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A healthy gut microbiota (GM) is paramount for a healthy lifestyle. Alterations of the GM have been
involved in the aetiology of several chronic diseases, including obesity and type 2 diabetes, as well as
cardiovascular and neurodegenerative diseases. In pathological conditions, the diversity of the GM is
commonly reduced or altered, often toward an increased Firmicutes/Bacteroidetes ratio. The colonic fer-
mentation of dietary fiber has shown to stimulate the fraction of bacteria purported to have beneficial
health effects, acting as prebiotics, and to increase the production of short chain fatty acids, e.g. propio-
nate and butyrate, while also improving gut epithelium integrity such as tight junction functionality.
However, a variety of phytochemicals, often associated with dietary fiber, have also been proposed to
modulate the GM. Many phytochemicals possess antioxidant and anti-inflammatory properties that may
positively affect the GM, including polyphenols, carotenoids, phytosterols/phytostanols, lignans, alkaloids,
glucosinolates and terpenes. Some polyphenols may act as prebiotics, while carotenoids have been
shown to alter immunoglobulin A expression, an important factor for bacteria colonization. Other phyto-
chemicals may interact with the mucosa, another important factor for colonization, and prevent its degra-
dation. Certain polyphenols have shown to influence bacterial communication, interacting with quorum
sensing. Finally, phytochemicals can be metabolized in the gut into bioactive constituents, e.g. equol
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from daidzein and enterolactone from secoisolariciresinol, while bacteria can use glycosides for energy.
In this review, we strive to highlight the potential interactions between prominent phytochemicals and
health benefits related to the GM, emphasizing their potential as adjuvant strategies for GM-related

rsc.li/food-function diseases.

1. Introduction

Phytochemicals encompass a large number of compounds,
often also termed secondary plant compounds. These include
various chemical classes with partly diverging properties,
including polyphenols, carotenoids, phytosterols/phytostanols,
lignans, glucosinolates, alkaloids, to listen the most abundant
ones. Major dietary sources include fruits and vegetables, but
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also wholemeal grain products.’ It has been well recognized
that in addition to macronutrient/macro-constituent dietary
patterns (carbohydrates, proteins, fats, and dietary fiber), and
the presence of essential micronutrients, i.e. minerals and vita-
mins, these not strictly essential dietary constituents may play
an important role for human health. Many epidemiological
studies have meanwhile highlighted their important roles in
the prevention of chronic diseases including cancer,” cardio-
vascular and respiratory diseases® and metabolic diseases such
as type 2 diabetes® and the metabolic syndrome.”

Most commonly, the potential health benefits of secondary
plant compounds are ascribed either to their antioxidant func-
tion, i.e. quenching reactive oxygen species (ROS) such as for
e.g. polyphenols and carotenoids,®” to their ability to reduce
cholesterol (re)absorption such as for phytosterols,® their
ability to interact with hormonal receptors such as lignans or
isoflavonoids,'® or to interact with cellular processes such as
transcription  factors, influencing gene expression.'™"?
However, there is more recent evidence that at least some phy-
tochemicals can also contribute to health via interacting with
the gut microbiome (GM), through a number of different path-
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ways, for instance acting as prebiotics.”® In addition, concen-
trations of phytochemicals are highest in the gut, and their
influence on the GM may be independent from limited bio-
availability issues, and may act in their native, unmetabolized
form.

Though a number of interactions between the GM and phy-
tochemicals have been revealed, especially in in vitro trials, the
number of studies investigating the interaction in vivo,
especially in humans, is still very limited. Thus, an important
factor influencing GM is much under-recognized and deserves
more investigation, especially in sight of the GM recognized
relation to numerous chronic diseases.'”'® In this review, we
aim to raise awareness of the potential functional interactions
between phytochemicals and the GM, and summarize evi-
dence available for health benefits of phytochemicals related
to microbiota changes.

2. A brief overview of gut microbiota
and health aspects

2.1. General aspects of the gut microbiota

The GM represents a large, unique and intricate composition
of microbes residing in the gastrointestinal tract. Far from
being static, it is sensitive to major changes during the life-
course.'® About 4 x 10" (40 trillions on the short scale) micro-
organisms reside in the gastrointestinal tract, which is about
the same number as human cells."” While the intestinal tract
mostly hosts bacteria, with about 500-1000 different species,
the gut can also accommodate, especially during pathologic
conditions, single-cell eukaryotes such as protozoa, parasitic
worms such as tapeworms and hookworms, fungi such as
yeasts, especially Candida, and also viruses, notable noro-
viruses and rotaviruses.'®>° Due to the vast amount of meta-
bolic activities of the combined GM, it has also been termed
the “neglected organ”.>'

The majority of the GM is present in the colon, with lower
numbers in the upper digestive tract. As the stomach is very
acidic, only about 10 bacteria per g have been reported, as
compared to 1000 g~ " in the duodenum, 10000 g~' in the
jejunum, 10 million per g in the ileum, and 10'* g”' in the
colon.”> The predominant phyla include Bacteroidetes,
Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicrobia,
with the first two accounting for approx. 90% of bacterial
species.”® The main species include Bacteroides, Eubacterium,
Clostridium, Ruminococcus, Peptococcus, Peptostreptococcus,
Bifidobacterium and Fusobacterum spp.**

2.2. Importance of gut microbiota for host health

While the GM depends on the host, the GM also provides
benefits for the host, truly fulfilling the definition of a symbio-
tic condition. As the bacteria are fermenting non-absorbed
dietary constituents, and not all products are used for bacterial
growth, the GM also provides some energy to the host (about
10% of the daily required energy), via epithelial uptake of bac-
teria-products such as short-chain fatty acids (SCFAs), namely
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butyrate, propionate, and acetate.>® In addition, the GM plays
a critical role in overall health, preserving neuroendocrine,
metabolic and immune functions.>® Dysbiosis of the GM has
shown to be related with alterations of the gut barrier func-
tion, reduced bacterial diversity, altered immune responses
and increased risk of inflammatory diseases. This for example
includes ulcerative colitis and Crohn’s disease, the major
inflammatory bowel diseases (IBD).>**” Important for intesti-
nal integrity, the gut associated lymphoid tissue (GALT) is an
integrative part of the immune system, protecting the body
from invading microorganisms. GALT, rich in IgA-producing
plasma cells, and also macrophages, is influenced by GM such
as via toll-like-receptor (TRL) interactions of dendritic cells
and IL-10 production and Th17 cell differentiation via serum
amyloid A protein.”®

Due to their relation with the immune system and inflam-
mation, the composition and or function of the GM has been
correlated with nearly all major risk factors for cardiovascular
diseases (CVD), including aging, metabolically unhealthy
obesity, sedentary lifestyle, and unhealthy dietary habits such
as high simple sugar and fat intake.””?°! A recent meta-ana-
lysis has associated GM with 10 major diseases, finding that
some diseases were related to 50 genera, though most only cor-
related with 10-15.>* Furthermore, the role of the gut-liver axis
has been highlighted regarding non-alcoholic fatty liver
disease,*® and the gut-brain axis regarding neurodegenerative
diseases such as multiple sclerosis,®* among others.

2.3. Dietary substrates of GM, SCFAs and health aspects

Some of the substrates used by the GM are secreted or derived
by the host, e.g. via cell abrasion and the mucus layer, which is
a substrate for some specialized bacteria such as Bacteroides
thetaiotaomicron.>® However, as the GM derive the majority of
their energy from non-absorbed dietary constituents passed on
from the small to the large intestine, dietary patterns are a
major influential factor that can modify the composition and
numbers of the bacterial communities. Especially the macro-
nutrient composition of the diet, such as the carbohydrate and
protein amounts, has been highlighted to influence bacterial
composition and diversity,*® with a higher diversity during low
protein and carbohydrate intake. Regarding bacterial species,
a carbohydrate-based diet has been related to high numbers of
Prevotella spp. which are reduced during low-carbohydrate
intake,?” while a higher number of Bacteroides spp. was associ-
ated with a diet rich in proteins and saturated fat, as reviewed
by Senghor et al.*®

However, also small molecules can have significant effects
on the microbiota and their function and influences on the
human host. Especially the relation between the gut micro-
biota and certain diet-derived metabolites has been shown to
be fundamental for the immune system. This has been high-
lighted for e.g. taurine (triggering NOD-like receptor family
pyrin domain containing 6 (NLRP6) mediated inflammasome
related to NF-kB activity), polyamines (macrophage polariz-
ation inhibition), SCFAs (energy source for gut epithelium),
all-trans retinoic acid (ATRA, interacting with the nuclear
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receptor RAR), and aryl-hydrocarbon receptors (AhR) ligands
such as indoles (playing a role for lymphoid follicle
morphology).*®

The predominant fraction of non-absorbed dietary constitu-
ents passed on to the colon are non-digestible dietary fiber
compounds, though also some proteins are resistant to diges-
tion.*® These are soluble and insoluble dietary fibers, mostly
macromolecular polysaccharides such as fructo-oligosacchar-
ides, hemicelluloses, pectins, and resistant starches. Many are
fermentable and can foster the growth of health-associated
bacteria such as Bifidobacteriaceae and other families, produ-
cing metabolites such as SCFAs, which have been associated
with health benefical effects.*’** Some of these polysacchar-
ides have therefore been termed as prebiotics.*?

