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Abstract

The human gastrointestinal tract harbors a magnitude of bacteria, which are collectively known as the gut microbi-
ome. Research has demonstrated that the gut microbiome significantly impacts the health of its host and alters the
host’s risk for various chronic diseases. Many factors, such as diet, could potentially be manipulated to alter the host
gut microbiome and induce subsequent preventative and/or therapeutic effects. It has been established that diet
partakes in the regulation and maintenance of the gut microbiome; however, specific crosstalk between the micro-
biome, gut, and host has not been clearly elucidated in relation to diet. In this review of the scientific literature, we
outline current knowledge of the differential effects of major plant-derived dietary constituents (fiber, phytochemi-
cals, vitamins, and minerals) on the diversity and composition of the gut microbiome.
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Introduction

The human gut harbors more than 100 trillion bacteria,
along with fungi and viruses that form the gut micro-
biome. This astonishingly diverse population includes
significant amounts of genetic information, which is
estimated to be over 150 times more than the human
genome [1], thus playing a key role in host health and
diseases. Recent advances in technology have made stud-
ies on the human microbiome more feasible; the major-
ity of studies have categorized the gut microbiome per
operational taxonomic units based on bacterial 16S ribo-
somal DNAs. Now, vast studies are generating a map of
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the entire metagenome to better understand functional
signatures of the gut microbiome and their potential
roles in one’s health status (i.e., Crohn’s disease [2]). Of
the many known factors influencing the dynamics of the
gut microbiome and its functional signatures, diet has
been implicated as one of the most relevant factors. For
instance, in a 2.5-year case study of the human infant gut
microbiome, major taxonomic groups showed dramatic
shifts corresponding to changes in the diet while age only
resulted in a smooth temporal gradient [3]. Further, other
studies showed that the gut microbiome (and their clus-
ters) was strongly associated with long-term diet, par-
ticularly macro-nutrients in healthy young subjects [4]
and elderly subjects [5], reinforcing the notion that diet is
a critical determinant of the gut microbiome.

Given that (1) the gut microbiome is critical in host’s
health and disease etiology, and (2) diet plays a signifi-
cant role in regulating and maintaining signatures of gut
microbiome, it is important and timely to comprehen-
sively review and update evidence regarding the effects of

©The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco

mmons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13765-021-00605-6&domain=pdf

Beane et al. Appl Biol Chem (2021) 64:36

nutrients on gut microbiome dynamics and their poten-
tial mechanisms. Therefore, in this review, we aimed
to review the recent evidence regarding associations
between the human gut microbiome and vegetables, spe-
cifically major plant-derived dietary constituents: fiber,
vitamins, minerals, and nutritive phytonutrients.

Health promoting effects of dietary fibers

and suggested mechanisms

Types of fibers and dietary sources

Dietary fibers have proven to have beneficial physiologi-
cal effects on humans (e.g., body weight management
[6]). Dietary fiber can be subdivided into non-fermenta-
ble/insoluble and fermentable/soluble forms, which can
vary in their potential impact on health (Table 1). Physic-
ochemical characteristics of fiber include origin, solubil-
ity and viscosity, fermentability, and chemical structure
[7].

Insoluble dietary fibers (e.g., celluloses, hemicellu-
lose, and fructans [8]) are present in foods such as whole
wheat flour, brown rice, nuts, beans, and vegetables (e.g.,
cauliflower, broccoli, celery) [9, 10]. These fibers are
characterized by their bulking effect and high fermenta-
tion by the gut microbiota, resulting in short-chain fatty
acid (SCFAs) production [7]. A recent study showed that
butyrate, an SCFA, causes an immunologic alteration in
macrophages, and increased expression in antibacterial
and host defense genes [11]. Along with the beneficial
increase in SCFAs, insoluble fiber can lead to a healthy
microbial composition [7]. In contrast, Desai et al., dem-
onstrated that a fiber-deprived microbiota can increase
disease susceptibility by a reduction in protective mucus;
the decrease in mucus membrane, which aids in blocking
pathogens entering the system, was due to an increase in
mucin-degrading bacteria resulting from a deficiency in
fiber [12].

Soluble fibers (e.g., pectin, guar gum, and some inulin)
are present in whole grains (e.g., oats, wheat), legumes
(e.g., lentils, split peas, various types of beans), seeds
and nuts (e.g., flax seed), and some fruits and vegetables
(e.g., carrots, apples) [13]. In contrast to insoluble fibers,
soluble fibers are characterized as viscous, creating a gel-
like form in the intestine which may slow absorption of
nutrients (e.g., glucose and lipids [7]). In a recent study,
Bang et al. found that consumption of pectin, a soluble
fiber, results in the use of galacturonic acid, as an energy
source for microbes, hence increasing reducing sugar
levels in human stool [14]. This study shows the protec-
tive potential of pectin (a soluble fiber) against metabolic
diseases, such as type 2 diabetes via controlling blood
glucose levels [14].

Prebiotics are another class of insoluble fibers, and were
originally defined as “non-digestible compounds that,
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when consumed, induce changes in composition and/
or activity of the gastrointestinal bacteria, thus causing
benefit(s) upon host health” [15]. Classification of prebi-
otics is based on three criteria; (a) resistance to gastric
acidity, hydrolysis by mammalian enzymes, and gastroin-
testinal absorption, (b) fermentation by intestinal micro-
biota, and (c) selective stimulation of the growth and/or
activity of intestinal bacteria associated with health and
well-being [16, 17]. Positive functional characteristics of
prebiotics have been reported including, but not limited
to: (a) selective fermentation, (b) modulation of gut pH,
(c) fecal bulking, (d) the prevention of gut colonization
by pathogens, and (e) the control of putrefactive bacte-
ria, thus reducing the host’s exposure to toxic metabolites
[18]. Types (and sources) of prebiotics, include B-glucan
(in mushrooms, and cereal grains) [9], fructooligosaccha-
ride [14, 19], oligofructose [19], inulin [10, 12, 14], galac-
tooligosaccharides (glycosylation of primary lactose)
[19], guar gum (in cereal grains) [19], resistance starches
and maltodextrin (e.g., starches) [10, 20], xylooligosac-
charides and arabinooligosaccharides (in cereals, bars,
and dairy products) [19]. Consumption of prebiotics is
known to change intestinal microbiota diversity and to
increase the production of SCFAs (i.e., propionate, and
butyrate) [9, 19, 21, 22]. For instance, Carlson et al. found
that prebiotics (e.g., B-glucan, xylooligosaccharides, and
pure inulin) were effective to promote the formation of
beneficial SCFAs in human subjects [19].

Production of SCFAs
SCFAs are produced by the intestinal microbiota via
fermentation of carbohydrates [9, 14] and other non-
absorbable nutrients [19, 21]. The most abundant SCFAs
include acetate (C2), propionate (C3), and butyrate (C4),
which exist in a 3:1:1 ratio [23, 24], and represent 90-95%
of all SCFAs produced in the colon [14, 19, 22]. Produc-
tion of these SCFAs can either be used by downstream
bacterial species (cross feeding) and/or by the host as
nutrient sources. Specifically, acetate and propionate can
be absorbed by the lumen and enter peripheral circula-
tion to be involved in overall metabolic homeostasis [25],
while butyrate (C4) serves over 70% of the energy supply
for colonocytes [26]. Among the three SCFAs, butyrate
was frequently reported to be involved in other functions
such as immune regulation [27], cell growth [28, 29],
intestinal barrier function [30], and ion transport [31].
Supplementation of insoluble fibers may result in
increased butyrate production which is highly associ-
ated with an individual’s gut microbiome composition
[32]. Two main steps are involved in the butyrate produc-
tion: butyrate synthesis and polysaccharide degradation
[32]. Primary degraders attack specific polymer bonds to
generate mono and di-oligosaccharides, allowing them



(2021) 64:36 Page 3 of 18

Beane et al. Appl Biol Chem

's31geI9baA ‘syuLIp S1ods ‘sabeianaq dIUo)

