of the concept
of a ‘microbiota–gut–brain axis’, a topic that has been reviewed
extensively recently.6 The routes of communication between the gut
microbiota and the brain are not fully elucidated but presumably
include neural, endocrine and immune signaling pathways.7

The concept that the gut microbiota could be modulated
to improve human health was proposed 4100 years ago8 and
today includes a spectrum of therapeutic measures ranging from
the transplantation of entire fecal microbiota to the administration
of isolated microorganisms, that is, probiotics. The unparalleled
effectiveness of fecal microbiota transplantation in the treatment
of Clostridium difficile infection is one proof of principle that
modification of the gut microbiota can be an effective therapeutic
strategy for the treatment of a human disease.9 The importance
of diet in modulating the composition of the gut microbiota
has been demonstrated in several studies and incorporates
the concept of prebiotics.10–14 For example, David et al.11 recently
reported that short-term consumption of diets composed entirely
of animal or plant products rapidly changes microbial community
structures, overwhelming interindividual differences in microbial
gene expression. Cani et al.12,13 and Kellow et al.14 demonstrated
in animals and humans that prebiotic modulation of the gut
microbiota affects endogenous secretion of gastrointestinal
hormones, regulating gut barrier function, satiety and glucose
metabolism. The potential to modulate the gut microbiota

by nutritional intervention, therefore, represents an important
area of research for both academia and the food industry. This
paper briefly reviews the basics of the prebiotic concept with
a discussion of recent attempts to refine the concept to open the
door for novel prebiotic foods.

THE PREBIOTIC CONCEPT
Japanese researchers demonstrated already in the 1970/80s that
in man non-digestible oligosaccharides (especially fructooligosc-
charides) given orally were selectively fermented.15,16 This was
confirmed by Gibson and Roberfroid,10 who first introduced the
concept of prebiotics in 1995 (‘A prebiotic is a non-digestible food
ingredient that beneficially affects the host by selectively stimulating
the growth and/or activity of one or a limited number of bacteria
in the colon, and thus improves host health’ (Table 1)). Since then,
the definition has been discussed and further refined several times
to accommodate emerging knowledge,17–23 and although the main
features have mostly been retained, some of the criteria that need
to be fulfilled for a food ingredient to qualify as prebiotic are still
a matter of debate. Traditionally, complex carbohydrates, that is,
resistant starch and non-starch polysaccharides, such as cellulose,
hemicellulose, lignin, pectin and oligosaccharides, have been the
major focus of prebiotic research,24,25 because they are resistant
to gastric acidity and hydrolysis by mammalian enzymes, escape
digestion and reach the large intestine as primary substrates for
microbial fermentation. In addition, simple sugars, disaccharides
and sugar alcohols (when reaching the colon owing to over-
feeding or malabsorption) as well as human milk oligosaccharides
in infants can be substrates for colonic microbial fermenta-
tion.26 Proteins, amino acids and certain lipids can also escape
digestion and become substrates for the gut microbiota.19,27

However, these compounds have not been heavily investigated as
prebiotics, in part, because of the production of potentially harmful
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metabolites, including amines, ammonia and phenolic compounds,
during anaerobic proteolysis.19,27

Colonic fermentation is a highly complex process of nutritional
interactions between different microbial species25,28 that each
has its own specialized ecological niche and metabolic activities.
In many cases, metabolic end products are excreted by certain
species and serve as the substrate for others, for example, gut
microorganisms that are unable to degrade complex carbo-
hydrate structures directly grow by ‘cross-feeding’ on fragments
or metabolites produced by others. Complex polysaccharides are
primarily fermented by fibrolytic species that include genera such
as Bacteroides, Bifidobacterium and genera of Clostridium group IV
and XIVa (including Faecalibacterium and Roseburia), whereas
glycolytic bacteria including genera such as Lactobacillus, Escherichia
or Enterococcus grow on more simple sugars.17,25,29 The bulk of
prebiotic research has focused on bifidobacteria and lactobacilli
because they are reported to have direct health-promoting proper-
ties, such as the inhibition of exogenous pathogens or the
prevention of antibiotic-associated diarrhea.10,30–34 In addition, these
bacteria are generally regarded as safe and can easily be cultured
from stool, whereas other gut anaerobes are hard to culture and are
of unknown or insufficiently assessed safety.35,36

Short-chain fatty acids (SCFAs), the principal end products of
carbohydrate fermentation, are considered the key metabolites
underpinning the physiological benefits of prebiotics. Butyrate
is the primary energy source for colonocytes; propionate is thought
to regulate liver cholesterol synthesis and acetate controls hepatic
lipogenesis and is used to generate ATP in muscle tissue.37