Regarding SCFAs, acetic acid (37 mmol kg™'), propionic
acid (13 mmol kg™ "), n-butyric acid (12.4 mmol kg™"), iso-
butyric acid (2.2 mmol kg™"), iso-valeric acid (3.2 mmol kg™ %),
n-valeric acid (2.4 mmol kg™') and n-caproic acid (0.5 mmol
kg™") were shown to be among the most predominant, based
on human feces measurements.*® Studies indicate that
especially butyrate has local and systemic anti-inflammatory
properties,*>*® and also anti-obesogenic effects have been dis-
cussed. Somewhat surprisingly, this compound has been
reported to be present in high amounts in feces of individuals
having obesity, though being accompanied with low phyla
microbiota variety, as shown in a recent meta-analysis."”
However, SCFAs also contribute to energy supply, and perhaps
the amounts produced should be related to the body mass

Phytochemicals
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- higher bacteroides/firmicutes ratio

- higher diversity

- reduced pathogens, bactericidal
effects (eg: C. diff, Salmonella spp.)
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index (BMI) for improvements of diagnostics. Also, SCFAs in
the bloodstream may be a more appropriate marker. In fact,
circulating SCFAs were inversely associated with TG levels,
whole-body lipolysis and positively with glucagon-like peptide
1 (GLP-1), related to insulin sensitivity."® Furthermore, buty-
rate is a histone deacetylase inhibitor, effecting gene-
expression,*® improves intestinal barrier integrity,’® increases
the secretion of antimicrobial peptides,”® down-regulates TLR-
expression and the release of pro-inflammatory cytokines.>® It
further exerts anti-inflammatory properties via inhibiting gra-
nulocyte®® and lymphocyte activity.>® Therefore, butyrate-pro-
ducing bacteria are generally considered beneficial, and their
depletion has been associated with type 2 diabetes (T2D), IBD,
irritable bowel syndrome and colorectal cancer.>” Among
the main butyrate producers in the gut are Firmicutes, while
Bacteroidetes are rather acetate and propionate producers.>®
Additional important pathways through which the diet and
dietary fiber could influence GM and health and disease status
include maintaining tight junction integrity’® and a thick and
stable mucus layer,”® both important to prevent the crossing-
over of pathogens or allergens into the circulatory system.
Regarding bacteria and their relative proportions that have
been shown to change with disease status, Bacterioides spp.,
Bifidobacterium spp., Firmicutes spp., and Clostridum spp., have
been among the most investigated (Fig. 1). Obesity and
weight gain, though not in a consistent manner, have been fre-
quently associated with a reduced number of Bacterioides
spp. vs. a higher number of Firmicutes spp.,°>®" but lower
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- communication inhibitors: quorum
@ng quenchers j

t Health
improvements

- anti-oxidant effects

- anti-inflammatory effects
- gut-brain axis

- immunoprotection

- bacterial microRNAs

Risk of
diseases

- cardiometabolic risk (body
composition disturbances,
obesity, ectopic fat
accumulation, type 2 diabetes)

- cancer

- inflammatory bowel disease

Fig. 1 Phytochemicals and the gut microbiota.
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Bifidobacterium spp. as reviewed previously.®® Clostridium
difficile as a potential pathogen has been associated with diar-
rhea.®® The role of Akkermansia spp., especially A. muciniphila,
a mucus degrader, has also been met with some interest, as a
higher number was associated with lower T2D risk, as reviewed
by Tomas-Barberan et al.®® and Cani,*" and it appears that
their population increases with dietary fiber and polyphenol
intervention. Many more correlations have been reported, such
as the decreased abundance of Prevotellaceace (SCFA produ-
cers) in Alzheimer’s patients,®” but many need to be affirmed.

Taken together, the GM and its composition and diversity
have been associated with a number of chronic diseases. As
GM is influenced by dietary patterns, these likewise can influ-
ence health status, and important pathways include SCFA pro-
duction, acting as prebiotics, and maintaining barrier function
integrity.

3. Phytochemicals and gut
microbiota

3.1. Introduction

In addition to dietary fiber, there are other compounds that
are poorly absorbed and poorly metabolized in the upper
digestive tract, which are consequently passed on the large
intestine, and that can also play a role modulating the GM.
Among them, phytochemicals or secondary plant metabolites
are a broad and varied group of plant-derived constituents,
which are frequently consumed within the diet, encompassing,
among other, polyphenols, carotenoids and other terpene
based compounds, phytosterols/phytostanols, lignans,
various alkaloids and sulphur-containing compounds.®®
Phytochemicals are not essential for plants, but they generally
have biological activity in the plant host such as controlling its
growth and reproduction, and can convey survival benefits, i.e.
acting against herbivores, competitors, and microorganisms.

Phytochemicals have no known essentiality to humans and
are therefore not considered nutrients in a strict sense. As a
consequence, no dietary reference sets such as dietary refer-
ence intakes (DRIs by the IOM, USA) or dietary reference
values (DRVs by EFSA, Europe) include them at present.
However, they can significantly contribute to a healthy diet,
and their dietary intake has been inversely associated with a
lowered risk of several chronic diseases, such as cardiometa-
bolic diseases including T2D®” and other CVDs,°® several types
of cancer,’”” and to some extent also neurodegenerative dis-
eases,®® though evidence for the latter is more marginal.

These plant compounds are widely present in fruits, veg-
etables, grains, nuts, seeds and flowers, as some of these com-
pounds are associated directly with dietary fiber, i.e. in part
bound to it (covalently or not), such as for polyphenols.”® In
addition, they can be found in certain beverages and products
such as coffee, cacao, tea, fruit juices, red wine and cold
pressed vegetable oils.”" Also, they may be consumed within
dietary supplements and herbals, as well as within algae and
mushrooms. To a lesser extent, some may accumulate in
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animal derived food items such as carotenoids in egg yolk,
cheeses, prawns or salmon.”*

Though considered minor dietary constituents, the intake
of some of these secondary plant metabolites such as polyphe-
nols can reach 1 g d™',”* though this is still much lower than
the RDA of dietary fiber, being 25 and 38 g d~* for men and
women, respectively.”®> Many phytochemicals are considered to
have bioactive functions, mainly anti-inflammatory and anti-
oxidant activity. In addition to their general association with
chronic diseases, some have been related to specific health
conditions. For example, the xanthophylls lutein and zeax-
anthin in the prevention of age-related macular degener-
ation,”* the major cause of vision loss in the elderly, due to
their protection from intensive blue-light.

3.2. Bioactive properties of phytochemicals

The majority of phytochemicals, including polyphenols and
carotenoids, have been advertised for their general antioxidant
properties.””> This can be achieved either via directly quench-
ing reactive oxygen or nitrogen species (RNS, ROS) such as
singlet oxygen or lipid peroxides, or interacting with cellular
transcription factors such as Nrf-2, important for the body’s
antioxidant homeostasis via the gene expression for anti-
oxidant enzymes such as catalase (CAT), superoxide-dismutase
(SOD) and glutathione peroxidase (GPx). Moreover, anti-
inflammatory properties, via interacting with the transcription
factor NF-xB have also been emphasized, related to the for-
mation of pro-inflammatory cytokines such as TNF-a and
IL-1B."" Other constituents, namely phytosterols, may reduce
(re-) absorption of cholesterol and bile acids,”® improving
blood lipids. Lignans and isoflavonoid-derived metabolites
such as equol may interact with estrogen receptors and
perhaps act upon certain types of cancer.””