[lz'6l] uononpoud y42S D1oigaid -0s| ‘Asuoy ‘synyy ‘s1onpoud Aliep ‘s|eassd ‘sieq ‘s100ys ooquieg Sop1IeY22eSODI|00JAX
SYuLIp s1ods ‘sabelanaq d1uo1os| ‘s1onpoid Allep ‘s|ealad ‘sieg  saplieyddesobijooulgely
s1onpoid 1eaw ‘s1onpoud Aliep ‘|easad ‘A1syeq ul pasn
bl] ‘snqojouobnija) sisdowpA) 1ueid ayi Jo wiadsopus oyl Wolj spely wnb Jeno
SyuLp Abisus
/K19A031/U0RIPAYR) ‘BINULIO JUBUI DIUSDI3|[EUOU Ul Pasn pue
‘spealds ‘asieuuoAew ‘sbuissalp pejes 1ej-moj ‘syonpoid Aliep
‘sauliebiew pue 4a1Ing ul Jade|dal 1ej se uoied|dde jeiuaiod
[121 6] 1eaym J0 ‘921 ‘o1e10d ‘ul0d passadoid AJybiy woly pazisayiuAs ULIX2pOoY e\
l6) suteb ajoym ‘sead ‘sjpua| ‘sueaq ‘seueueg SaYdIe)S 9DURISISAY
sJode|dal [eaU ‘B[NULIOY JUBJUL ‘SH|ILU PRIOAR] PUP
pa1UaWLIR) ‘s1onpo.d A13U011D3jU0D ‘(SYULP PISE JaYy310 pue sadin(
(971 6] 2101001 1In1Jj) $96LIDASG Ul PAsN 25010€| JO UONRIASODAID AQ PazISayIuAS  saplieyodesobljooioe en
[eunsaiuloiIseb ayi Jo ANAIDE Jo/pue uolisoduwod abueyd uoluo 1pieb ‘A1021yd ‘eueueq
[szl'61'6) ‘AljigeIuswla) 01 9Np Yieay [eunsaiulonseb s1owoid Dnoigeld ‘snbeledse ‘@y0ydILIe Ul A||einleu :95010NS JO UONRIASOIDNISURL| 9pleY22eS0HI|001dN.I
SD1190BIP Ul G471 ewise|d 95ea.109p ‘SUoIr1IUSdUOD 9500N|6 poo|q SOOUDILIE WS[esNIS( ‘DAebe ‘seueueq
(16l 6] pue ‘|012153|0Yd poo|q ‘1ybiem Apog sdonpai ‘uononpoid y4DS 'SUBagA0S ‘s1e0 ‘A1021yD D1j1eD 1eaym ‘suoluo ‘snbeledse ‘s3aa7 ulinuj
ah1
'A31eq ‘1BaYM ‘UOIUO ‘S93| ‘saxjoydile Dijieb ‘susaib uolepuep
1001 A1021Y> ‘snbeiedse ‘eurURq Ul Aj[BIN1EU ‘SIWAZUD 3SEPISOD
[zl ‘6l ‘6 $2119qeIp Ul 547 pwise|d 95ea109p D1101091d -K|bopus AQ UOEPRIBIP [EDILIBYD WO 9|Ge|IBAR A|[BIDISWILLIOD) 95010N1J0b1IO
UOIISOdWOD [BIGOIDIW 918|NPOW ‘SPIdE 3[Iq JO sueid sulew
[lz'61l 1 '6]  bulpuiq pue uondiosge 8s0on|H MO|s ‘UoNINPOId Y4DS D1I0Igald J9Y10 ‘SWOo0IYsSNW (5380 10 A3jieq “6:3) suielb [ealad ‘sebly uedn|b-g
uoIsodwod |el1gqo.dIu
[zl 6] ale|npowl ‘spiae 3)ig Jo Buipuig pue uondiosge asodn|b Mol s3|ge12b3A ‘suni4 undad  sieqy AJelslp 2|gn|os
suedNI4
EN[ESIETN
[lz'zi=/] Uol1dUN} SUNWWI dueyua ‘uondnpoid y4ds ‘Buiyng [e3e4 $39]qe19H3A ‘SINU INOYY ‘9011 UMOI( ‘sueag 3s0|N||9D)  s1aqy AIeIdIp 3|gN|osy|
SERIVEIETEN] S1yauaq yijeaH 32IN0S POO4 sa|dwex3 Kiobaed
1994

S9DUBISDI pUB ‘SUOIIDUNY ‘sIaqy Aleiaip Jo sadA] | ajqeL



Beane et al. Appl Biol Chem (2021) 64:36

to be further fermented into butyrate by secondary pro-
ducers. These two steps can vary among different strains,
and the metabolites synthesized during these two steps
could cross-feed each other through a complex metabolic
process. However, both reaction efficiencies need to be
balanced or the polysaccharide degrader will consume
the majority of the available carbon and energy [32].
Eubacterium rectale and Faecalibacterium prausnitzii
are two main species involved in butyrate production
in the human gut [33], while other species are resistant
to starch degradation such as Ruminococcus and Bifido-
bacterium [34]. The efficiencies of butyrate production
differ in people with various dietary, genetic, health and
geographic backgrounds [35, 36], warranting a greater
understanding of individual supplementation plans.

Effects of dietary fibers on epithelial barrier functions

The intestine is a multi-functional tubular organ con-
taining developed vasculature, lymphatic drainage, and
extensive innervation. The outside layer of the intesti-
nal tubulin is muscular tissue, and the innermost layer
is structured as a single layer of polarized epithelial cells
interfacing between the external environment and inner
host tissues. The single layered enterocytes are concat-
enated through tight junctions (TJs) to form the first
layer of immune defensive translocation of food-borne
pathogens or other ingested toxic compounds [37]. An
intact intestinal cell wall is a prerequisite for regular
gastrointestinal homeostasis but still, pathogens such as
Salmonella typhimurium, Clostridium perfringens, and
enteropathogenic Escherichia coli can invade the host
by disturbing the T] complex [38]. The construction of
TJs is dynamic and regulated by enterocytes’ histological
development and certain signaling pathways (i.e., tumor
necrosis factor-a) that are initiated by pathogens. T7Js also
serve as the point of attack for receptors of pathogenic
bacteria to invade the host and cause increased perme-
ability, which further result in destructive intravenous
electrolyte exchange, microbial dysbiosis, and diarrhea
[33].

Dietary fibers and SCFAs are implicated with epithelial
barrier functions. Specifically, butyrate has a bi-direc-
tional effect on epithelial barrier function. For instance,
when experiencing diarrhea and antibiotic induced dys-
biosis, commensal bacteria responsible for butyrate
production are significantly decreased [39]. Decreased
commensal bacteria causes a shortage of available
butyrate as an energy source for colonocytes, thereby dis-
rupting the enterocyte refreshment. In humans, supple-
mentation of certain fibers can enrich butyrate producing
bacteria in the gut; as the butyrate production increases,
a corresponding alteration and reduction in the diarrhea
condition occurs [40]. Butyrate is also known to improve
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the barrier function through nourishing TJs such as beta
defensin, cingulin, ZO-1 and ZO-2 proteins in chicken
HD11 macrophage cells, primary monocytes, bone
marrow cells, and jejunal and cecal explants [41]. Simi-
lar findings were found in another study using in vitro
Caco-2 human epithelial colorectal adenocarcinoma cell
line, in which butyrate was able to offset barrier impair-
ment of Campylobeacter jejuni. In addition, intracellular
signaling pathways initiated by butyrate related to barrier
function have been studied. For example, it is reported
that butyrate enhances the TJs through activating Akt/
mTOR pathways and ATP replenishment [42]. Another
study indicated that dietary butyrate promotes barrier
function by repressing interleukin 10 (IL-10) receptor-
dependent claudin-2 [43]. IL-10 receptor contains two
ligand-binding subunits: ligand-binding alpha subunit
(IL-10RA) and beta subunit (IL-10B) [44]. When IL-10
binds to IL1OR, it activates JAK-STAT signaling path-
way, in which STAT?3 activation is critical to anti-inflam-
matory activity [45, 46]. Butyrate was found to promote
epithelial barrier function through IL-10RA repression
of Claudin-2, which regulates paracellular channels for
small cations and water, stimulating diarrhea via the leak-
flux mechanism [43].