Moreover, SCFAs reduce intestinal pH, thus antagonizing
pathogens, and possess antimicrobial activity.10,17,19,37 These
and other functions are speculated to translate into a number of
clinical benefits, including reductions in C. difficile infections,38

improvements in symptoms of IBD and inflammatory bowel
syndrome,39,40 reductions in traveler’s diarrhea41 and repression of
allergic symptoms.42 More current research, in addition, suggests a
link between SCFAs and various parameters associated with
metabolic syndrome, such as the control of food intake and body
weight, as well as glucose homeostasis, either directly via central

hypothalamic pathways or indirectly via the secretion of gut
hormones such as glucagon-like peptide-1 and peptide YY.13,43–47

As mentioned above, which food ingredients qualify as a ‘true’
prebiotic is still a matter of debate. According to some papers that
suggest a ‘selective stimulation’ (that is, Lactobacillus and
Bifidobacterium as the ‘preferred target organisms for prebiotics),
only a small number of non-digestible carbohydrates meet the
criteria for a prebiotic, including inulin and fructooligosaccharides,
galactooligosaccharides and lactulose.17,18,48,49 Other papers, in
contrast, have proposed a broader definition that does not restrict
prebiotics to being ‘selective’, opening the door for many more
food ingredients to be considered (Table 1).20,21,50 They suggest
that a diverse community of microorganisms, rather than isolated
strains, is essential for intestinal homeostasis and optimal
host health and argue that the current understanding of diet–
microbiota–host interactions does not allow, in fact, reliable
differentiation of beneficial and detrimental members within the
gut microbiota. Moreover, on the basis of the many cross-feeding
interactions between colonic bacteria, it is argued that it is unlikely
that a beneficial physiological effect can be isolated to only a limited
number of species. Several recent findings support the hypothesis
of the importance of a diverse microbial community: (i) restoration
of a diverse gut microbiota through fecal transplantation is effective
in the treatment of C. difficile infections; (ii) in patients with
metabolic syndrome, transfer of intestinal microbiota from lean
donors increases insulin sensitivity;51 (iii) dietary fibers that are
fermented broadly by a variety of microorganisms exert similar
health benefits as the accepted selective prebiotics;52–54 (iv) other
bacteria in addition to bifidobacteria and lactobacilli are constantly
discovered that may confer benefits to human health, including
Faecalibacterium, Eubacterium, Roseburia and Akkermansia;55–57

(v) bacteria that have been regarded previously as potentially
harmful, such as some species of Clostridium,10,48 appear to have
beneficial characteristics under certain conditions such as colitis;58

and (vi) studies employing novel sequencing techniques have
revealed that even the currently accepted prebiotics are less
selective than previously thought and include changes in many
other microbial groups than bifidobacteria and lactobacilli.57,59,60

Table 1. Some developing criteria for classifying a food ingredient as prebiotic

Definition Food ingredient qualified as prebiotic

Gibson and Roberfroid (1995)10

‘Non-digestible food ingredient that beneficially affects the host by
selectively stimulating the growth and/or activity of one or a limited
number of bacteria in the colon, and thus improves host health’

Fructooligosaccharides (FOS)

Gibson et al. (2004)17

‘A selectively fermented ingredient that allows specific changes, both in
the composition and/or activity in the gastrointestinal microflora that
confers benefits upon host wellbeing and health’

Inulin, fructooligosaccharides (FOS), galactooligosaccharides (GOS),
lactulose

FAO Technical Meeting on Prebiotics, Rome (2008)21

‘Nonviable food component that confers a health benefit on the host
associated with modulation of the microbiota’

Inulin, fructooligosaccharides (FOS), galactooligosaccharides (GOS),
lactulose, xylooligosaccharides (XOS), resistant starch (RS), human milk
oligosaccharides (HMOs), beta-glucan, other dietary fibers and non-
digestible oligosaccharides
Non-carbohydrate compounds, including polyphenols, minerals and
vitamins?

Bindels et al. (2015)20

‘A non-digestible compound that, through its metabolism by micro-
organisms in the gut, modulates the composition and/or activity of the
gut microbiota, thus conferring a beneficial physiological effect on the
host’