There is growing evidence that phytochemicals, especially
polyphenols, the predominant group consumed within the
diet, play a role in modulating the GM.”®”® Even carotenoids
have just recently demonstrated in a human intervention trial
with subjects with obesity to influence microbiota compo-
sition, related to positive health effects such as improved
blood lipids (Table 1).*° Phytochemicals have the potential to
interact with the metabolic activity and composition of colonic
bacteria, through dosage, timing and route of adminis-
tration.®" Their potential role on the GM depends on their
matrix, with whole foods potentially having different effects
than extracts,®' due to certain synergetic effects and altered
release kinetics which can influence their bioavailability. They
also can have additive or negative effects in terms of their
absorption and metabolism.*” For example, while curcumin
alone has low oral bioavailability, the combination with piper-
ine from black pepper can enhance its bioavailability by >2000
fold, possibly due to the reduced phase II metabolism,** pre-
venting further glucuronidation and/or sulfation. However, in
general, many phytochemicals are poorly absorbed.
Absorption is often as low as ~10% such as in the case of the
poorly soluble carotene lycopene,®* and also for many polyphe-
nols, which are in part re-excreted after cellular uptake into
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harvest energy by the released sugar moiety (glucose). In con-
trast to glucosinolates, there is evidence that some alkaloids
such as purine alkaloids, e.g. caffeine, can serve as substrate
for GM, yielding various nucleic acids such as xanthine and
hypoxanthine, which presumable may act both as nitrogen
and energy source.’?

3.4. Influence of phytochemicals on the GM and health
related aspects

Phytochemicals may be involved in a variety of mechanisms
related to health aspects in which GM do play a role. These are
explained in further detail in the following sections, but in
short, these include predominantly:

(a) direct influences on GM composition and numbers, via
acting as substrates for the GM, acting as prebiotic-like com-
pounds;”* these seem to include especially polyphenol-glyco-
sides as the bacteria can convert the sugar moiety into energy;

(b) improving gut-health via their direct antioxidant effects,
which could alter the gut-redox potential, as oxidizing agents
have been proposed to increase the risk of e.g. antibiotic-
related pathogen colonization in the gut;*’

(c) interactions with the immune-system, especially via
IgA,°® playing a role in the degree of colonization, such as
reported for some carotenoids;**°”

(d) influencing colonization and gut barrier properties via
their extensive metabolism, such as influencing the mucin
layer,’® in fact vital for the cross-communication between the
host and bacterial genome. In this respect, the term “hologen-
ome” has been coined to highlight the interaction of bacteria
and the host for mutual health, as reviewed previously;”®

(e) exhibiting direct bactericidal or bacteriostatic
effects,”'* reducing e.g. pathogenic species such as
Clostridium spp.'®" by various phenolic compounds and also
by some alkaloids, which have shown to influence FtsZ-Z ring
formation, important for cell division.'> In addition the
effects of certain sulphur containing compounds such as
allicin from garlic are well documented;'*

(f) acting additively or synergistically with other dietary
compounds or bacterial metabolites, such as omega-3 fatty
acids and polyphenols acting synergistically as anti-inflamma-
tory agents;'**

(g) influencing “quorum sensing”, i.e. bacterial cell com-
munication via low weight metabolites, important for e.g.
differentiation, biofilm formation among others'®® which has
been shown to be influenced by certain phytochemicals; and
may influence health status via e.g. disturbing pathogenic
biofilm formation.'%

However, most often the exact mechanisms of action are
unknown, and may even be combinations of several of the
above possibilities.

In summary, non-absorbed phytochemicals can, similar as
to dietary fiber, influence GM composition and activity.
Though their intake via fruits, vegetables, cereals, nuts and
other plant-based products is rather estimated at around 1-2 g
d~", much lower than dietary fiber, they can be metabolized by
the GM and used partly for energy production. Their anti-
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oxidant, anti-inflammatory properties, directly or via acting on
transcription factors, together with bactericidal or bacterio-
static effects such as via quorum quenching make them inter-
esting molecules for targeting GM related changes associated
with certain chronic diseases.

4. Classes of phytochemicals and
interactions with the GM

4.1. Polyphenols

4.1.1 Overview of polyphenols and their relation to health
outcomes. Polyphenols have been proposed to be able to inter-
act with many diseases via their influence on the GM. For
instance, the interaction of polyphenols on the gut-brain
axis,'”'°® via GM metabolites and their potential activity as
neurotransmitters following crossing the blood-brain barrier,
and thus their potential implication to act on neurodegenera-
tive diseases such as Alzheimer’s disease'’®® has been empha-
sized. Due to their concentration being likely highest in the
gut, polyphenols have been proposed as adjuvant agents to
improve IBD conditions,"'® which are characterized by
inflamed tissue in the gut, with increased immune-system
activity such as Th1 and Th17 cells, stimulated by bacterial
antigens. In addition to the direct prebiotic effects of phenolic
compounds, reduced oxidative stress (aggravated by infiltrating
neutrophils and macrophages) has been emphasized, and also
their anti-inflammatory and antioxidant aspects, via acting
upon the transcription factors NF-kB and Nrf-2, respectively.''°
Furthermore, polyphenols appear to improve gut epithelial
function, via reducing barrier permeability through strength-
ening tight junction functionality.''!

Indeed, most of the available evidence on interactions
between phytochemicals and the GM has been obtained on
polyphenols. This is in part due to polyphenols being the most
frequently consumed secondary plant metabolites,"** and
their occurrence is associated with many types of dietary
fibers."*® Polyphenols are mostly consumed in the form of
fruits, vegetables, cereals, nuts and grains. As polyphenol bio-
availability is low, concentrations in the colon may reach
highest concentrations in the body, typically in the millimolar
range, as reviewed by Cardona et al.”® Many polyphenols are
present in the diet in conjugated form, such as with glucose,
which can be liberated by GM via deglycosylation and provides
a substrate and source of energy for bacteria. However, the bac-
teria may also take part in other reactions with polyphenols,
including ring fissions, demethylation, dihydroxylation, hydro-
lysis of esters, among others.'**

The two main groups of polyphenols are flavonoids such as
isoflavones and anthocyanins and non-flavonoids, including
phenolic acids and stilbenes.”” Research on the interaction of
polyphenols with GM has mainly focussed on catechins,
flavan-3-ols from green tea including epigallocatechin
gallate;”'" ellagic acid and ellagitannins, non-flavonoids
present e.g. in pomegranate, raspberries, blackberries, straw-
berries and chestnuts;**''® ginseng saponins (triterpenoids or
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ginsenosides) present in red ginseng roots;*"''” curcumin
from the root of Curcuma Longa, a rather apolar polyphenol*'®
and resveratrol, a stilbene, prevalent in the skin of raspberries,
blueberries, grapes and also of peanuts, among others'"’
(Table 1).

4.1.2 Polyphenols as prebiotic-like substances. Most
studies on polyphenols and their metabolic products have
highlighted their potential to limit the growth of pathogenic
bacteria and to foster the increase of beneficial bacteria.'*® As
recently reviewed by Singh,”* microbial modulation studies
with co-measured health-outcomes have included testing
animals and humans and administering compounds either in
isolated form, as extracts, or in food items rich in certain poly-
phenols. However, only a low number of human studies have
been reported, in this latter review,”* seven studies are sum-
marized. Some of these studies are only observational, thereby
precluding causal conclusions. In another recent systematic
review and meta-analysis by Ma & Chen,"?! the influence of
polyphenol supplementation on GM composition was scruti-
nized. Sixteen human intervention trials were included in their
summary table. A large heterogeneity between the type of poly-
phenol, dosing and time of intervention was noted. Regarding
type and source of polyphenols, cereals, apples, grape pomace,
blueberry powder, date fruits, olive oil/thyme red wine and iso-
lated quercetin/rutin were employed. Thus, an analysis of the
effect of various polyphenol sources on Lactobaccilus spp.,
Bifidobacterium spp., Bacteriodes spp. and Clostridium spp. was
carried out. In vivo studies based on different food groups
found slightly significant alterations on their abundance
(Table 1), enhancing Lactobaccilus and Bifidobacterium spp.
while reducing Bacteriodes and Clostridium. Of note, all trials
except 1 had less than 30 participants and may have been stat-
istically underpowered. As a consequence of their findings, a
daily polyphenol dose of 400 mg d™* was promoted, which is
achievable with a varied diet rich in plant based food items.

In a large trial conducted by Klinder et al.,'** 3 groups of
participants (total n = 122) consumed 2, 4 or 6 additional por-
tions of fruits and vegetables (each for 6 weeks then switching
to the next higher dose), either high or low in flavonoids, or
continued their normal diet. Differences between high and
low flavonoid groups were minimal regarding GM compo-
sition. Significant inverse correlations of flavonoids with
Clostridium  histolyticum/perfringens, Bifidobacterium  spp.,
Bacteroides spp. and Lactobacillus spp. were found, but corre-
lation coefficients were below 0.2, perhaps suggesting that still
other factors, such as dietary fiber (though also not strongly
correlated with GM), played a more important role. The often
high number of confounders in trials with whole foods often
impede a clear cause-effect interpretation regarding
polyphenols.