Anti-inflammatory effects of dietary fibers

The gut possesses one of the largest immune systems in
humans, exerting both physical (i.e., barrier function)
and biochemical defenses against invading foodborne
pathogens and other hazards [47]. The pro-inflammatory
response acts by first being triggered in the primary reac-
tion to invaders, and then proceeding recruitment or ini-
tiation of the amplification [48]. Subsequently, cells are
differentiated into multiple sub-types of immune cells
to the impaired locations as a natural response to invad-
ing antigens [49]. This whole process gradually accu-
mulates and strengthens within the first couple of days
at the expense of great amounts of energy and nutrient
consumption. The gastrointestinal epithelial cells, cov-
ered with an array of ligand receptors, are constantly
encountering various toxic compounds or pathogens
that could easily and frequently activate the immune
response. Therefore, certain immunologic derangement
diseases such as inflammatory bowel disease (IBD) and
autoimmune disease could occur [50, 51]. Anti-inflam-
mation, which serves as an inhibitory effect on excessive
inflammation, is needed to maintain a balanced immune
homeostasis.

Butyrate has been widely studied as an anti-inflam-
mation regulator through modulating cytokine produc-
tion, kinase activity, and immune-associated signaling
pathways. Previously reported mechanisms are related
to the up-regulation of immunosuppressive IL-10 [52],
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G-protein coupled receptors (GPRs), specifically GPR41
[53], and inhibition of multiple cellular immune media-
tors such as toll-like receptor engaged IL-12/23p40 [54],
nuclear factor (NF)-«B [55], and histone deacetylase [53,
56]. IBD including both ulcerative colitis and Crohn’s
disease are a typical chronic relapsing inflammatory
disease caused by genetically related anti-inflammation
deficiency [57]. It is believed that the sensing capacity of
anti-inflammatory mediators such as butyrate is impaired
in IBD patients. However, supplementing higher levels of
butyrate dense dietary fibers could counteract the sever-
ity of these syndromes to some degree [55, 58, 59].

Phytochemicals and gut microbiome

Only 5-10% of phytochemicals are absorbed in the small
intestine, while the remaining 90-95% of phytochemi-
cals are transformed by the resident colonic microbiota
[60]. The microbiota yields highly bioavailable metabo-
lites from these phytochemicals. The metabolism and
absorption of phytochemicals may have potential sys-
temic health effects on the host (i.e., cardioprotective [61,
62], and protection against glucose toxicity [63]). These
systemic health effects are partly due to an increase of
polyphenols in the diet, which has been linked with
prevention of diverse chronic diseases [i.e., metabolic
syndrome [64, 65]; will be further discussed below].
Last, unabsorbed dietary phytochemicals can directly
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modulate the microbiota. For instance, phenolic com-
pounds from tea leaves inhibited growth and adhesion of
Clostridium spp., E. coli, and S. typhimurium [66].

Preventive potentials of phytochemicals against dis-
eases, in the context of the microbiome, have been
receiving great attention recently. For example, when
analyzing the short-term rice bran consumption impact
on colorectal cancer in humans, Brown et al. found a
28-fold and 14.5-fold increased detection of the citrus
related phytochemicals in stool metabolite profile, which
were hesperidin and narirutin, respectively [67]. Hes-
peridin has shown to down-regulate inflammatory mark-
ers in induced carcinogenesis in mice [68]. Hence it is
reasonable to expect that hesperidin resulting from gut
microbiota-mediated metabolism (e.g., rice bran) may
elicit beneficial effects against inflammation-related dis-
eases (e.g., colorectal cancer). Table 2 shows categorized
phytochemicals and their origins.

Flavonoids and their impacts on gut microbiome

Flavonoids are major components of many plant-based
foods and beverages. Many mice studies focused on
exposure to flavonoids’ capability to positively alter the
Firmicutes/Bacteroideses ratio in mice with metabolic
syndrome symptoms (e.g., obesity, and diabetes). For
instance, Cheng et al. looked at the impact of Cyclo-
carya paliurus herbal tea, which contains high amounts

Table 2 Searched phytochemicals subcategories, sources, and references

Phytochemicals

Category Subcategory Source References
Flavonoids Anthocyanidins Acai berry, apple, avocado, banana, blackberry, blueberry, cherries, cranberry, currants, [128]
dates, elderberry, eggplant, grapes, grapefruit, kiwifruit, lingonberry, pomegranate,
pear, plum, nuts, raspberry, strawberry, Tasmanian peppers, wine
Flavone-3-ols Apricots, blackberry, blueberry, cranberry, coffee, chocolate, grape seeds, kiwifruit, [128]
nectarines, nuts, peaches, plums, rhubarb, tea, wine
Flavones Artichokes, celery seed spice, celery, chicory, honey, juniper berry, kumquats, oregano, ~ [128]
olive leaves, pumpkin, parsley, pimento peppers, sweet peppers, sage, thyme
Flavonols Arugula, asparagus, bay leaves, capers, cilantro, chives, cherries, cranberries, dill weed, [128]
elderberries, juniper berry, okra, parsley, plum, prickly, pears, saffron, tarragon
Isoflavones Apricot, clementine, cranberries, raisin, date, fig, mango, melon, passion fruit, peach, [129]
pear, plum, prune, strawberry, nuts
Carotenoids Carotenes (pro-vitamin A) Apricot, Brussel sprouts, cantaloupe, cilantro, kale, Romaine lettuce, mango, orange [130]
pepper, spinach, butternut squash, watermelon
Xanthopylls (non-pro vitamin A)  Artichoke, asparagus, broccoli, egg, kale, Romaine lettuce, pistachio nuts, parsley, red [130]
pepper, scallions, spinach, zucchini
Glucosinolates  Isothiocyanates Broccoli, Brussel sprouts, cauliflower, cabbage, kale, turnips [131]
Phytosterols  Epicholesterol Nuts, seeds [132]
6-Ketochilestanol Walnuts, almonds, peanuts, hazelnuts, macadamia nuts [132]
Cholesteryl Vegetable oils, spelt and wheat cereals [132]
Allicins Organosulfur compounds Garlic, onions, leeks [81, 82]

The databases PubMed and Google Scholar were utilized for the literature search
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of flavonoids, on obesity-related metabolic disorders
[69]. Cyclocarya paliurus flavonoids (CPF) decreased
the Firmicutes/Bacteroideses ratio and Proteobacteria
at the phylum level while fecal microbial diversity was
improved, indicating CPF influence on the microbial
community and between host and microbe provide ben-
eficial effects. Additionally, an abundance of Prevotella
was detected, which is beneficially involved in glucose
metabolism [70] and fermentation of amino acids [71],
suggesting dietary flavonoids could produce protective
and therapeutic effects on high-fat induced obesity via
modulation of the microbiome [69].

Similarly, two short-term mice studies focused on fla-
vonoid modification of the gut microbiome in non-dis-
ease specific states. Wankhade et al. analyzed blueberry
consumption, finding significant modifications in both
a-diversity and B-diversity [65]. Specifically, the Firmi-
cutes/Bacteroideses ratio, Tenericutes, and Deferibacte-
res were decreased at the phylum level. Interestingly, the
sex was a significant factor at the genus level; metabolic
pathways (i.e., fatty acid metabolism, lipid metabolism)
were significantly different in blueberry-fed male mice,
and not in blueberry-fed female mice. While this study
does suggest the influence of flavonoids from blueberry
on gut microbial a-diversity and B-diversity in male mice,
it is less clear why there was no effect on the female mice
[65].

