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The composition and function of microbes harbored in the human gastrointestinal lumen
have been underestimated for centuries because of the underdevelopment of nucleotide
sequencing techniques and the lack of humanized gnotobiotic models. Now, we appreci-
ate that the gut microbiome is an integral part of the human body and exerts consider-
able roles in host health and diseases. Dietary factors can induce changes in the microbial
community composition, metabolism, and function, thereby altering the host immune re-
sponse, and consequently, may influence disease risks. An imbalance of gut microbiome
homeostasis (i.e., dysbiosis) has been linked to several chronic diseases, such as inflamma-
tory bowel diseases, obesity, and diabetes. Remarkable progress has recently been made in
better understanding the extent to which the influence of the diet-microbiota interaction
on host health outcomes in both animal models and human participants. However, the ex-
act causality of the gut microbiome on the development of diseases is still controversial.
In this review, we will briefly describe the general structure and function of the intestine
and the process of nutrient absorption in humans. This is followed by a summarization of
the recent updates on interactions between gut microbiota and individual micronutrients,
including carotenoids, vitamin A, vitamin D, vitamin C, folate, iron, and zinc. In the opinion
of the authors, these nutrients were identified as representative of vitamins and minerals
with sufficient research on their roles in the microbiome. The host responses to the gut
microbiome will also be discussed. Future direction in microbiome research, for example,
precision microbiome, will be proposed.
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1. Introduction

The function of the large intestine is first and foremost its im-
portance for water and electrolyte absorption and as a stor-
age container for fecal material. In comparison, the small in-
testine has a villa to enhance nutrition absorption because
of increased surface area. Although the large intestine does
not have a villa, it appears that the large intestine has the
crypts of Lieberkuhn, where copious levels of mucus are
produced [1].

Although the large intestine is more limited with diges-
tion and absorption, the number of reactions in the large in-
testine should not be minimized. The large intestine contains
a few hundred of most species of microorganisms in human
bodies [2]. The oral cavity has approximately 700 species of
bacteria that can promote health [3]. The microbiome is con-
sidered an organ and is the largest one in humans. Alter-
ation of microbiome homeostasis is critical for human health.
The risk of colon cancer, irritable bowel syndrome (IBS),
high blood cholesterol, and weight control are some exam-
ples of the benefits of many microorganisms constituting the
microbiome.

Prebiotics are much different that probiotics [4,5]. These
are food compounds that promote the growth of bene-
ficial bacteria. Nondigestible carbohydrates will cause the
growth of the beneficial (Lactobacillus) microorganisms and
decrease deleterious bacteria in the gut such as Escherichia.
Resistant starches such as oligofructose are prebiotics ben-
eficial to the large intestine. Short-chain fatty acids (SC-
FAs) through dietary fiber fermentation in the large in-
testine promote an environment beneficial for bacterial
growth [6].

The gut microbiome is an integral part of the human
body and exerts considerable roles in host health and dis-
eases. The gut microbiome homeostasis can be altered by
multiple factors, including but not limited to genetic mu-
tations, unhealthy diets, lifestyle, and stress. An imbalance
of gut microbiome homeostasis (i.e.) dysbiosis, has been
linked to several chronic diseases. This dysbiosis can also
be potentially reversed, to some extent, by the alteration of
diets and other factors, thereby promoting human health
(Fig. 1). This paper focuses on the newer science of the mi-
crobiome in response to micronutrients. Here, we selected
specific vitamins and minerals that influence the micro-
biome and vice versa, some of which have been given min-
imal attention. Specifically, we reviewed significant papers
on the roles of microbiome-micronutrient communications
starting with antioxidant vitamin C, followed by folate. Fat-
soluble vitamin D, vitamin A, carotenoids, and the trace el-
ements iron and zinc will also be reviewed. There is lim-
ited information on the roles of some other micronutri-
ents and the microbiome. Table 1 lists these micronutrients’
functions for host health but not the microbiome because
not much information is available on nutrient metabolism
in the gut microbiome. Finally, we discussed the potential
limitations of current studies in elucidating the function of
the microbiome and the emerging strategy for the precision
microbiome.