Simmering et a compared the outcome of a one-time
administration of quercetin (14 mg per kg bw.) to rutin (28 mg
per kg bw.), both given pure or in form of buckwheat leaves,
versus a placebo (n = 28). The total number of bacteria and
thus fecal flora decreased during the first day of a flavonoid
washout diet (61-88%), while increased again in the following
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intervention, with a drastic increase in the flavonoid metabo-
lizing Eubacterium ramulus. However, the reduced bacterial
numbers at onset were likely due to the decreased intake of
dietary fibers in fruits and vegetables.

In a randomized double blinded placebo controlled tria
with 494 mg vs. 23 mg cocoa flavanols (flavan-3-ols) per d con-
sumed by healthy individuals during four weeks, boosted the
numbers of Bifidobacterium spp. and Lactobacillus spp., but
reduced pathogenic Clostridium histolyticum populations,
related to cancer development and also IBD,'* were found.
These effects were accompanied with improvements in trigly-
cerides and C-reactive protein in plasma, with the latter corre-
lating with Lactobaccillus spp. counts. The authors proposed
that the ability of Lactobacillus spp. to garner energy from fla-
vanol oligomers (i.e. procyanidins or condensed tannins) or
monomers (resulting in the formation of hydroxyphenol-
y-valerolactone metabolites) contributed to this effect, and
emphasized that changes observed were comparable to pre-
vious interventions with fructo-and galacto-oligosaccharide
prebiotics. This is in line with a recent clinical trial, disclosing
that consuming a blackcurrant extract (672 mg d~ ', for 6
weeks), rich in anthocyanins, raised numbers of
Bifidobacterium spp. and Lactobacillus spp., but hampered
Clostridium spp. and Bacteroides spp. Also, fecal activity of
B-glucuronidase (an enzyme believed to constitute a risk factor
for colorectal cancer) decreased,'*® therefore proposing prebio-
tic and anti-cancer properties of the product. The hampering
effect of polyphenols on some bacteria, including Streptococcus
and Prevotella spp. has been shown via binding of e.g. con-
densed tannins to bacteria, causing growth inhibition and
reduced protease activity,'>” and was shown to result in a shift
from Gram-positive to Gram-negative, tannin resistant bac-
teria, at least in ruminants.'*® Gram-negative bacteria have
also shown to be more resistant to antibiotics and may be less
sensitive also to certain phytochemicals. This may contribute to
reduced numbers of Clostridium, Streptococcus, Enterococcus and
Staphylococcus, but not Pseudomonas (which is Gram-negative).

In addition to cocoa, polyphenols from red wine have also
received some attention. However, often the effect of alcohol is
not taken into account. In a study by Queipo-Ortuo et al., this
was considered, and participants received either red wine,
alcohol-free red wine, or gin for a period of 20 days."*
Interestingly, indeed the red wine group exhibited highest
numbers of fecal Proteobacteria, Fusobacteria, Firmucutes, and
Bacteroidetes, with numbers declining in the sequence red
wine group > dealcoholized red wine > control > gin,
suggesting that indeed red-wine polyphenols, rich in flavon-3-
ols, gallic acid and anthocyanins were causing the effects, but
also that perhaps alcohol aided in the solubilisation of pheno-
lic compounds.

In addition to effects on Bifidobacterium spp. and
Lactobacciluls spp, the role of Akkermansia muciniphila for gut
health has been much emphasized in recent years. This bacter-
ium thrives on the mucus layer, and lower numbers of these
bacteria have been related to also IBD."*° Though this may
seem at first contradictory, A. muciniphila has likewise been
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reported to stimulate mucus growth; in addition, its presence
may reduce the presence of pathogenic bacteria in this
layer."*° As reviewed recently,®® A. muciniphila has been related
to a lower risk of T2D and inflammation, and its abundance,
at least in animal models, was shown to be positively influ-
enced by various sources of dietary polyphenols, including
grape and cranberry proanthocyanidins, pomegranate ellagi-
tannins, caffeic acid, and others. As the major source of
growth for A. muciniphila is the mucus, and not exogenous
dietary residuals, indirect effects may be the cause for this
change in relative abundance. Studies in humans have, to our
knowledge, not yet been reported.

Additional evidence on the interaction of polyphenols and
the GM is available from animal trials. For instance, in the
review by Singh et al.,’* nine animal studies were presented. In
these studies, quercetin, pronthocyanidin rich wine extract,
coffee and caffeic acid, resveratrol, and polyphenols from
algae, fungi, honey and propolis were examined. Benefits
regarding GM populations were found, including improve-
ments in the number of health-associated bacteria such as
Bacteroides, Lactobacillus and Bifidobacterium spp., and
reductions in Clostridium spp. In addition, associated para-
meters such as reduced enzymatic activity of a-glucuronidase
mucinase, nitroreductase, f-galactosidase and o-glucosidase
were also encountered.

4.1.3 Polyphenols and IBD. Some importance has been
placed on models of IBD and improving gut health. Studies
with polyphenols from fungi reduced Firmicutes/Bacteriodetes
ratio and restored Lactobacillus spp. populations as previously
reviewed."®' The most abundant phenolics in mushrooms are
p-hydroxybenzoic-, gallic-, vanillic-, protocatechuic-, getisic-
and syryngic acids. However, mushrooms are also rich in fiber,
including chitin, hemicellulose, o- and fp-glucans, mannans,
xylans, and galactans. Thus, the effect cannot be solely attribu-
ted to polyphenols. Similarly, polyphenols from Prunella vul-
garis derived honey (5 g per kg bw. with approx. 300 mg per
100 g polyphenol content for 15 days) showed the same effects
in rats, as well as improving histopathology.'** Polyphenols
from propolis, given at 300 mg per kg bw. for 10 days to rats
reduced namely Bacteroides spp., in part increased richness
and diversity of the population,”** and decreased the pro-
inflammatory markers MCP-1, IL-1p and IL-6. Similar positive
effects were shown for the stilbene resveratrol in an animal
model of IBD. Rats receiving 1 mg resveratrol per kg bw. per d
for 25 days showed increased Lactobacillus spp. and
Bifidobacterium spp. and reduced Enterobacteria spp. Body
weight loss was also reduced, as well as PGE-E2, COX-2 and
NO levels in the colonic mucosa. A large number of genes in
the distal colonic mucosa (>2500) were also differentially regu-
lated following the treatment.'®* Due to their antioxidant and
anti-inflammatory properties, both of which are relevant for
IBD, polyphenols may be a potential adjuvant candidate for
IBD,"" and their inclusion in enteral or even parenteral nutri-
tional formulas for IBD patients has been recommended."*’

Colon cancer, which can develop from IBD, has also been
studied in animal models in relation to polyphenols and GM.
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In a rat study, resveratrol (8 mg per kg bw. given for 30 weeks)
improved enzymatic activity related to GM dysbiosis, including
mucinase, a-glucuronidase and nitroreductase,"*® however GM
was not measured directly. A red wine extract rich in proantho-
cyanidins®” showed to improve Bacteroides and Lactobacillus
while lowering Clostridium spp. However, DNA strand breaks
as measured by the COMET assay were not influenced by
polyphenols.

Results from in vitro analyses are much more difficult to
translate to humans, also as typically gastrointestinal diges-
tions, which could change polyphenol composition, are not
carried out prior to experiments. The majority of studies are
based on inhibition assays such as in petri-dishes. Some
studies involving polyphenols have shown a reduction of
potential pathogens. For example, it was demonstrated that
the flavone narigenin inhibits the growth and adhesion of
Salmonella typhimurium, a diarrhoea causing bacteria, while
enhancing the proliferation of the anti-inflammatory strain
L. rhamnosus no. 299."%%

The main bacteria phyla (Firmicutes, Bacteroidetes, and
Actinobacteria) and their species have been shown to contain
enzymes and genes coding for bile salt hydrolase. Bile salt
hydrolase activity may be important for microbial survival and
bile detoxification."*® In a murine-based study, administering
a high fat diet together with quercetin, ellagic acid, rutin, cate-
chin, caffeic acid or curcumin minimized secondary bile acid
levels in the stool,'*® which was explained by the growth of
bacteria capable of efficiently deconjugating bile acids by use
of bile salt hydrolase. Microbial metabolism and deconjuga-
tion of bile acids makes them less rapidly reabsorbed and
more easily excreted into the faeces.'*! In general, bile-acids
appear to constitute a decisive role in the homeostasis of the
GM,'*? while high levels have been related to chronic diseases
such as liver cancer'** and 1BD."**

4.1.4 Bacterial communication - quorum sensing. Another
important function of polyphenols that has been emphasized
is their potential property to act as quorum-sensing regulators
or quorum-quenching molecules (QQM), as
previously.'%>'°® Such properties were highlighted for a variety
of flavonoids, curcumin, and chlorogenic acid, among others.
The most highlighted aspect as a result of this blocking of
intercellular bacterial communication by small molecules,
sometimes termed “bacterial pheromones” is the reduction in
biofilm formation, though other factors such as sporulation
and virulence factor expression are also known. Given that a
critical number of bacteria are present (the quorum), the com-
pounds inducing this sensing are typically acetylated homoser-
ine lactone (AHL) for Gram-negative bacteria, and a variety of
secreted peptides for Gram-positive bacteria. Some com-
pounds such as a furanosyl boronated diester (AI-2) and a non-
boronated diester (vA1-2) are employed by both Gram-positive
and Gram-negatives. Quenching of quorum sensing can occur
via phytochemicals resembling quorum sensors without being
actual inducers, or via interfering with the signal receptors.