The other short-term mice study looked at black rasp-
berry effect on the colonic microbiome. Black raspber-
ries improved the Firmicutes/Bacteroideses ratio, and
high amounts of polyphenols ellagitannins (i.e., urolith-
ins) and anthocyanins were identified in colon tissue and
plasma. Luminal Clostridium was significantly decreased
after intervention, which is possibly due to pathogenic
Clostridium (i.e., Clostidium perfingens, Clostridium dif-
ficile). Dietary black raspberries ultimately increased
mucosal microbial composition, via reduction of luminal
Clostridium, on the luminal microbiota [64].

Supporting the potential therapeutic role of flavonoids,
Petersen et al. utilized long-term strawberry supplemen-
tation for microbiome modification in diabetic mice
[72]. Microbial composition was significantly altered
at the phylum and genus levels in both a-diversity and
B-diversity, by decreasing Verrucomicrobia and Bifi-
dobacterium in diabetic mice. Additionally, there were
multiple significantly predicted functional metagenomic
profiles identified through the PICRUS (i.e., lipid biosyn-
thesis proteins, insulin signaling pathway, and phosphati-
dylinositol signaling pathway), indicating a correlation
between these pathways and bacterial abundance [72].

Another study looked at the effect of long-term sup-
plementation of dietary flavonoid isoquercetin and solu-
ble fiber inulin effects on mice that were fed a high-fat

Page 6 of 18

diet (to induce metabolic disorders). Tan et al. found
that mice receiving both isoquercetin and inulin sup-
plementation had slower weight gain, improved glucose
tolerance and insulin sensitivity, reduced hepatic lipid
accumulation, adipocyte hypertrophy, circulating leptin
and adipose fibroblast growth factor 21 levels. Interest-
ingly, the compared groups receiving isoquercetin or inu-
lin independently had no significant results. This suggests
inulin changes the microbiome composition through its
prebiotic effects, enhancing the metabolism and absorp-
tion of the flavonoid isoquercetin to have beneficial
effects on the prevention of metabolic syndrome devel-
opment with high-fat diets [73].

An abundance of future studies is needed to fully
understand broad impacts of flavonoids on the gut micro-
biome. While many of these studies identified microbial
composition and disease states, they found were mainly
focused on the Firmicutes/Bacteroideses ratio, and the
metabolic disease state. More studies are needed to
identify the alterations of other microbial strain due to
flavonoid intervention, and how they potentially impact
disease states. Additionally, more research is needed to
identify the potential impact of flavonoids on other dis-
eases, such as cancers and inflammation. Long-term
studies would further help solidify sex-specific changes
on the microbiome in flavonoid interventions, as there
are currently no long-term studies published in this area.
Lastly, many of these studies failed to isolate the effects of
flavonoids from whole fruit and vegetable consumption.
Perhaps a single flavonoid may have difficulty making a
significant effect, making it difficult to determine if the
results are due to the phytochemical metabolite or due
to the beneficial effects of fiber. As noted above, fiber has
a significant impact on the modulation of the microbi-
ome, and without this separation it could prove difficult
to understand the significant effect of the phytochemical.

Carotenoids and their impacts on gut microbiome

Two primary research articles reported implications of
carotenoids on the microbiome, where both analyzed the
effect of increased serum carotenoid concentrations on
the gut microbiome. High serum carotenoids are asso-
ciated with decreased risk of chronic diseases [74], and
contribute to gut microbiome health. While carotenoids
are found in multiple plant-based dietary sources (e.g.,
carrots), Ramos et al. analyzed the carotenoid source
of Tucuma oil and its effect on microbial diversity and
SCFA production in cows. Carotenoids from Tucuma
oil resulted in a lower abundance in Fibrobacter and
Rikenellacea RC9 gut group, and enriched Pyramidobac-
ter, Megasphaera, Anaerovibrio, and Selenomonas. These
results suggest the use of Tucuma oil as a catenoid source
and shows favorable shifts in gut microbiome health [75].
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Comparatively, a long-term randomized control study
in humans analyzed the relationship between colonic
mucosal bacteria and serum carotenoid concentrations.
Djuric et al. found that colonic mucosal bacteria were
associated with serum carotenoid concentrations at base-
line, and long-term exposure had no significant effects.
Indicating the need for increased research on long-
term exposure to better understand the effect of dietary
change maintaining a beneficial microbial change. It was
identified, however, that 11 operational taxonomic units
were associated with higher serum carotenoid levels. Fac-
tors affecting the level of carotenoid levels included body
mass index, smoking, and dietary intakes (represent-
ing 12% of the total variance in carotenoid levels). These
results further suggest the impact of multifaceted factors
(i.e., behavioral and metabolic factors) on the gut micro-
biota’s capability for carotenoid absorption [74]. Further
research is needed on carotenoids and effects on micro-
biota diversity and impacting disease states in hosts, as
only these two articles were identified in the search.

Glucosinolates and their impacts on gut microbiome
Glucosinolates are sulfur-containing compounds pro-
foundly present in cruciferous vegetables. Thus far only
one study examined effects of glucosinolates on the gas-
trointestinal microbiota which is somewhat unexpected
given their widely known benefits against chronic dis-
eases (i.e., cancers [76-78]). Specifically, broccoli and
cabbage are good sources of glucosinolates. Kaczmarek
et al. analyzed the effects of broccoli on the gut micro-
biota via a short-term randomized controlled feeding
study in healthy adult subjects. B-diversity alterations
indicated that bacterial communities were impacted by
broccoli feeding; Firmicutes abundance was decreased
by 9% while Bacteroides abundance was increased by
8%. The strongest associations between bacterial rela-
tive abundance and glucosinolate metabolites were seen
in participants with a body mass index <26 kg/m?% Addi-
tionally, broccoli consumption significantly altered a few
key metabolic pathways: endocrine system, transport and
catabolism, and energy metabolism [79]. Clearly, further
studies are warranted in the context of the disease pre-
ventive potential of cruciferous vegetables through gut
microbiome modulation, particularly considering that
gastrointestinal microbiota can metabolize glucosinolates
into isothinocyanates (ITCs) [80]. Also, additional mech-
anistic studies are needed to explain different responses
to glucosinolates in participants with higher body mass
index.

Allicins and their impacts on gut microbiome
Allicins are organic sulfur phytochemicals that are par-
ticularly found in garlic [81]. One short-term randomized
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control study examined the effects of garlic extract on
gut microbiota, inflammation, and cardiovascular mark-
ers (e.g., blood pressure, pulse wave velocity, and arterial
stiffness). Reid et al. found that aged garlic, converted to
the vaso-active component S-allylcysteine, inccreased
Lactobacillus and Clostridia. Additionally, blood pres-
sure was significantly reduced by 10+ 3.6 mmHg systolic,
and 5.4=+2.3 mmHg diastolic. Central blood pressure
and arterial stiffness were significantly reduced, show-
ing improvements in overall hypertension. These findings
may provide hints between gut microbiome modulation
and cardiovascular health although a causal relation-
ship is still not clear [82]. As shown in this study, allicins
may have beneficial cardiovascular effects; however,
this short-term feeding study is the only evidence dem-
onstrating impacts of allicins on the gut microbiome.
Similar to other groups of phytochemicals, long-term
feeding in addition to mechanistic/functional validation
are needed; in addition, in order to uncouple with effects
of fibers, it will be informative to explore if the garlic-
induced gut microbiome modulation can be recapitu-
lated with isolated allicin exposure.