2. Small intestine in nutrient digestion and
absorption

Before discussing the microbiome, key biochemical reactions
in the upper gastrointestinal (GI) tract are helpful. Entero-
cytes not only provide the entry site for nutrient absorption,
but also are an integral part of nutrient digestion. Several
carbohydrate-digesting enzymes, including disaccharidases
(e.g., lactase, maltase, sucrase) and «-1-6 dextrinase, as well
as enterokinase, are associated with the brush border mem-
brane of the enterocyte [6]. Proteases specific for short-chain
peptides are located within enterocytes and play a significant
role in finalizing protein digestion.

Several transport proteins are located on the luminal sur-
face and the basolateral surface of enterocyte which facilitates
absorption [6]. For example, lipid-soluble substances, such as
lipid-soluble vitamins, are primarily incorporated into chy-
lomicrons and lipoproteins within enterocytes, which then
enter the lacteal in the central region of the villi. The small
intestine absorbs the bulk of the nutrients, whereas some ab-
sorption also occurs in the stomach and colon.

3. Large intestine

A further review of what occurs in the large intestine is a ma-
jor key in understanding the effects on our health. The large
intestine is inhabited by more than 400 different species of
bacteria [7]. Some bacteria produce nutrients that can be ab-
sorbed, including vitamins K, D, and biotin, and nonnutrients
such as SCFAs (such as acetic, propionic, and butyric acids). Fe-
ces are composed of approximately 30% bacteria, 10% to 20%
fat, 10% to 20% inorganic matter, 2% to 3% protein, and 30%
undigested fibers and dried components of digestive juices,
such as bilirubin and its metabolites [8]. The coloring of fe-
ces is primarily attributable to the presence of stercobilin and
urobilin, which are metabolites of bilirubin. The pH of feces
is slightly acidic (pH = 6.6) [8]. The odorous characteristics of
feces are due to the presence of bacterial by-products, such
as indoles, skatole, mercaptans, and hydrogen sulfide, and are
highly individualized based on diet and colonic bacterial pro-
file. Fermentation is a process by which carbohydrates and
proteins are digested and used for energy in this anaerobic
metabolism. Vitamin K and biotin are synthesized by colonic
bacteria [6]. SCFAs, such as acetate, propionate, and butyrate,
have several functions. Butyrate synthesis may help to main-
tain the integrity of the colonic cells [6].

The colonic cell epithelium is covered by a mucus layer
composed of mucins secreted by goblet cells and contains 2
layers: (1) the outer mucus layer, which is loose and thick,
with diverse intestinal bacteria; and (2) the inner mucus layer
thatis dense and thin, almost without any bacteria [9], though
commensal segmented filamentous bacteria attach to the ileal
epithelium (see vitamin A section) The mucosal layer acts as
a barrier to physically protect the epithelial cells that line
the gut to protect it from pathogenic microbes. The mucus
layer viability depends on genetic and environmental factors.
The gut microbiota may change the mucus layer directly or
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Fig. 1 - Gut microbiome homeostasis determines health and/or diseases. An alteration of gut microbiome homeostasis
caused by changes in genetics, nutrition status, lifestyle, and other factors can lead to microbiome dysbiosis, which in turn
results in chronic diseases. Increased intake of micronutrients and other food-bioactive compounds can reshape the gut
microbiome, and thus can be beneficial for the prevention of chronic diseases. The figure was produced using Biorender

software.

indirectly. Once there is a disruption between the mucus layer
and microbiota, pathogenic microbes can attach and encroach
upon the mucus layer, leading to GI disease.