For instance, pyrogallol and related compounds have
shown to have antagonistic effects on AI-2,'*> extracts from

reviewed
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curcuma reduced virulent gene expression in P. aeruginosa,
and apple extracts were effective as antiquorum sensing agents
in a variety of bacteria, which was related to rutin, epicatechin
and hydroxycinnamic acids. Also grapefruit and citrus extracts
were effective, as reviewed by Nazzaro et al'®® (Table 1).
Quercetin, a common polyphenol in apples, onions and
grapes, also showed to inhibit biofilm formation in
P. aeruginosa, as well as virulence factors such as procyanin,
elastase and protease, together with a reduced expression of
genes encoding for quorum sensing (lasl, lasR, rhll and rhlR),
at concentrations of 8 ug ml™" '° which is easily reachable in
the intestine following consumption of e.g. approx. 100 g of
apples."”” However, all these investigations are based on
in vitro examinations, and more research on these important
mechanistic aspects is warranted. A potential specific advan-
tage of phytochemicals acting via this pathway would be the
ability to not kill bacteria but limiting their growth, which
would not result in resistant strains, a problem of many
antibiotics.

4.1.5 Further implications of polyphenols for gut health.
Finally, interactions between polyphenols and other potential
prebiotics have also been discussed. For example, the combi-
nation of polyphenols and polyunsaturated fatty acids
(PUFAs)'®* has been proposed to promote the growth and
metabolism of certain health-related bacteria. Linoleic, a-and
y-linolenic, docosahexaenoic and arachidonic acids can
increase the growth and adhesion of a number of strains of
Lactobacillus spp. and are related to immune functioning.'*°
Positive interactions with polyphenols may be related to their
antioxidant potential, preventing oxidation of the sensitive
PUFA molecules, improving their bioavailability and biological
- including intestinal - effects.

In turn, the GM have also shown to modulate bioactive con-
stituents originating from polyphenols. However, the full
extent of this modulation is beyond the scope of this review.
This “two-way effect” of polyphenols has been highlighted in a
review focussing on the interactions of polyphenols, GM and
obesity.'*® Examinations in germ-free, human microbiota-
associated mice and in vitro fermentation studies show that
native polyphenols are heavily metabolized by the colonic bac-
teria, undergoing e.g. ring fission, deglycosylation, hydrolysis,
deglucuronidation, and demethylation, among other, which
can affect their bioactivity.'*> A prominent example for poly-
phenols are the production of equol out of the isoflavone daid-
zein,"*® which has been discussed as having superior health
benefits than the native parental isoflavone, due to higher
affinity for the 17-B-estradiol receptor. However, only about 1/3
of the individuals may be able to produce this metabolite from
daidzein. Thus, such inter-individual variabilities in microbial
metabolism are expected to result in significant effects regard-
ing polyphenol-related health benefits.*> For example, in a
recent study, GM appeared to influence phenolic acid bio-
availability which in turn was associated with cognitive effects
in mice."™*

Taken together, most of the effects of polyphenols may be
related to stimulating the abundance of bacteria which have
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been associated with health beneficial effects, due to e.g. the
production of SCFAs, including Bifidobacterium spp. and
Lactobacillus spp. This may indirectly reduce potential patho-
genic bacteria such as Clostridium spp. Additional effects may
be related to stimulating A. muciniphila, involved in mucus
layer integrity, the reduction of a-glucuronidase, increased bile
salt excretion and finally on impeding intercellular bacterial
communication via quorum quenching.

4.2. Lignans

Although broadly classified as polyphenols, lignans have been
defined as natural phytoestrogens due to their steroid-like
chemical structure. Positive health effects ascribed to lignans
entail a decreased risk of heart disease, osteoporosis, meno-
pausal symptoms, and breast cancer.'>® Several studies have
shown that the flaxseed lignan secoisolariciresinol diglucoside
and the mammalian lignin metabolites enterodiol and entero-
lactone have antioxidant effects which may contribute to the
proposed health benefits.">® More impressively, higher
excretion of urinary enterolactone has been shown to be
associated with reduced all-cause mortality in a prospective
study based on the US-NHANES cohort including over 6000
adults age 40 or older, pointing out to a protective effect with
higher dietary intake of lignans and the ability to convert
them."*

The major contribution to dietary intake comes from
sesame, flax seeds and nuts,">> though their dietary intake in
most western countries may not considerably surpass 1 mg
d™". One study estimated the intake of secoisolariciresinol and
matairesinol at approx. 150 pg d~'."*° In another study, for
enterodiol, syringaresinol, enterolactone, medioresinol, pinor-
esinol, lariciresinol, matairesinol and secoisolariciresinol the
average intake was reported at around 1.6 mg d~'.'*°

Diets rich in flaxseed have shown to increase the pro-
duction of GM-derived enterolignans in a mouse model,
leading to increased tissue and plasma levels of sulfate and
glucuronide conjugates (the predominant flax-derived lignan
metabolites).’*”'*® Indeed, these compounds can be heavily
metabolized by the GM. For instance, the processing of pinore-
sinol glucoside to enterolactone requires the successive steps
of deglycosylation, demethylation, dehydroxylation and dehy-
drogenation.'*® Bacteria proposed to be involved in the pro-
duction of enterolactone included Peptostreptococcus productus
and Clostridium coccoides, as well as bacteria of the Atopobium
genus such as Eggertella lenta."®® Interestingly, there is evi-
dence that humans able to produce enterolignan show a
higher diversity of GM,'®" but it is unknown if such a status
can be modified.

In a human study, the microbial metabolite enterolactone
(measured in urine) was significantly related to lower inci-
dence of T2D in US women."® The enterolignans enterodiol
and enterolactone may interact with hormonal receptors such
as 17-f-estradiol, potentially having a positive influence on
breast cancer risk, especially after menopause.”” Regarding
direct effects on the microbes of the GM, lignans in vitro have
been shown to be active against certain pathogenic strains,
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including Streptococcus salivarius S. mitis, Enterococcus faecalis,
Candida albicans."®®

A randomized clinical trial (RCT) in healthy adults evalu-
ated changes in GM composition following the supplemen-
tation of a flaxseed lignan extract (50 mg secoisolariciresinol
diglucoside per d). Unexpectedly, the supplementation failed
to alter fecal microbial community composition. In contrast,
low enterolactone (formed from secoisolariciresinol) secreters
showed in biopsies a lower activation of anti-inflammatory
pathways in human colonic mucosa, such as growth factor
and IL-10 receptor.’®® In another clinical trial, nine subjects
received 0.3 g kg™' d™' for one week of flaxseed. This sup-
plementation increased enterolignan formation but did not
considerably change fecal metabolome and prevalent bacterial
communities.'®> However, in a recent pilot study involving
fecal collections and in vitro fermentations with lignans in oil-
seeds clearly showed alterations of the microbiota, namely of
Clostridiaceae, and Klebsiella and Collinsella, with the latter
one also proposed to be involved in the production of equol
from the isoflavonoid daidzein."®®

In a mouse experiment, sesamine administration rich in
lignans (50 mg per kg bw.) resulted in reduced depression and
anxiety, together with reductions in CNS inflammatory pro-
cesses (IL-6 and TNF-a reductions), and these changes were
related to improved gut barrier properties, lower plasma LPS
levels, and enhanced the abundance of Bacteroidales,"®” poss-
ibly highlighting influences on the gut-brain axis.

In conclusion, it is acknowledged that the microbiota plays
avital role in the transformation of lignans and that the intake
of the latter are associated with health benefits. However, a
strong influence of positive changes of the GM as a causal
mechanistic pathway by which lignans exert their health
benefits has not yet been clearly demonstrated in humans.