Micronutrients and microbiome

A multidirectional relationship lies between the host and
its microbiome. Although, as aforementioned, diet sig-
nificantly impacts the gut microbiome, gut microbiota
per se also play a role in human metabolic functions
[83]. Furthermore, the microbiome may alter the host’s
absorption of various dietary nutrients and, thereby,
indirectly impact micronutrient physiology [84]. Spe-
cifically, some microbial strains synthesize vitamins and
cofactors, and evidence suggests that microbial metabo-
lites can affect metabolic and physiological pathways of
micronutrients in the human body [85, 86]. In addition,
production of vitamins and cofactors can provide essen-
tial nutrients to colonocytes, promote competition with
pathogenic organisms, and modulate immune responses
[87]. Because bacteria alter the efficiency of bile acids to
emulsify dietary lipids and form micelles, the microbi-
ome potentially influences the absorption of lipid-solu-
ble vitamins as well [88]. With consideration for luminal
nutrient effects on the microbiome and microbial effects
on host nutrition status, it is reasonable to believe that
identification and manipulation of microbial interactions
with hosts could be pivotal to human health.

Numerous factors, including physiochemical proper-
ties of foods, nutrient availability, colonic transit time,
and age of host may modulate dietary effects on the
colonic microbiota [89]. Substrates that are not defined
as “prebiotics’;, such as phytochemicals, potentially alter
microbial composition and function; vitamins and min-
erals are also examples of these substrates, yet they are
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not well-recognized or well-understood regarding their
effects on the gut microbiome [90]. This may be partially
due to the fact that most vitamins are absorbed in the
upper small intestine, which results in low concentra-
tions of vitamins or minerals reaching the distal parts of
the gastrointestinal tract [90]. Nevertheless, studies have
found micronutrient-induced changes in the mammalian
gut microbiome, and modulation by vitamins and min-
erals warrants further investigation [85]. In fact, it was
reported that several micronutrients have potential to
alter gastrointestinal function, immune response, and, as
a result, microbial populations [85, 91].

It is estimated that more than three billion people
worldwide suffer from micronutrient deficiencies, pre-
dominantly vitamin A, iron, and zinc [91]. Disease states
(e.g., malnutrition) may alter microbiome-mediated
transport, metabolism, and synthesis of cofactors and
vitamins [91]. Therefore, interference of microbiota func-
tion by micronutrient deficiency could explain the rela-
tionship between dysbiosis and malnutrition [92]. Few
existing studies have examined the transportation of vita-
mins between the microbiota and intestine or the impact
of luminal vitamins on the microbiota (host-microbe-
metabolic axis) [92, 93]. Understanding the influence of
low micronutrient supply on microbiota development,
composition, and metabolism is an integral part of imple-
menting new strategies to overcome deleterious effects of
malnutrition [92].

Mapping of metabolic relationship

A microbiome has approximately 150-fold more genes
than the human genome [94]. Using high-throughput
technologies such as next-generation sequencing and
mass spectrometry—based metabolomics, researchers
are able to sequence the metagenome of the microbiome
and associate this information with the genomics, epig-
enomics, transcriptomics and metabolomics of the host
[94]. Mapping of human and microbe-derived enzymes
to gut metabolic pathways has revealed that gut microbe-
derived enzymes are essential components of various
human pathways [83]. A total of 518 enzymatic reactions
were shared between host and gut-bacterial species [83],
suggesting significant cross-talk between the host and
microbiota. Furthermore, mapping of known and pre-
dicted enzymes to canonical human pathways resulted
in identification of 48 pathways that have at least one
bacteria-encoded enzyme [83]. Bacterial communities
contribute to human gut metabolism by complement-
ing enzymes that are not encoded by the human genome
but are essential for digestion and metabolism [83]. Most
of these pathways are involved in metabolizing dietary
nutrients, including cofactors and micronutrients [83].
Thirty exclusively microbe-derived enzymes complement

Page 8 of 18

vitamin/cofactor metabolic pathways, which underscores
the dependency of human pathways on microbe-derived
enzymes [83]. Microbes not only complement, but also
supplement some of the enzyme functions that are com-
mon to both human and gut microbiome [83]. Further
support is provided by the findings of a meta-genome
analysis of the human gut microflora, which revealed
the presence of Clustered Orthologous Groups of pro-
teins involved in production of essential vitamins [95,
96]. Most of the production and absorption of microbial
vitamins takes place in the colon; however, the micro-
biome may contribute to maintaining systemic levels
and minimizing deficiency effects [95, 96]. Microbiome
multi-omics analyses coinciding with host omics data-
sets will be important for revealing the microbiome’s role
in human health [94]. Unbiased and untargeted omics
approaches could unveil the involvement of vitamins
and minerals within the interrelationship of the host and
microbiome [94].

Vitamins

Of the essential micronutrients, microbial synthesis
of vitamin K and B vitamins had the greatest body of
research regarding effects on host systemic status. There
is also evidence of microbial modulation of colonocyte
nutrient absorption that potentially influences host nutri-
tion status [84, 88]. In contrast, little is known regarding
effects of vitamin supplementation on the gut microbi-
ome, and the relationship between micronutrient defi-
ciencies and dysbiosis is yet to be elucidated.

Vitamin B

Intestinal microbiome may be a primary source of B vita-
mins [97]. It is known that these vitamins modulate host’s
epigenome [98]. Because the vitamins produced by the
microbiota can result in epigenetic changes in host cells,
they may play a significant role in modulating host gene
expression [98]. Of the 8 B vitamins, 7 have colonic bac-
terial sources, and a human population with abnormal
intestinal microbiota may have unexpected B vitamin
deficiencies that are unrelated to food consumption [97],
reinforcing the importance of gut microbiome in B vita-
mins metabolism and thus host health.

Vitamin B1 (thiamine) is an essential cofactor for
organisms. Humans acquire most vitamin Bl through
their diet [99]; however, evidence indicates that bacte-
rial-derived vitamin Bl can be absorbed into human
colonocytes, which may contribute to colonic vitamin
B1 status and affect systemic status. A study published
in 2017 investigated vitamin B1’s role in the gut utiliz-
ing Bacteroides thetaiotaomicron as a model gut microbe
[99]. RNA sequencing revealed global downregulation of
vitamin B1 and amino acid biosynthesis, glycolysis, and



Beane et al. Appl Biol Chem (2021) 64:36

purine metabolism in the presence of vitamin B1, and
expression of the major biosynthetic operon was upregu-
lated under vitamin B1-deficient conditions [99]. Further
investigation using genetic mutants suggested thiamine
biosynthesis and transport is critical for growth when
vitamin B1 is deficient [99]. The ability of microbes to
transport, synthesize, and compete for vitamin B1 may
impact the structure and function of the microbiome
during shifts in luminal availability of vitamin Bl. Gut
microbes that are wholly dependent on vitamin B1 trans-
port, such as members of the genus Alistipes and many
members of the Bacilli, are predicted to be adversely
affected by deficient conditions [99]. In a study of Crohn’s
disease (CD) patients, microbial genes for pathways
involved in biosynthesis of vitamins B1, B2, B9, and B12
were decreased during exacerbation; [100]. The study
suggested that intestinal abundances of vitamin B1, B2,
B9, and B12 could be involved in CD exacerbation and
inflammation associated with dysbiosis [100]. Therefore,
manipulating the presence or concentration of vitamin
B1, and possibly of other water-soluble vitamins, could
be an effective method for treating or preventing dysbio-
sis [99].