4, Overview of the intestinal microbiome

Over the past few decades, there has been significant growth
of interest, research, and understanding related to the intesti-
nal microbiome, especially as it relates to nutrition-related
health aspects. Although the microbiome is often associated
with the bacteria in the lower part of the digestive tract, the
term broadly refers to the total genetic material of all the mi-
crobes, including bacteria, fungi, protozoa, and viruses, which
are located on and inside the human body. According to the
National Institutes of Health’s National Human Genome Re-
search Institute, the number of human genes approximates
30,000. Although estimates vary, collectively the number of
genes of the microbiome may outnumber humans 10-fold and
the total mass of the microbiome may approximate 51b in an
adult male [10].

The term microbiota refers to the community of microor-
ganisms themselves. Most of the attention is focused on the
digestive tract, with emphasis on the large intestine. Although
a newborn’s digestive tract is sterile at birth, it becomes popu-
lated with microorganisms quickly. The bacteria coat the mu-
cus lining of the GI tract and estimate the bacterial density in
the distal portions of the gut (i.e., colon). This bacterial density
reaches around ~10*! to 10'? colony-forming units per gram

of luminal content. Studies have revealed more than 1000 dif-
ferent types of bacteria in humans and those in the digestive
tract [11].

The stomach and small intestine have relatively few mi-
crobes as colonization is largely limited by the acidic environ-
ment in the stomach and the presence of bile, digestive en-
zymes, and mechanical activities of peristalsis [10]. The large
intestine is home to hundreds of species of bacteria (300-
1000). The greater majority is limited to just a few dozen of
those species. The main types of bacteria in the colon are ob-
ligate anaerobes. The most abundant bacteria are members
of the genus Bacteroides, anaerobic gram-positive cocci, such
as Peptostreptococcus sp., Eubacterium sp., Lactobacillus sp., and
Clostridium sp. [12].

The large intestine produces a biofilm composed of mucus.
This mucus is dynamic and has endogenous bacteria interact-
ing with it. The mucus is a source of carbohydrates, and sev-
eral bacterial species can use mucus glycan as a carbon source.
Glycan alteration and availability may modify the composi-
tion of the microbiota. The mucus layer also is a major com-
ponent of innate immunity [13].

Intestinal bacteria have an important role in maintaining
immune and metabolic homeostasis. There appears to be a
connection between the type of bacterial population as a func-
tion of inflammatory bowel disease, aging, obesity, and smok-
ing [14]. Collectively, the microbiota is shaped by genetics, en-
vironment, diet, and lifestyle factors [10].

The role of nutrients in the microbiome has been studied
to a limited extent. We present the impact of vitamin C, folate,
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Table 1 - The function of select vitamins and minerals in humans

Nutrient Functions

Vitamin D

)
) Calcium and phosphorus homeostasis
3) Cell differentiation
) Regulation

5) Diseases

Exerts effect of binding to DNA via vitamin D receptor

Renal disease, cancer, autoimmune and inflammation, cardiovascular, sarcopenia, type 2 diabetes, gestational diabetes

Vitamin A ) Vision
) Cell differentiation

3) Cancer

) Glycoproteins

) Reproduction

6) Antioxidant functions
CemiEned 1) Antioxidant

2) Gene expression regulation

Folate

Vitamin C 1) Antioxidant

Iron .
Iron homeostasis

)
) Hemoglobin

3) Iron storage proteins

) Transferrin

5) Iron-responsive element binding protein
) Enzyme activity

Zinc 1) Zinc-containing proteins

1) Amino acid metabolism, methyl-folate trap, single-carbon metabolism

a) Zinc finger proteins, metal transcription factor-1, metallothionein

b) Zinc transporters
a. Influx into the enterocyte (e.g., ZIP-4)

b. Efflux out of the enterocyte and intracellular transport

Abbreviation: ZIP, zinc transporter.

carotenoids, vitamin A, vitamin D, zinc, and iron. These nutri-
ents were chosen by the authors with major criteria that there
is some evidence of their roles in the microbiome.