4.3. Carotenoids

Carotenoids are generally tetraterpenoid plant pigments that
provide red, orange, and yellow color to plants. A variety of C-30
and C-50 carotenoids of bacterial and fungal origin also exist.'®®
Some carotenoids, specifically termed the provitamin A caroten-
oids, are capable of forming vitamin A following their absorp-
tion. Carotenoids have been widely associated with antioxidant
capabilities, as they can quench singlet oxygen and aid in the
prevention of lipid-peroxidation, offering cell-membrane protec-
tion.'®® The most abundant dietary carotenoids include o- and
B-carotene, p-cryptoxanthin, lutein, and lycopene.

As fat-soluble bioactive compounds bound within plants,
either in crystalline form or dissolved in oil, the bioavailability
of carotenoids can be low and variable, depending on food
sources and processing (10-40%).°° Thus, the majority are
likely to reach the colon intact and may be fermented by the
GM."7° Common dietary sources include green leafy vegetables
(e.g. spinach) and red-colored fruits (e.g. tomatoes and pink
grapefruit). Though their dietary intake is much lower than
that of polyphenols, typically in the magnitude of 2-20 mg
d~","71172 they are the most abundant lipid phytochemicals in
the blood plasma, with concentrations of approximately 0.5 to
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2 uM."”® Both their dietary intake and their circulating plasma
concentrations have been associated with reduced disease inci-
dence and even total mortality.®

Carotenoids have been shown to possess bactericidal pro-
perties. For example, an extract rich in violaxanthin, zeax-
anthin and lutein reduced H. pylori numbers at a minimum
inhibitory concentration (MICs,) of 36 pg mL™" (concen-
trations reachable in vivo in the gut following a carotenoid rich
meal), similar to the antibiotic metronidazole.'”* Carotenoids
extracted from citrus peel (Shatian pummelo) showed activity
against primarily E. coli, but also against B. subtilis, S. aureus,
Aspergillus niger, among others (Table 1),°° with MICs between
19 to 140 pg ml™" representing high but physiological plaus-
ible concentrations in the gut. Lycopene in tomato oleorisin
(2%) inhibited especially the growth of P. aeruginosa (MICs:
150 pg mL™"), while MICs for other bacteria such as E. coli
were higher.'”® In another examination, carotenoid-rich
extracts [from annatto, carrot, tomato, ca. 0.1-1 mg g_1 caro-
tenoids) had antibacterial properties against S. aureus.'”®
However, a truly selective suppression of potential pathogenic
bacteria remains to be shown, especially in vivo.

Some data is available from animal trials. In a recent
review, Lyu et al. highlighted potential interactions between
carotenoids and the microbiota.>® Among other, carotenoids
may enhance IgA production, preventing gut dysbiosis, via its
role in recognizing and coating certain bacteria, preventing
their infiltration through the epithelial gut barrier. In a study
with weanling mice, giving yeast enriched with astaxanthin
increased the number of IgA antibody-secreting cells after 7
days, and enhanced mRNA expression of the IgA-C-region in
the jejunum and ileum after 14 days'’” (the effect on the colon
was not investigated). The effect likely involved vitamin A
active compounds binding to the RARp receptor, which has
been shown to play an important role in the intestinal epi-
thelium,'”® promoting IL-17 production and also serum
amyloid A, CD4" T-cell homing and production of IgA.

Capsaicin, a carotenoid found in red pepper, when fed to
mice at 2 mg kg™* for 12 weeks (translating to ca. 0.16 mg kg™
for humans'”® which is physiological), showed to alter gut
microbiota,'®® which was related to anti-obesity effects as
transmitted via SCFAs. Treated mice had increased numbers
of Akkermansia, Prevotella and Bacteroides, and reduced counts
of Escherichia, related to enhanced acetate and propionate con-
centrations, combined with reduced weight gain, lower food
intake, and lowered blood lipids and glucose/insulin. Similar
results for capsaicin were shown by Shen et al'®
Supplementing astaxanthin to mice,*® at 0.04% in the diet, for
8 weeks, reduced the number of Proteobacteria spp. and
Bacteriodes spp. in BCO2 knock-out mice, while strongly
increasing Actinobacteria spp. and Bifidobacterium spp. in wild-
type mice. Also, a study in beta-carotene-15,15-oxygenase 1
(BCO1) and beta-carotene-9’,10-oxygenase 2 (BCO2) double
knockout mice (in order to prevent rapid formation of caroten-
oid metabolites) showed a protective effect of lycopene-rich
tomato powder feeding for 24 weeks.'®® Supplementation
decreased the development of hepatic inflammatory foci and

0
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the expression of pro-inflammatory biomarkers, including
inducible NO synthase, monocyte chemoattractant protein-1,
IL-12a, IL-6 and IL-1p. The same study revealed that tomato
powder administration stimulated bacterial richness and diver-
sity, and reduced the fraction of the genus Clostridium and
Mucispirillum."®* In a study on fucoxanthin, a carotenoid from
see-weed, 14 days of administration decreased cecal Firmicutes/
Bacteriodetes ratio and enhanced Akkermansia spp. in mice.'®?
In another investigation, pigs on a low-protein diet were fed or
not carotenoid fortified corn (20% in the diet, rich in zeax-
anthin, total carotenoids ca. 10 pg g ') for 30 days."®* 16S
rRNA sequencing and differential abundance analysis on fecal
samples showed that about 160 amplicon sequence variants
differed in abundance compared to the control treatment,
though proteins more strongly influenced microbiota com-
pared to carotenoids. The effect of astaxanthin, a carotenoid
present in algae and seafood, was studied in a mouse model of
alcoholic fatty liver disease.'® In this examination, giving
50 mg of astaxanthin per kg bw. each day for 12 weeks signifi-
cantly reduced lipid accumulation and serum markers of liver
injury, and reduced species of Bacteroidetes, Proteobacteria,
while increasing Verrucomicrobia and Akkermansia.

Only few human studies exist employing carotenoids. In a
study by Li et al. in subjects with cystic fibrosis, dietary intake
of beta-carotene was related to a higher Firmicutes/Bacteroides
ratio,'®® though whether beta-carotene was merely an indicator
for a diet rich in fiber and other antioxidants or had indepen-
dent effects could not be deduced. In another study, a mixture
of blackcurrant powder, lactoferrin and lutein (unspecified
amount) significantly increased Bifidobacteria and Lactobacilli
populations while reducing levels of f-glucuronidase produ-
cing Bacteroides spp. and Clostridium spp. (reducing
B-glucuronidase activity associated with colonic cancer) in the
gut.'”® Most notably, in a recent intervention trial, the effect of
lycopene (7 and 30 mg d™*, for 1 month), reachable via a diet
rich in tomato products or supplements, on the microbiota of
30 subjects with obesity was investigated.®® Lycopene showed
dose-dependent increases of fractions of Bifodobacterium
longum and B. adolescentis. In addition, dose-dependent
favourable reductions of LDL-C, LDL-peroxidase, and MDA/
thiobarbituric acid reactive substances (TBARS) as oxidative
stress markers were seen.

In contrast to the effects of carotenoids on the microbiota,
nothing is known regarding the effect of microbiota on caro-
tenoid metabolites.'®” In a recent master dissertation at Ghent
University, an association was observed between higher
Bacteroides spp. numbers and a higher carotenoid release from
the food matrix in an in vitro fermentation assay,'®® suggesting
altered colonic availability of carotenoids. For carotenoids, it is
difficult to estimate colonic degradation, and no colonic
metabolites have been reported, though surely a certain frac-
tion of carotenoids are broken down.'®*'*° Interestingly, even
production of carotenoids by the microbiota has been
suggested, but remains to be re-confirmed.'**

In summary, carotenoids have been shown to improve the
fraction of Bifidobacterium spp. and Lactobacillus spp., in
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addition to decrease the ratio of Firmucutes/Bacteroides.
Additional mechanism may include enhanced Akkermasia pres-
ence and the reduction of p-glucuronidase and enhanced IgA
production, though still very little data is available. An in silico
examination indicated that zeaxanthin would be an efficient
quorum quenching molecule to prevent biofilm formation of
P. aeruginosa,'® but this remains to be confirmed by in vitro or
in vivo tests.

4.4. Phytosterols and phytostanols

Phytosterols and phytostanols are bioactive components and
due to their lipophilicity present in vegetable oils, nuts, seeds
and cereals. They have structural similarity to cholesterol and
thus a steroid backbone. Daily consumption of foods rich in
phytosterols/phytostanols has shown to decrease total chole-
sterol and LDL-C,'®? likely in part due to competitive mecha-
nisms for the micellization and/or further absorption of
cholesterol.’* An EFSA-granted health claim exists.'™
Research indicates they may have antioxidant capability as
well.'®® Typical dietary intake of these compounds is around
300 mg d',"" and their absorption is low (2-3%,'°° thus
their majority would also be passed on to the colon.
The most common phytosterols/phytostanols present in
the human diet are sitosterol, campesterol, sitostanol and
campestanol.