Free absorbable and protein-bound forms of vita-
min B2 are synthesized by the human microbiota, but
the uptake of vitamin B2 into colonocytes is concentra-
tion dependent; the higher the luminal concentration,
the lower the uptake, and vice versa [91]. As a result, the
systemic effects of vitamin B2 production in the lumen
may be mediated. Furthermore, genomic and functional
analysis of one gut microbe, Romboutsia ilealis CRIBT,
revealed genes for de novo purine and pyrimidine syn-
thesis, as well as for production of coenzymes NAD and
FAD via salvage pathways from vitamin B2 and B3 [101].
R. ilealis CRIB” relies on these pathways or exogenous
sources for the supply of precursors, mainly in the form
of B vitamins, suggesting that luminal B vitamin avail-
ability may alter microbiome function and composition
[101]. Vitamin B2 affects the growth of Faecalibacterium
prausnitzii, which has a specialized use of vitamin B2 as
an extracellular electron transporter, allowing it to toler-
ate limited levels of oxygen [90, 101]. The stimulation of
E prausnitzii growth by exposure to vitamin B2 may be a
function of this vitamin in microbiome-modulation that
could be of clinical interest [90]. A first pilot open-label
study with vitamin B2 (100 mg vitamin B2/day) showed
an increase in Faecalibacterium and a reduction in E. coli
in most participants [101]. In addition, multiple articles
suggest that a double-blind, parallel-group, placebo-
controlled “Ribogut” trial was approved in 2018. The
trial was to examine the effects of vitamin B2 on the gut
microbiota composition of healthy volunteers adminis-
tered 50 or 100 mg vitamin B2/day for 14 days; however,
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no results have been published [101]. Further vitamin
B2-microbiome studies may present new possibilities for
vitamin combinations as supplements for prevention of
human diseases through microbiome modulation [90].

It was suggested that vitamin B5 (pantothenic acid) is
potentially supplied by normal intestinal bacteria more
so than by natural food sources [97]. However, the rela-
tionship between the microbiome and vitamin B5, as
well as vitamin B3 (niacin) and B6 (pyridoxine), is oth-
erwise unclear. However, the human microbiota contains
enzymes that depend on vitamin B6 [91]. Certain bacte-
ria or the host may contribute the vitamin B6 needed for
aminotransferase metabolism in bacteria [91]. Virulence
and motility of Helicobacter pylori depend on the pres-
ence of functional enzymes important for bacterial de
novo vitamin B6 synthesis [91].

Humans cannot produce vitamin B7 (biotin) and,
therefore, evidently depend on dietary intake or the intes-
tinal microbiota to maintain healthy levels [53]. However,
no pathways for how the microbiome affects systemic
status have been elucidated.

Bacteria commonly found in the colon can produce
vitamin B9 (folate) [93]. Although vitamin B9 is primar-
ily absorbed in the small intestine, absorption does occur
to some extent in the colon as well [93]. Vitamin B9 pro-
duction by intestinal microbiota can modify the effects
of vitamin B9 ingested in the diet and has already been
considered in studies of diet and colon cancer risk [93].
However, it is still questionable whether high vitamin
B9 production will result in higher absorption because
administration of high-producing strains results in
higher fecal vitamin B9 concentrations [91]. Neverthe-
less, radiolabeled vitamin B9 precursor (p-aminobenzoic
acid) originating in the colons of rats resulted in radiola-
beled vitamin B9 within various tissues. More research is
needed to elucidate whether microbiota-derived vitamin
B9 affects systemic folate status [91].

Vitamin B12 (cobalamin) is synthesized exclusively by
bacteria and archaea. Although it is frequently argued
that microbiome-derived vitamin B12 is a source for
humans, experimental data shows this is not the case
because colonic vitamin B12 is not bioavailable due to the
lack of required enzymes and receptors in the colon [91].
Despite the lack of absorption, vitamin B9 and B12 regu-
late microbiota gene expression and may control genomic
interactions between the microbiome and host [91].
The gut microbiome has vitamin and mineral require-
ments for growth and proliferation, and studies have
found several pairs of organisms with vitamin synthesis
pathway patterns that complement each other, implying
a vitamin-dependent cross-feeding between microbes
for growth [88]. B12 production by Eubacterium hal-
lii and the interdependent production of propionate by
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Akkermansia muciniphila demonstrates this mutualistic
symbiosis [102]. In a study surveying over 300 sequenced
microbiota-derived bacterial strains, 83% of the strains
were shown to have enzymes dependent on vitamin
B12 as a cofactor [91]. Most of these species lack genes
required to synthesize vitamin B12 de novo and, there-
fore, rely on transport to meet their requirements [91].
Gut microbial species consequently compete with other
species and the host for dietary vitamin B12, indicating
that luminal vitamin B12 is an important nutrient for the
gut microbiome [91, 93]. Furthermore, B vitamin pro-
duction by intestinal bacteria mediates or modifies the
effects of other ingested nutrients, which partly explains
the heterogeneity in the results of the studies investi-
gating these nutrients to date [93]. There is now strong
evidence that water-soluble vitamins synthesized by the
microbiota contribute to interactions with the host [91],
but specific mechanisms for cross-talk require further
investigation.

Vitamin C and vitamin E

Antioxidants, including vitamin C, are being explored as
new targets for the treatment of dysbiosis, but few reports
are available regarding vitamin C in relation to the micro-
biome [103]. One study explored vitamins C and E, as
part of an antioxidant blend with tea polyphenols, lipoic
acid, and microbial antioxidants in early-weaned pig-
lets [104]. Early weaning caused oxidative stress (rep-
resented by malondialdehyde, hydrogen peroxide, and
hydroxyl radicals) and changes in intestinal microbiota,
including significantly decreased total bacteria, Lacto-
bacillus, and Bifidobacterium counts, and increased E.
coli counts [104]. In contrast, antioxidant status (repre-
sented by antioxidant enzymes) demonstrated a positive
correlation with Lactobacillus and Bifidobacterium, and
a negative correlation with E. coli [104]. Therefore, oxida-
tive stress was directly related to changes of gut micro-
biota, and vitamin C and E, as part of an antioxidant
blend, affected microbiome composition in weaned pig-
lets [104]. Dietary overnutrition and metabolic syndrome
may cause overgrowth of Gram-negative bacteria in the
gut that cause inflammation, impaired gut function, and
endotoxemia [105]. A review paper published in 2019
concluded that, whereas endotoxemia depletes vitamin C
and impairs vitamin E trafficking, high vitamin C intake
has the ability to restore gut-liver functions and antioxi-
dant status [105].

Vitamin A and vitamin D

In contrast to the B vitamins, gut microbiota do not
synthesize carotenes, but, as dietary carotene may be
adsorbed to fibers, bacterial digestion of fibers potentially
liberates carotene for absorption into colonocytes [91].
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Therefore, the microbiome potentially affects host vita-
min A status.

It is well known that vitamin A or vitamin D deficiency
significantly affects the immune response [91]. As is vita-
min D, vitamin A is involved in the induction of anti-
microbial gene expression; consequently, retinoic acid
is likely responsible for adequate immune response and
barrier function of the intestinal mucosa against patho-
genic bacteria [91]. Impaired response and decreased
mucin and defensin expression may allow penetration of
the intestinal barrier [91]. The total amount of bacteria
(including E. coli) in the rat intestinal tract was increased
by vitamin A deficiency, and the prevalence of Lacto-
bacillus spp. was decreased in the intestinal segments
of the jejunum, ileum, and colon [106]. Similar reduc-
tions of these species were found in the small intestines
of vitamin A deficient mice, along with a reduction in
segmented filamentous bacteria, but, in contrast to rats,
total bacteria were reduced in deficient mice [106]. Over-
all, mechanistic support for how vitamin A deficiency
leads to changes in intestinal bacterial populations is
lacking [106].