5. Vitamin C and other redox-active food
compounds on the gut microbiome

Vitamin C (also known as ascorbic acid or ascorbate) is an es-
sential nutrient for human health. Humans are 1 of the mam-
mals that are not able to de novo synthesize vitamin C be-
cause of the lack of gulonolactone oxidase, the key enzyme
in its synthesis pathway [15]. Food sources of vitamin C pri-
marily include fruits and vegetables, such as cauliflower and
kiwifruits. In foods, most vitamin C is found in a reduced form
(e.g., ascorbate), although small amounts of the oxidized form
called dehydroascorbic acid (DHA) are also present. DHA con-
version to ascorbate relies on DHA reductase with hydrogens
provided by glutathione [7].

Vitamin C exhibits antioxidant and anti-inflammatory
properties. Excess intake of vitamin C (supplementation) may
lead to some health concerns, for example, an increased risk

for kidney stones [16]. A severe deficiency of vitamin C causes
scurvy, which is no longer common. However, mild to moder-
ate deficiencies of vitamin C are found in up to 30% of Amer-
ican populations [17]. Epidemiological and clinical studies in-
dicate that the decreased intake of vitamin C and/or low-
ered plasma vitamin C levels are linked to the development of
chronic diseases, such as obesity, diabetes, and cancer [18,19].
Classically, low vitamin C results in an imbalance of redox cas-
cades and oxidative stress, which has commonly been blamed
as a stimulating factor in triggering the etiology of chronic
diseases in humans. Most recent work also reveals that
vitamin C deficiency-altered gut microbiome composition
and function are linked to the progression of these chronic
diseases [20,21].

Vitamin C and/or foods containing high redox-active com-
pounds (including vitamin B,, vitamin C, vitamin E, polyphe-
nols, carotenoids, and other phytochemicals) are beneficial
for increased diversity and function of the gut microbiome in
healthy individuals and/or centenarians [17,20-25]. The abun-
dance of Bifidobacterium and Akkermansia is relatively enriched,
and the production of fecal SCFAs is enhanced in these popu-
lations who typically have high vitamin C levels [20-25].
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Increased intake of vitamin C and other redox-active com-
pounds are also positively associated with the alteration of
the gut microbiome and the promotion of health conditions
in diseased animal models and human subjects. The intake of
vitamin C and vitamin E negatively correlates with Bacteroides
in adults with cystic fibrosis [26]. Consumption of nopal, a
vegetable rich in vitamin C, polyphenols, and other antioxi-
dants, increased the richness of intestinal Bacteroides fragilis,
reduced hepatic steatosis, and attenuated oxidative stress in
adipose and brain tissues in rats fed a high-fat diet [27]. Ki-
wifruits are a good source of vitamin C. A clinical feeding study
demonstrated that kiwifruit supplementation for 12 weeks el-
evated plasma vitamin C levels, reduced insulin resistance,
and improved blood glucose control in prediabetic partici-
pants, accompanied by an increase in the relative abundance
of Coriobacteriaceae [28]. Feeding of 2-O-p-d-glucopyranosyl-
ascorbic acid, a vitamin C derivative isolated from goji berry
fruits (Lycium barbarum), altered gut microbiota composition
and improved disease conditions in mouse models of dextran
sodium sulfate-induced colitis mice and cyclophosphamide-
treated immunosuppression [29-31]. Vitamin C supplementa-
tion could also improve cardiovascular and hypertension con-
ditions in rats [32-34].

Mechanistically, Pierre et al. demonstrated by using gut mi-
crobiome transplantation (GMT) to germ-free interleukin-10
knockout mice that vitamin C-rich redox active compounds’
diets reshaped the gut microbial composition and function
to mitigate intestinal inflammation. This might at least be
partially through enhanced T cell-mediated adaptive immu-
nity [35]. A GMT study also confirms the antiobesity property
of camu camu, an Amazonian fruit rich in redox active com-
pounds, was due to an alteration of the gut microbiome com-
munity [36]. In both of these GMT studies, the particular taxa
involved had not been identified. Of note, these microbiome
studies using these whole foods, containing high vitamin C
and other bioactive compounds (such as fibers and other phy-
tochemicals), may not conclude that vitamin C is the sole con-
tributor to the alteration of the gut microbiome and pheno-
types observed.