Inulin, fructooligosaccharides (FOS), galactooligosaccharides (GOS),
lactulose, xylooligosaccharides (XOS), resistant starch (RS), human milk
oligosaccharides (HMOs), beta-glucan, other dietary fibers and non-
digestible oligosaccharides
Non-carbohydrate compounds, including polyphenols, minerals and
vitamins?
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Whether ‘fermentation’ is an absolute requirement or whether it
should be extended to any type of metabolism is also a matter of
debate. An obvious argument for fermentation as a requirement is
that SCFAs are metabolites that only result from fermentation
processes. However, certain food ingredients may be utilized by
microorganisms in the gut with beneficial effects for host health
using other types of metabolism. Both the Food and Agriculture
Organization of the United Nations (FAO)20 and the definition by
Bindels et al.20 do not include microbial fermentation as a criteria.
What requires consideration, however, is that, although Bindels
et al.20 suggest that a prebiotic confers beneficial physiological
effects on the host though metabolism by microorganisms, the
FAO definition21 does not state that metabolism is necessary,
thus also allowing dietary compounds that have antimicrobial
activity to qualify as prebiotic. With regard to the requirement of
a ‘carbohydrate structure’ for a prebiotic, none of the previous
definitions have stated that prebiotics should be restricted to
carbohydrates. Nevertheless, all current prebiotics are carbohy-
drates, although numerous non-carbohydrates, including micro-
nutrients, are metabolized by the gut microbiota and may exert
beneficial physiological effects.61,62

So far, the European Food Safety Agency (EFSA) does not
consider a modulation of the gut microbiota (that is, changes in gut
microbial composition or production of SCFA) as physiological
benefit per se but states that it further requires human intervention
studies to established a clear link between prebiotic use and a
relevant clinical outcome.63 As a result, the European regulatory
bodies currently do not allow the word ‘prebiotic’ to appear on
products because the definition of ‘prebiotic’ contains an inherent
health claim. It is not surprising that this has complicated advances
in prebiotic food research significantly in recent years. More
recently, non-digestible native chicory inulin was given a positive
opinion for the ‘maintenance of normal defecation’ and increases in
bacterial cell mass and fermentation of inulin to SCFAs were cited
among the mechanisms involved.64 In addition, a new EFSA
guideline document was published in 201665 that provides more
clarity on the criteria to be considered in order to improve the
likelihood of a positive regulatory opinion. Together with the efforts
to reach consensus on a prebiotic definition, this should stimulate
academic and industrial research for novel prebiotic foods and food
ingredients that can be used to better substantiate the health
benefits required for market approval.

NOVEL PREBIOTIC FOOD INGREDIENTS
Besides the acceptance of all non-digestible carbohydrates as
‘true’ prebiotics, several non-carbohydrate structures such as
polyphenols,66,67 minerals68 or vitamins69,70 that can exert beneficial
effects through the modulation of the gut microbiota may qualify as
prebiotics. For example, in a recent study in healthy male volunteers,
administration of red wine resveratrol beneficially modulated the
gut microbiota by increasing the relative abundance of Bacteroides,
Bifidobacterium and other beneficial microorganisms.67 Because an
estimated 95% of dietary polyphenols may actually reach the colon,71

it is likely that these compounds affect physiological processes to
protect against, for example, chronic western diet-associated diseases.
Also calcium supplementation was reported recently to modulate
the gut microbiota in a prebiotic manner in dietary obese mice.68

An effect of riboflavin (vitamin B2) on the growth of Faecalibacterium
prausnitzii has been suggested by Khan et al.70 and Clifford,71 which
we will discuss in more detail in the following paragraph.

Riboflavin as novel prebiotic ingredient?
Oxygen stress is one of the main stressors for strict anaerobic
bacteria, such as F. prausnitzii or Roseburia.72 Oxygen and even
more aggressive reactive oxygen species such as free oxygen
radicals rapidly oxidize their sensitive enzyme systems, as these

microorganisms have no direct enzymatic means to protect
themselves (for example, catalases and peroxidases), as is the case
in facultative anaerobic and aerobic bacteria such as Escherichia
coli and Salmonella.73–76 It has been suggested, therefore, that
oxygen tension and related redox conditions are important in
determining the microbial composition and thus the health
and function of the gut microbiota.77,78 Oxygen tension and redox
conditions may be particularly important at the mucus layer,
where a steep oxygen gradient exists from the epithelium (where
oxygen is delivered by the blood circulation) to the anaerobic
lumen (where oxygen is consumed by microbial respiration).79–81

We hypothesized recently that compounds such as vitamins
or other antioxidants that have redox-mediating functions may
possess powerful prebiotic effects. When they are in an oxidized
state, they may accept electrons from microbial metabolism,
whereas in a reduced state they may donate electrons to reduce
oxygen to water or reduce other electron acceptors that eventually
lower the redox potential (Figure 1). Indeed, using an in vitro model
mimicking the gut mucosa with its steep oxygen gradient, we found
that F. prausnitzii can survive in moderately oxygenized environ-
ments by exploiting extracellular antioxidants such as riboflavin
and cysteine (usually abundantly present in the gut) to transfer
electrons to oxygen to lower the redox potential.69,70 The growth
of F. prausnitzii may be stimulated by the extracellular electron
transport because it can transfer the electron and protons from
NADH, generated in the glycolysis of glucose, to riboflavin through
this process. Riboflavin will reduce other redox mediators such
as cysteine and finally oxygen to water (Figure 1). In this way,
using riboflavin as electron acceptor, the reducing equivalents of
glycolysis can be coupled to the proton motive force and ATP
generation, and the intracellular redox mediators do not have to be
regenerated by fermentation, which seems to be a special form of
respiration by these strict anaerobes.
The use of riboflavin by F. prausnitzii is a potential new function of