Vitamin D and its receptor [vitamin D receptor (VDR)],
are known as regulators of microbiome and health [107].
Specifically, conditions such as low levels of vitamin D or
inactivating polymorphisms in VDR, have been impli-
cated in the development of inflammatory and metabolic
disorders [108, 109]. Vitamin D deficiency is associated
with dysbiosis, and supplementation has the potential to
modulate the gut microbiome [108]. Studies in 1-month
old infants and in ages 3-6 months have found influ-
ences of vitamin D on key bacterial taxa [110, 111]. In
1 month old infants, Bifidobacterium spp. and C. diffi-
cile appeared to have negative correlations with vitamin
D consumption, whereas B. fragilis presented a positive
linear relationship [110]. Lower proportions of Clostridi-
ales were seen in 3 to 6-month-old breastfed infants,
and cord blood vitamin D was linked to increased Lach-
nobacterium, but decreased Lactococcus [111]. In addi-
tion, Vitamin D supplementation has a positive effect on
inflammatory bowel disease and cystic fibrosis patients
through the modulation of the microbiome [108]. When
it comes to mechanisms, vitamin A and D play roles in
the induction of antimicrobial gene expression and affect
intestinal immune and barrier function that plays a role
in suppression of microbial invasion into the epithe-
lium [90, 112, 113]. More specifically, vitamin D induces
expression of antimicrobial peptides (defensin and
cathelicidin) and maintains adequate T] formation [113].
Additionally, VDR knockout mice and mice fed a vitamin
D-deficient diet exhibited altered microbiota composi-
tion [114], supporting a notion that vitamin D may pro-
mote health via gut microbiome.
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VDR is absent in prokaryotic cells, so any effects of
vitamin D on microbiota must be through indirect
effects of the host that alter the microbiome [91]. Vari-
ations in the human VDR gene shapes the gut microbi-
ome at the genetic level [107]. Conditional knockout of
intestinal epithelial VDR leads to dysbiosis, particularly
altered bacterial abundance; VDR knockout mice exhibit
a decrease in Lactobacillus and an increase in Clostrid-
ium and Bacteroides [107]. Although VDR expression
modulates the microbiome, some gut microbiota have
the ability to enhance VDR gene expression in intestinal
epithelial cells [115]. Genome-wide association analysis
identified variations in the human VDR gene and other
host factors that influence gut microbiota [116]. Specific
associations were identified between overall microbial
and individual taxa at multiple genetic loci, including the
VDR gene [107]. In summary, studies have demonstrated
that vitamin D and variants of VDR have a relationship
with the gut microbiome.

With evidence that vitamin D deficiency results in dys-
biosis, vitamin D supplementation may be an effective
modulator of the microbiome [86, 97, 116]. With oral
intake of vitamin D3, Bacteriodetes and Firmicutes were
the dominating phylum and less Proteobacteria were
recorded in the mucus of the upper gastrointestinal tract
than in the lower [86]. Vitamin D3 also decreased the cell
numbers of Helicobacter spp. in the pylori-positive sub-
group [86]. Vitamin D3, however, did not have an effect
on the microbial population of the lower gastrointesti-
nal tract [86]. Because dysbiosis has become epidemic in
parallel with vitamin D deficiency, another study exam-
ined the possible link between vitamin D deficiency
and dysbiosis in irritable bowel syndrome (IBS) patients
[97]. It was expected that vitamin D supplementation
would improve IBS and induce weight loss, but with two
years of careful vitamin D supplementation, there was
no improvement in patient-reported IBS symptoms and
no weight loss [97]. To test the hypothesis that second-
ary vitamin B5 deficiency impeded healthy microbiome
composition, B100 (100 mg of all B vitamins, except
100 pg of B12 and vitamin B7 and 400 ug of vitamin B9)
was added to vitamin D supplementation [97]. When
B100 was added to vitamin D supplementation, differen-
tial results were more prominent [97]. Three months of
vitamin D and B100 resulted in improved sleep, reduced
pain, and resolution of bowel symptoms that suggested
a return of the four phyla Actinobacteria, Bacteriodetes,
Firmicutes, and Proteobacteria that make up the nor-
mal human microbiome [97]. Based on patient-related
IBS symptoms, the “healthy four” bacterial phyla did not
return with just vitamin D but did appear with both large
doses of vitamin D and B vitamins in a full complement
of 8 [97]. Therefore, the study suggests that vitamin D
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supplementation alone does not positively impact the gut
microbiome.

Vitamin K

Research has demonstrated that gut microbiome syn-
thesizes vitamin K2, but clear understanding as to
its bioavailability is lacking [91]. Absorption of vita-
min K generally takes place in the small intestine and
requires bile salts and pancreatic enzymes, which are
both absent in the colon [91]. However, humans on
low vitamin K diets for 3—4 weeks did not develop vita-
min deficiency, whereas subjects treated with broad-
spectrum antibiotics showed a significant decrease in
plasma prothrombin levels [88], indicating potential
role(s) of gut microbiome in vitamin K metabolism. In
line with this, uremia in chronic kidney disease patients
can affect absorption of nutrients due to changes in the
patient’s gut microbiome, as evidenced by altered SCFA
concentrations and reduced serum vitamin K [117]. It
is possible that gut microbiome alterations due to ure-
mia result in lower production and absorption of vita-
min K and, thus, higher prevalence of deficiency [117].
In summary, vitamin K is consumed through dietary
intake, but gut bacteria may also affect systemic vita-
min K status [88]. However, exact mechanism(s) under-
lying these interactions and factors influencing vitamin
K bioavailability are to be elucidated.

Overall, despite assumptions regarding microbiome
and vitamins, little is known about the influence of the
human microbiome on systemic micronutrient status.
Note that literature has, all together, not discussed
many of the B vitamins, vitamin C, or vitamin E in rela-
tion to the microbiome. Clearly, the lack of primary
research experiments underscores the need for further
research.

Minerals

At the intestinal level, microbiota affect absorption of
calcium, magnesium, and iron [84]. Iron transporters are
present in the cecum and right colon, and, in the pres-
ence of prebiotics that promote growth of bacteria to pro-
duce propionate, iron absorption increases [91]. Luminal
minerals, including calcium, iron, and other micronu-
trients, may also have microbiome-modulating effects
as well [90]. As discussed, bacteria present different
growth requirements, and thus have selective advantages
and disadvantages according to environment. Specifi-
cally, a study examined nutrient transport reactions (i.e.,
exchange reactions) in silico to understand effects of gut
nutrients on bacterial growth using four bacteria spe-
cies [118]. In the study, environmental exchange of car-
bon dioxide, copper, potassium, magnesium, manganese,
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sulfate, zinc, and ferrous (Fe?*) iron were found to be
essential reactions for cell growth shared by the four bac-
terial species.

Iron

Iron (Fe) is an essential nutrient for many microbes, and
it has been recently demonstrated that the gut microbi-
ome has the potential to influence iron uptake and stor-
age by modulating iron transport proteins [119]. Iron
supports some microbial growth, which may include
both normal and pathogenic strains [112]. Bacteria use
different forms of iron as cofactors [101]. As multiple
transporters involved in the transport of iron compounds
are predicted, it is possible that uptake of iron provides
a competitive advantage to microbes that are dependent
on iron for respiration and other metabolic processes
[101]. In particular, Lactobacilli seem to depend on iron,
and it has been recently shown that iron-deficiency ane-
mia is related to a depletion of Lactobacilli [91]. This may
explain the reduction of Lactobacilli in iron-deficient
microbiomes [91]. Recent studies using animal mod-
els of dietary iron deficiency have shown decreased lev-
els of Bacteriodes spp. and Roseburia spp./Eubacterium
rectale, and increased levels of Lactobacilli and Entero-
bacteriaceae [119]. In rodent models, iron deficiency
lead to a significant reorganization of the microbiota
composition with a decrease in the microbial diversity
[106]. Interestingly, repletion of iron-deficient rats with
iron sulfate (FeSO,) caused a partial restoration of the
microbiota but decreased numbers of Enterobacteriaceae
and Lactobacillus/Pediococcus, Leuconostoc spp. [106].
A similar study in mice also found that iron deficiency
decreases Xylanibacter, Ruminococcaceae, and Prevotella
and increases Prevotellaceae,, but iron repletion only par-
tially restored microbiota diversity [106]. Feeding iron in
the form of heme to mice increased Bacteriodetes and
decreased Firmicutes [106].