6. Gut microbiome-derived folate does not
meet human needs

Folate is an essential water-soluble nutrient and exerts global
physiological roles in cell survival and death. In coordination
with riboflavin, pyridoxal phosphate, and cobalamin, folate is
vital to amino acid metabolism and the 1-carbon cycle in the
synthesis of intermediate metabolites to produce nucleotides,
red blood cells, and methyl groups for subsequent methyla-
tion in DNA, RNA, and/or protein molecules [7]. Deficiency of
folate results in numerous health conditions, including but
not limited to neural tube defects, macrocytic anemia, hyper-
homocysteinemia, homocystinuria, and stroke [37-39].
Humans are unable to make folate by themselves and
meet their needs largely by dietary intake [7]. Larger doses
of folate may be required for patients with single nucleotide
polymorphisms (SNPs) in 5-methyl tetrahydrofolate reduc-
tase and other folate-related metabolic genes. SNPs inactivate

5-methyl tetrahydrofolate reductase, thereby suppressing 5-
methyl-tetrahydrofolate production [40].

Dietary folates impact the composition and function of the
gut microbiome. High plasma levels of folate and cobalamin
levels are positively correlated with the enhanced richness of
some commensal bacteria, such as Bifidobacteria, Akkerman-
sia, and Faecalibacterium, which are also accompanied by a de-
crease in plasma homocysteine levels [41,42]. On the other
hand, deficiencies of folate and cobalamin alter the richness
of Bacteroidia and Clostridia in amyloid-g-infused rats with
Alzheimer’s disease-like dementia [43]. Furthermore, mater-
nal folate deficiency can also impact infant gut microbiome
composition [44], which in the long term, may suppress the
development of the immunity system in infants [44-47]. A
caution on these findings is that many are correlation stud-
ies that do not reflect cause and effect.

Gut microbiota can produce certain amounts of folate,
cobalamin, riboflavin, and pyridoxal phosphate, which do not
meet human needs [48]. The gut microbe Lactobacillus reuteri
has diverse functions in modulating human cytokine produc-
tion and synthesis of folate and cobalamin [42]. Roth et al.
reported that L reuteri 6475 produces 2-carbon-transporting
folate in the form of 5,10-ethenyl-tetrahydrofolate polygluta-
mate [49]. Bifidobacterium is another bacterial genus that has
been extensively confirmed to produce folate and other vita-
mins [50]. Microbiome-derived folates are primarily absorbed
in the colon, whereas dietary folates are largely absorbed in
the small intestine [51].

The mechanism of action of microbiota-generated fo-
lates is not well established. A vast majority of experimen-
tal findings are interpreted through the foundation of fo-
late metabolism and function in mammalian cells [51]. Fu-
ture studies are needed to precisely distinguish gut microbe-
produced folates from dietary folates and to validate whether
gut microbiota-synthesized folate is essential only for the
function of local/intestinal tissues.