To our knowledge, human intervention trials with a focus
on GM do not exist, except for the study by Baumgartner
et al.'® In their study with 13 healthy subjects receiving 3 g
d™" of plant stanols for 3 weeks resulted in no different GM
composition or diversity compared to a control group. In a rat
intervention study, high doses of phytosterol esters (0.10 g per
100 g bw.) significantly exalted the fraction of Bacteroidetes
spp. and Anaerostipes spp.'°® Consumption of sitostanol was
shown to be directly correlated with the quantity of phylum
Bacteroidetes, while consumption of campestanol has been
inversely related with Eubacterium ventriosum (phylum
Firmicutes),"®® a producer of SCFA, especially butyrate."*® In a
study by Huang et al,>*® tempeh administration rich in
p-sitosterol reduced insulin resistance, blood glucose, HbA1C,
blood lipids and increased SCFA content in the feces of rats
fed a HFD.

Fermentation trials in vitro have shown that high doses of
plant sterols stimulated the fraction of proportion of
Erysipelotrichaceae spp.>*" This was well-correlated with chole-
sterol metabolism and earlier found to be involved in human
lipid metabolism with high levels in subjects with obesity*’*
and increased the abundance Eubacterium hallii, a well known
butyrate producer.’®® While for cholesterol at least 5 degra-
dation pathways by the GM exist, the further metabolism of
phytosterols/phytostanols in the gut is unclear, though some
metabolites have been detected in feces which may be of GM
origin."®® 1t also appears that the GM preferentially metab-
olizes plant sterols compared to cholesterol, and that the
addition of phytosterols to in vitro fermentations in the Tim-2
digester enhance SCFA production, associated with increased
Firmicutes spp.>®*
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Overall however, there is still limited evidence on the inter-
action of phytosterols/phytostanols and GM.

4.5. Alkaloids

Alkaloids are nitrogenous bases synthesized by numerous
organisms including plants, fungi, bacteria and animals. The
different alkaloids may be categorized into several distinct
classes according to their structure: pyrrolizidine alkaloids
(e.g. jacobine), tropane alkaloids (e.g. cocaine, atropine, scopo-
lamine), alkaloid derivatives of lysine such as piperidine alka-
loids (e.g. coniine), alkaloid derivatives from tyrosine such as
isoquinoline alkaloids (e.g. papaverine, idrastine), those
derived from tryptophan such as indole alkaloids (e.g. ergota-
mine, ergotin, strychnine, and reserpine), polycyclic alkaloids
(e.g. nicotine), purine alkaloids (e.g. caffeine, theophylline,
theobromine) and others.*®> Alkaloids have the reputation to
be a curse and a blessing at the same time, because they have
been associated with health beneficial effects (e.g. cinchona
bark alkaloids such as the anti-malaria quinine®*®) while
others may be extremely poisonous (e.g. ergot).””” Due to their
large variety and broad distribution, it is difficult to establish
their daily intake. However, caffeine, theobromine, theophyl-
line, piperine (present in peppers) and nicotine may be the
most prominent alkaloids consumed, in amounts of up to a
few 100 mg d ', with piperine around 15-30 mg d~*, and poss-
ibly around 100 mg d~" methylxanthines such as caffeine.>*®

Some information is present on the effect of caffeine on the
GM. In a mouse model of the metabolic syndrome, 16 weeks
of coffee intake did not revert damage regarding the Gram
positive/negative ratio but altered the abundance of 6 genera
including Prevotella,*®® associated with increased systemic
inflammation in mice and improved SCFA production.>*® It is
important to note that coffee also contains polyphenols, which
could have contributed to the observed effects. The effects
have recently been shown also in humans subjects, in an a
small-scale observational study with 34 participants.**°
Caffeine consumption via FFQ was associated with larger
diversity of GM and increased Faecalibacterium spp. and
Roseburia spp., though decreasing Erysipelatoclostridium spp.
In a small-scale intervention study with healthy subjects,'*
consuming 3 cups of coffee for 3 weeks, only small overall
changes in the microbiota were observed, but included
increased abundance of Bifidobacterium spp. after this period
compared to study onset. As caffeine consumers are also
known to have a lower risk for developing T2D*** than non-
consumers, it cannot be excluded that health benefits are in
part exerted via the GM. However, as similar health benefits
were also seen in the same meta-analysis for decaffeinated
coffee, the effects may be rather attributable to other ingredi-
ents such as polyphenols.

Some alkaloids have shown cardio-protection and anti-
tumoral properties, as well as antibacterial and anti-viral
effects.>"® Various alkaloids show promising antioxidant
potential, with one study indicating it may exceed that of some
phenols.”***" The alkaloid sanguinarine, found in bloodroot
plant and poppy, has been shown to hamper bacterial adher-
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ence to the surface of teeth by perturbing the FtsZ Z-ring, a key
prokaryote protein present in almost every bacteria and
playing a part in cell division, and bacteria-induced cyto-
kines.”'® Another alkaloid, berberine, available as a sup-
plement and obtained from e.g. Berberis vulgaris is known to
lower blood lipid and glucose levels.>*” This may be due to the
production of SCFAs produced in the colon.>*®

Piperine was shown in an animal model of arthritis to
possess anti-inflammatory properties, reducing arthritis.>'® Its
antimicrobial activities were summarized recently,”*® and
included, in vitro, at rather high concentrations of 3-100 mg
ml ™" activity against the fungi Candida albicans,”*" while lower
concentrations of 0.1-0.6 mg ml™' were active against
P. aeruginosa.”** Inhibitions were also shown at concentrations
of 2 mg ml™" against the pathogens S. aureus, B. subtilis,
Salmonella spp. and E. coli®*® Similarly, piperine (e.g. from
black pepper) and reserpine (e.g. in devil pepper aka Rauvolfia
serpentine) have shown an action in vitro (0.5, 5, 10, 50 mg
mL™") against E. coli, being able to decrease bacterial motili-
ties and biofilm formation. Decreased expressions of the fla-
gellar gene (fliC) and motility genes (motA and motB) were
demonstrated.*** Moreover, piperine (in vitro 0.5 to 10 ug
mL™") showed an increase in the infiltration of the antibiotics
ciprofloxacin and azithromycin into E. coli biofilms and thus
increased their potential to dissipate existing biofilms, a situ-
ation which may also be relevant in vivo,”** and would again
suggest quorum sensing inhibition.

However, overall, the role of the diverse alkaloids and any
potential influences on the GM are only poorly understood,
are often superimposed by confounding factors, and few
human-based data exist. In addition, some are rather comple-
tely absorbed, such as caffeine and piperine,®* and their
effect is thus not likely to be based on direct metabolism by
the GM.

4.6. Other phytochemicals

4.6.1 Glucosinolates and sulphur containing compounds.
Glucosinolates are sulphur-containing compounds highly
abundant in the Brassicaceae family (e.g. cabbage, Brussels
sprouts, broccoli, cauliflower).?*® Their intake from the diet is
hard to gauge due to the large concentration variability of
these compounds in their major dietary sources. Their con-
sumption in Europe has been reported to be in the range of
4.7 to 65 mg d*.**” Health properties attributed to these com-
pounds include down-regulation of pro-angiogenic molecules
and thus anti-tumor effects,>*® with some evidence of anti-
oxidant function.>*°

Among the most significant classes of glucosinolate sec-
ondary metabolites (after hydrolysis by plant based myrosinase
in the stomach and the small intestine or later by the GM) are
isothiocyanates (ITCs). Quite possibly, their most renowned
property is their bactericidal effect.>*® Li et al. described in vivo
and ex vivo the relation between the composition of gut bac-
terial community and the metabolism of glucosinolate, follow-
ing supplementation with broccoli-rich glucosinolates.”*' In
this study, it was proposed that degradation of glucosinolates,
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effectuating microbiota ex vivo, could be related to bacterial
metabolism in vivo, but they could not establish a direct
association with specific bacteria. Liu et al.>**> demonstrated in
rats that the cecal microbiota changes following broccoli con-
sumption, toward a GM with a higher potential for glucorapha-
nin (a glucosinolate) hydrolysis to isothiocyanates.
Interestingly, this was a reversible phenomena, but demon-
strating the adaptability of the GM to metabolize certain
phytochemicals.

In human volunteers, consuming a cruciferous-rich diet vs.
a diet low in fiber and vegetables, changes in a variety of bac-
teria including Eubacterium hallii which were earlier recog-
nized to be related with cruciferous vegetable digestion were
noted,?®? though the extent of change due to isothiocyanates
remains questionable (Table 1).