It is clear that dietary components, such as iron, influ-
ence host gut microbiota composition and metabolism
[119]. A large body of evidence suggests that poorly bio-
available iron can stimulate the growth and virulence
of pathogenic microbes [119]. Studies in both humans
and animals have reported iron supplement-induced
changes in microbiome composition, including increases
in Bacteroides spp. and Enterobacteriaceae, decreases
in Bifidobacteria and Lactobacilli, and an expansion of
opportunistic pathogens such as Salmonella, E. coli, and
C. difficile [119]. When Gallus gallus (broiler chickens)
were fed an iron biofortified diet versus a diet with poorly
bioavailable iron, no significant changes in phylogenetic
diversity was observed [119]. However, there were signifi-
cant differences in microbiota composition, with the iron
biofortified group harboring fewer taxa that participate
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in iron uptake, greater abundance of bacteria involved in
phenolic catabolism, and greater abundance of beneficial
butyrate-producers [119]. Additionally, improvements
of iron bioavailability led to decreased cecal iron avail-
ability for bacterial utilization [119]. Significant remod-
eling of the gut microbiota occurred in animals receiving
clinically-relevant iron-biofortified diet [119]. Not only
was the biofortified diet not associated with an increase
in dysbiotic or pathogenic microbial load, but this group
harbored more SCFA-producers and other beneficial
bacteria and fewer bacterial genes encoding infectious
diseases compared to the mildly iron-deficient group
[119].

Zinc

In addition to iron, the interrelations of zinc status and
the microbiome have been studied using animal models.
A study using chicken as a model found that zinc defi-
ciency resulted in remarkable changes in the microbiota,
including metabolic changes, reduced output of SCFAs,
and a subsequent reduction in zinc bioavailability [91].
Furthermore, mice fed a high zinc diet (1000 mg/kg diet)
showed decreased microbial diversity with shifts in bac-
terial species, while an adequate zinc (29 mg/kg) or low
zinc (0 mg/kg) diet did not [106]. Zinc-supplemented
mice were also more susceptible to C. difficile infection
[106]. However, other studies have found that high rates
of trace mineral supplementation in swine and poul-
try altered microbial colonization of the gut, resulting
in improved gut health [91]. More specifically, supple-
mentation of zinc increased gram-negative facultative
anaerobic bacterial groups, the colonic concentration
of SCFAs, as well as overall species richness and diver-
sity [91]. For example, supplementation with high levels
of zinc increased Lactobacillus in the gut microbiome of
weaned pigs and resulted in favorable effects on develop-
ment and metabolic activity of the intestinal microbiota
[91, 120]. In contrast, trace mineral treatment in cattle
had no effect on phylum and family fecal microbial rela-
tive abundance, with the exception of bacteria in phylum
Spirochaetes and family Spirochaetaceae; however, fecal
abundance may not be indicative of gut microbiota com-
position [120].

Selenium

Selenium (Se) status correlates with higher diversity of
gut microbiome in mice, and specific phylotypes are
altered in the order Bacteriodales and Firmicutes [106].
A study in 2011 assessed the effect of dietary Se on the
composition of mouse microbiota by subjecting mice to
a Se-deficient diet and diets supplemented with 0.1, 0.4,
or 2.25 ppm of Se in the form of sodium selenite [121].
After 8 weeks, Se status was examined by analyzing the
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levels of SelP, the main selenoprotein in plasma of mam-
mals [121]. SelP decreased dramatically in mice fed the
Se-deficient diet, whereas the differences between mice
fed the other diets were minimal [121]. Effects were inde-
pendent of germ-free, conventionalized, and colonization
conditions. Se supplementation (at all doses) increased
microbiome diversity [121]. Relative proportions of
major taxonomic groups were not different; however,
specific phylotypes were affected [121]. For example,
some phylotypes of Bacteriodales increased in response
to Se, whereas others decreased [121].

The intestinal microbiota may be sensitive to changes
in trace element levels; therefore, gut colonization may
influence trace element status, either through competi-
tion for certain elements or modification of food absorp-
tion or digestion [121]. Experimentation revealed Se
levels in the liver, kidney, and spleen of mice were sen-
sitive to dietary Se, whereas concentration in brain and
testes did not differ with Se intake [121]. Despite the pos-
sibility of Se-induced changes in other nutrient statuses,
analysis of trace elements, including Mn, Fe, Zn, Mo, Cu,
and As, did not reveal statistically significant differences
between different Se diets [121].

Additionally, in 2018, four experiments using mice
models investigated the effects of Se content in diet on
the gut microbiome [122]. In mice with only differen-
tial Se supplementation, the overall richness of the gut
microbiome was not altered, but different Se intakes
induced changes in the compositions of the gut micro-
biome [122]. Dorea levels were increased when diet
was Se-deficient (<0.01 mg/kg diet), and overgrowth of
Dorea has been proposed to have adverse health effects
[122]. In contrast, increases in Turicibacter and Akker-
mansia and decreases in Mucispirillum were detected
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in mice supplied with supranutritional Se (0.40 mg/kg
diet) when compared to Se-sufficient (0.15 mg/kg diet)
[122]. Research suggests these alterations to the micro-
biome and, therefore, Se supplementation may have
health benefits [122]. To bypass the effects of Se itself and
determine the effects of Se-induced microbiota modula-
tion, transplantation of fecal microbiota from different
Se-supplied donors was investigated in mice and showed
varied effects on intestinal barrier status and immune
response [122]. Additionally, gut microbiota from Se-
supplemented fecal donors showed resistance against
DSS-induced colitis and an increased survival rate of
100% compared to 60% in a Se-deficient fecal transplant
group [122]. Mice given fecal transplants from sufficient
or supranutritional Se-supplied donors were also more
resistant to Salmonella typhimurium compared to Se-
deficient donor fecal transplanted mice, supported by
decreased S. typhimurium load in the tissues, greater
barrier function, and less intestinal inflammation [122].

Se and selenoproteins may impact inflammatory signal-
ing pathways implicated in the pathogenesis of IBD [123].
In particular, Se status impacts two transcription factors,
NF-xB and peroxisome proliferator activated receptor
(PPAR)-y, which are involved in activation of immune
cells and are implicated in various stages of inflamma-
tion and resolution [123]. The relationship of Se, NF-«kB,
and PPAR-y in relation to the gut microbiome and gut
inflammation may provide alternative therapy methods
for IBD [123]. The literature indicates that mice have
been utilized in multiple studies to elucidate the effects of
Se on the gut microbiome [123]. However, no clinical tri-
als have been conducted to understand the implications
of selenium-induced changes to the human microbiome
profile.
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The above findings give promising evidence that phyto-
chemicals, vitamins, and minerals alter the microbiome.
This review presents well-established beneficial effects of
fiber and SCFAs on the host microbiome and suggests a
symbiotic relationship between the microbiome and host
that is mediated by diet (Fig. 1). Furthermore, adequate
amounts of phytochemicals, vitamins, and minerals may
pose therapeutic or preventative effects against diseases.
There are obvious limitations in the amount of literature
investigating direct influences of phytochemicals, vita-
mins, and minerals on the microbiome. Each individual
phytochemical, vitamin, and mineral lacks a large body
of evidence to support controlled modification of the gut
microbiome for health benefits by oral consumption/sup-
plementation. A thorough understanding of other fac-
tors that regulate effects (e.g., sex differences, synergistic
effects, mechanisms) is also lacking. Moreover, there
are limitations in translating animal models to human
significance, and the available results are conflicting as
to whether supplements disrupt or improve microbial
diversity and richness.

The impact of the microbiome on host micronutrient
status is also still controversial due to uncertainty regard-
ing the absorption and metabolism of synthesized micro-
nutrients in the colon. Despite the lack of quality support
for specific pathways, it is evident that vitamins and
minerals play a role in the multidirectional relationship
between the microbiome and host. In the future, phyto-
chemicals, vitamins, and minerals may be components of
prevention and treatment measures taken to combat dis-
eases linked to the microbiome. However, the interplay of
the microbiome and each micronutrient is far from clear.
The gap in the literature presents significant opportu-
nity to explore micronutrient pathways within the host-
microbe-metabolic axis.
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