7. Carotenoids’ interaction with the
microbiome

Carotenoids are fat-soluble pigments often found in colorful
foods, such as fruits, vegetables, egg yolks, and some seafood.
They are 40-C organic molecules with or without ionone rings.
There are only about a dozen carotenoids identified in the
human plasma, although more than 700 carotenoids have
been found in nature. Some carotenoids, named pro-vitamin
A carotenoids, can be catabolized into retinal (RAL) by 8 -
carotene oxygenase 1 (BCO1) symmetric cleavage at the 15,
15’ site, such as g-carotene, a-carotene, and g-cryptoxanthin
[52-54]. There is a subgroup of oxygenized carotenoids, called
xanthophylls, such as lutein and zeaxanthin. Lutein and zeax-
anthin are widely distributed throughout human bodies and
are highly accumulated in the human macula [53]. 8-carotene
oxygenase 2, asymmetrically cleaves at the 9 and 10’ sites
and is the sole xanthophyll cleavage enzyme found in the
inner membranes of mammalian mitochondria [53,54]. Low
plasma carotenoid levels are found in patients with chronic
diseases, such as obesity, type 2 diabetes, cancer, osteoporo-
sis, and macular degeneration [55-57].
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In terms of carotenoid metabolism, experimental data
largely collected from animal and/or cell culture studies sug-
gest that dietary carotenoid metabolism is insufficient; only
10-20% of the amount ingested is absorbed in the human
small intestine. Most dietary xanthophylls reach the large
intestine. In vitro studies suggest that xanthophylls are not
well recovered in the colonic fraction either (only 10-50%)
[55]. Thus, carotenoids could be “fermented” in the gut by
an unclear mechanism, possibly by members of the gut
microbiota.

Our understanding of the carotenoid-gut microbiome in-
teraction is still at an early stage. There is no solid and
mechanistic evidence to elucidate how carotenoids exactly
alter gut microbiome composition and function [58]. Pre-
vious work from our group and others in animal mod-
els and human participants suggest that carotenoids, pri-
marily B-carotene, astaxanthin, and zeaxanthin, enhance
large intestinal tight junction protein expression, reduce pro-
inflammatory cytokine, and alter the gut microbiota in a pat-
tern suggesting their anti-inflammatory properties [59-65].
For example, we reported that astaxanthin intake is asso-
ciated with the increased abundance of Actinobacteria, Bifi-
dobacterium, and Akkermansia muciniphila in mice, suggest-
ing that these microbes have a potential property to reduce
inflammation [65].

Carotenoid biosynthesis by gut microbiota is underex-
plored. According to the gene prediction of the human mi-
crobiome sequence, carotenoids could be possibly produced
by gut microbes in the human gut. Early work indicated
that bacteria (sometimes referred to as carotenogenic bac-
teria), can synthesize carotenoids, such as Firmicutes to Bac-
teroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobiota
[66-69]. However, there are only carotenoid precursors, 4, 4'-
diaponeurosporenes (with a 30 carbon basic structure), but
not typical C40 carotenoids synthesized in some lactic acid
bacteria (Fig. 2) [66,67,70-72]. Altogether, carotenoids are vi-
tal for human health. From an evolutionary perspective, the
expression of carotenoid precursor genes and the synthe-
sis of carotenoids (or carotenoid precursors) could be ben-
eficial for gut microbiota survival and stress responses, al-
though future research is warranted to fully discover the in-
terplay of carotenoids with gut microbiome in health and
diseases.

8. Vitamin A: more than meets the eye

Vitamin A is a fat-soluble and essential nutrient for human
beings. There are 2 forms of vitamin A in the diet: pre-
formed vitamin A (retinol and retinyl esters) and provitamin
A carotenoids that can be converted to vitamin A by BCO1
catabolism [7,54]. Retinol (ROL) is a predominant form of the
vitamin binding to retinol-binding proteins, such as RBP4 in
circulation [73]. Intercellular metabolism of ROL is possibly
through key enzymes, for example, ROL dehydrogenase and
RAL dehydrogenase in the production of RAL and retinoic acid
(RA), respectively [7]. In terms of genetic contributions to hu-
man vitamin A status, SNPs are the most common genetic
variations that have been most well-studied in humans [74].
To date, there are at least rs1501299, rs6564851, rs12934922,

and rs11646692 SNPs identified in the human BCO1 gene. In-
dividuals, particularly vegetarians and vegans who rely highly
on plant-derived provitamin A carotenoids as their vitamin A
sources, are at higher risk for vitamin A deficiency when they
carry BCO1 SNPs, as these mutations suppress BCO1 enzy-
matic activities in the conversion of provitamin A carotenoids
to RAL [75,76].