Another well-regarded sulphur-containing phytochemical is
alliin, a derivative of the amino acid cysteine, present in garlic
and onions.>** This molecule is rapidly processed upon cell
damage by alliinase into allicin. The latter has been associated
with a number of health benefits, especially for cardiometa-
bolic such as diabetic protection, due to the associated anti-
oxidant and immunomodulatory effects, as reviewed by Salehi
et al.*®® In a meta-analysis of RCTs, garlic supplements were
able to show blood-pressure reduction.>*® Similarly, a meta-
analysis of RCTs showed reductions in fasting blood glucose
with garlic extracts.>®” In mice, allicin improved gut barrier
properties,**® and also changed the GM toward fewer numbers
of  Streptococcus, Aeromonas, Vibrio, Corynebacterium,
Marinomonas, among other, was observed, and explained by
the anti-microbial activity of allicin. This antimicrobial activity
is recognized for some time,”* including activity against
Gram-positive and Gram-negative bacteria, certain fungi such
as C. albicans, and also anti-parasitic and anti-viral activity.
Other in vitro trials showed a special resistance of Lactobacillus
spp. against garlic.>*® However, care should be taken as onions
and garlic also contain inulin (and other fructans), a well-
known prebiotic. When obese mice were treated with allicin
they showed lowered weight gain and significantly increased
numbers of Akkermansia spp. (Table 1).>*' While not fully
understood, the antimicrobial effects of allicin appear to be a
combination of oxidative stress via the depletion of gluta-
thione, together with enzyme inactivation via S-allylmercapto
modification of cysteine residues.>*>

4.6.2 Terpenoids, curcumin, and aroma active compounds.
Terpenoids are synthesized from isoprene (five-carbon) units.
The majority of terpenoids are of multi-cyclic structure,
differing in their functional groups and carbon backbones.
Evidence supports the ability of terpenoids to provide protec-
tion against ROS associated with several chronic diseases.**?
Some volatile oils (e.g. anise, caraway, cinnamon bank, juniper
and rosemary) are traditionally used against gastrointestinal
disorders,*** but so far there is insufficient evidence confirm-
ing interactions between these compounds and the GM.***
Provisional in vitro and clinical data suggests effects of pepper-
mint oil on small intestinal bacterial outgrowth.>**
Furthermore, an in vivo study on lean rats showed that admin-
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istering rosemary extract (highly concentrated in carnosol, car-
nosic acid and phenolic di-terpenes) modified the compo-
sition of cecum microbiota, ie. increasing fecal fiber elimin-
ation and suppressing B-glucosidase activity.**> Employing a
similar extract of rosemary leaves (60% carnosic acid),>*® the
authors discovered that their supplementation reduced GM
dysbiosis and inflammatory reactions in mice, including a
decreased diversity of GM (reduction of Bacteroidetes spp. and
Proteobacteria spp., but promoting Lactobacillus spp. and
Firmicutes spp.), also hampering expression of IL-1f, TNF-a
and NF-kB in LPS stimulated BV-2 cells.

Other medicinal extracts containing oils rich in sesquiter-
penes used to treat GI disorders are Curcuma longa and
Curcuma zanthorrhiza. As curcumin is typically only poorly
absorbed, the major fraction is expected to reach the GM.>*”
In fact, it has been shown that the metabolism of curcumin
by the GM is complex, resulting in a number of metabolites.
In one study, 23 metabolites were detected in vitro due
to fermentation by human GM, following reduction,
methylation, demethoxylation, acetylation and hydroxylation
reactions.>*®

A double-blinded pilot study performed in healthy human
participants showed that extracts modulated the GM.>*° The
control group exhibited a generally diminished number of
microbiota species (by 15%). Individuals receiving turmeric
showed a slight increase of 7%. These changes in the turmeric
group seemed to depend on the catabolism of polysaccharide
components. An increase of Bacteroides, Bifidobacterium,
Alistipes, and Parabacteroides spp. (all encoding for glycosyl
hydrolases) was noted. Individuals taking curcumin revealed a
mean species number increase of 69%. In an interesting
small-scale human trial with 8 participants, individuals con-
sumed curry with or without turmeric (i.e. curcumin), and
breath analysis were conducted in the following 6 h. These
showed higher hydrogen concentrations in the turmeric receiv-
ing group, suggesting enhanced carbohydrate fermentation.>*°
The potential anti-oxidant properties of enhance hydrogen
concentrations in the gut were also emphasized. In addition, a
smaller small-bowel transit time was found. Ng et al., in a
meta-analysis of five clinical trials reported significant positive
effects of curcumin-containing products against irritable
bowel syndrome. Curcumin alleviated pain and improved
quality-of-life in patients with moderate symptoms, explained
in part also via the antioxidant and anti-inflammatory qual-
ities of curcumin.?”*

Also Zingiber officinalis contains sesquiterpenes. A murine-
based study showed that ginger administration changed the
GM composition, increasing species of the Bifidobacterium
genus and those producing SCFAs (Alloprevotella and
Allobaculum), also increasing fecal SCFA concentrations.>

These examples emphasize that there are a large number of
potential plant-derived compounds out there yet to be discov-
ered and utilized for their GM modulating properties.
Especially promising first results were obtained by consuming
cruciferous vegetables rich in glucosinolates, which are metab-
olized to isothiocyanates; and curcumin.
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5. Conclusions and future directions

There is therapeutic promise that phytochemicals may impact,
via a variety of different mechanisms, the plasticity of the GM
(Fig. 1). These changes of the GM have been related to a
variety of cardiometabolic, neurodegenerative and even cancer-
related diseases such as IBD. Such GM actions of phytochem-
icals are a much less investigated route via which these com-
pounds could exert their health benefits, in addition to anti-
oxidant and anti-inflammatory properties, acting directly on
the host. However, most published articles in this domain are
in vitro, animal, or human studies with small sample size and
reviews thereof. Thus, well-controlled human trials incorporat-
ing metagenomic and metabolomic analysis are needed to
better characterize the potential metabolic effects of phyto-
chemical administration on the GM. Likewise, for many phyto-
chemicals, their metabolic pathway including changes caused
by the GM is very limited. It is therefore difficult to judge
which mechanisms are the predominant ones involved in
altering GM composition toward a more health-associated
one, and this likely depends on the type of secondary plant
compound and even concentration related aspects may play a
role. For polyphenols, also due to their higher amounts, pre-
biotic effects may be most important, while for carotenoids
influences via IgA and perhaps via transcription factors and
indirect effects on the microbiota may be predominant. For
others, such as glucosinolates and allicin, bactericidal pro-
perties may shift GM composition.

Consequently, in addition to dietary fiber, phytochemicals
may potentially be incorporated in microbiome-based
medical approaches as an integral part of precision medi-
cine. However, several areas remain unexplored. For example,
so far there are few or no original studies evaluating the
effects of phytochemicals on the gut-brain axis.’®” There is
also evidence showing improvements on allergy response
modulated by the GM,"?® possibly via strengthening the gut
barrier, however, this has not been tested directly with the
use of phytochemicals. Other health conditions deserving
investigation of the effects of phytochemicals and the GM
include obesity and body composition,”® cardiometabolic
health and associations with chronic diseases such as T2D
or hypertension.

The current knowledge concerning the relationship
between phyto-therapeutics and the intestinal flora has
focused mainly on the study of a few selected polyphenols.
However, there remain many more phytochemicals present in
the diet which are worthwhile to receive further attention. Due
to the potential synergistic effects between various phytochem-
icals, even between different classes, combinations of phyto-
chemicals should be investigated in order to have a more
extensive understanding of their widespread impact on the
GM and health. Finally, a much better understanding of the
impact of individual bacterial genera and health effects is
needed. Toward this end, studying not only the presence of
the bacteria and their numbers, but possibly also more func-
tion-related aspects such as by metabolomics approaches
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would likely give novel insights into the interaction of GM and
phytochemicals.**?

In summary, phytochemicals impact the GM through a
variety of means, including antioxidant, anti-inflammatory,
prebiotic, bactericidal, immunologic, quorum-quenching and
proliferative functions. It is evident from the lack of human
trials that much is still unknown regarding the different phyto-
chemical types and their specific functions in relation to GM.
More long-term and well-designed intervention trials with
multi-omics approaches integrating metabolomics, metage-
nomics and proteomics - both of the host and the GM - and
in relation to specific diseases may be promising in revealing
further insights into open questions in this domain.** The
findings included in this review suggest the design of thera-
peutic adjuvant strategies for phytochemicals in chronic dis-
eases are needed.
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