this vitamin. Riboflavin, or vitamin B2, is a water-soluble vitamin that
is readily taken up in the small intestine. It is sufficiently present in a
healthy diet, with a recommended dietary allowance of 1.3 mg.77,78

However, whether dietary riboflavin in this concentration also
reaches the colon is questionable. Absorption takes place

Figure 1. Schematic representation of the function of vitamins as
redox mediators carrying reduction equivalents that are liberated
during the glycolysis of carbohydrates via NADH to oxygen. Glucose is
an example of a carbohydrate electron donor. The electrons reduce
the mediators and finally oxidize electron acceptors from the
epithelium, such as oxygen or nitrate. The flagellated box represents
a bacterium, such as F. prausnitzii. In the presence of redox mediators,
the anaerobic bacteria can reduce the oxygenated environment using
their metabolism and thus reduce oxidative stress.69,70
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predominantly in the proximal small intestine through an active,
carrier-mediated, saturable transport process that is reported to be
linear up to approximately 30 mg riboflavin in a meal.82,83 Because
there is little additional absorption of riboflavin in amounts greater
than this,84 it can be assumed that riboflavin reaches the colon
when administered in amounts430mg. Riboflavin is also produced
locally by several anaerobic and facultative bacteria abundantly
present in the gut, although, surprisingly, F. prausnitzii is not able to
produce its own riboflavin.85 The actual concentrations of available
riboflavin in the gut are hard to determine and are currently
unknown. We recently performed a pilot experiment to test whether
the concentration of riboflavin is limiting for F. prausnitzii to grow
optimally. A small group of adult volunteers were supplemented
with 100 mg riboflavin for 14 days. Because riboflavin has been used
in doses up to 400 mg per day up to 3 months in several studies
in both adults and children,86–88 this dose was considered to be safe.
Indeed, we found that the number of F. prausnitzii per gram of feces
increased during supplementation, and the number dropped again,
although not to the baseline levels, after a 1-week washout period.89

In addition to this increase, we also noticed an increase in another
group of anaerobes, namely Roseburia species, and a decrease in
E. coli (Figure 2), indicating an improvement in the anaerobic
conditions and redox state in the gut.
The effect of riboflavin on F. prausnitzii may be of clinical interest

because, in contrast to bifidobacteria and lactobacilli, F. prausnitzii
is a bacterium that directly produces butyrate.90 In addition,
F. prausnitzii has been shown to possess anti-inflammatory
properties and improve gut barrier function, not only through
the production of butyrate91 but also by producing specific anti-
inflammatory peptides.56,92 Interestingly, IBD and especially
Crohn’s disease are characterized by low levels of F. prausnitzii
and an increased number of E. coli and other Enterobacteriaceae.
This ratio of F. prausnitzii/E. coli may be indicative of oxidative
stress during gut inflammation.93 Neutrophils and other immune
cells may cause an oxidative burst of reactive oxygen species that
raise the redox potential to an oxidative state.94–96 An improve-
ment in the ratio of F. prausnitzii/E. coli in favor of F. prausnitzii
may, therefore, indicate an improvement in redox conditions,
which may be beneficial to restore dysbiosis during a remission

period of IBD. Whether the use of riboflavin is a therapeutic or
a supportive agent during the treatment of IBD, and especially
Crohn’s disease, or in healthy subjects is currently unknown but
warrants urgent investigation.

CONCLUSION
The large intestine was long considered an organ that only
absorbs water and electrolytes and processes undigested foods to
facilitate their excretion. In the past decades, however, the colon
and its microbial ecosystem has been recognized as affecting host
physiology and health, and modifying the colonic microbiota by
functional foods has attracted significant research and product
development. The concept of prebiotics, as introduced by Gibson
and Roberfroid10 in the 1990s, was pioneering in emphasizing
the importance of diet in the modulation of the gut microbiota
and its relationship to human health. Increasing knowledge of the
intestinal microbiota may now open the door for novel prebiotic
foods, such as vitamins, polyphenols or minerals. For example,
riboflavin, although it does not provide a direct substrate for
microbial fermentation, may beneficially modulate the composi-
tion of the gut microbiota by being metabolized and changing the
gastrointestinal redox state.
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