Vitamin A metabolites exert distinct functions in human
health and immunity. A deficiency of vitamin A alters the
gut microbiome composition. A great number of publica-
tions show that changes in vitamin A-associated gut micro-
biome richness differ by sex/gender, age, lifestyle, eating be-
havior, and overall health conditions [48]. The role of vita-
min A deficiency in the interplay between immunity and gut
microbiome in humans is limiting. Infants up to 2 years of
age were studied to research a combination of these vari-
ables [77]. Vitamin A supplementation affected the abun-
dance of fecal Bifidobacterium, a beneficial commensal, or Pro-
teobacteria, a phylum containing enteric pathogens. Boys had
an increase in Bifidobacterium with vitamin A supplementa-
tion and girls did not have any change. The authors con-
cluded that vitamin A did improve the health of the in-
fants through this observation, but additional studies on hu-
mans are needed. The results appeared to be marginal be-
cause only 1 sex was impacted [77]. Studies with adults may
be preferred in the future to further elucidate how vitamin
A plays a role at the interface of host-commensal-pathogen
interactions.

Most recent studies in animal models reveal that the ir-
reversible conversion of ROL to RA in the small intestine by
gut microbiota is vital to the host mucosal immunity and in-
fection (Fig. 2) [78-84]. RA is a key player in the maturation
and activation of type 3 innate lymphoid cells [78]. Promising
findings confirmed that, at least in rodent models, commensal
microbiota is essential to convert dietary ROL to RA in mucus
layers and subsequent regulation of mucosal immunity. Sano
etal. presented that segmented filamentous bacteria (SFBs) di-
rectly contact the mucosal cells in the ileum and induce serum
amyloid A proteins, leading to the promotion of local effector
Th17 responses [79]. Bang et al. further discovered that serum
amyloid A proteins deliver ROL to myeloid cells in the lam-
ina propria through low-density lipoprotein receptor-related
protein 1, where ROL is catabolized to RA and thereby acti-
vates CD4" T cells and B cells, resulting in the promotion of
adaptive immunity [80,81]. Further, other commensal bacteria,
such as Lactobacillus spp, Bacillus cereus, Faecalibaculum roden-
tium, and Bifidobacterium bifidum can convert dietary retinol to
RA in the mucus layer by microbial aldehyde dehydrogenase
[82-84]. Then RA can be absorbed into the enterocytes and in-
teracts with the RA receptor, thereby regulating gene expres-
sion related to adaptive immunity against enteric infection in
mice [82-84].

Collectively, commensal bacteria and SFBs in the small
intestine can promote the host’s local mucosal immunity
through control of dietary vitamin A metabolism (e.g., conver-
sion of ROL to RAL and/or RA) (Fig. 2). On the other hand, there
is no evidence to support that gut microbiota can synthesize
retinol de novo thus far. However, microbiome homeostasis
can be bidirectionally regulated by vitamin A metabolism in
mammals.



36 NUTRITION RESEARCH 112 (2023) 3045

Mucus Intestinal . Lamina propria
. epithelium |
Carotenoid =it ]
precursors YUt
S |
Myeloid cell
|
|
||r1 HFT1I1 s A
—-Retlnol ) : :
Commensal a | ) a
bacteria ! '
SAA ‘/
L. .. ®
: Mucins k= '
Dietary o e
retinols = | l
Aldh

= J

iR . |l|ll[l.lllll Adap‘ti\re

. ® — ____'.—> o .
Retinoic ,ssa e =" | immunity

acids * e_)°, '
-M:- :.

Enteric infection

o :'
*r\U‘\P =

|'|['I TIII TI'II

Tlght junctlon

Fig. 2 - The complexity of the intestinal metabolism of carotenoids and vitamin A in mammals. Some commensal bacteria
are capable to synthesize carotenoid precursors (a form of 30 carbon [C30] carotenoids) in the lumen of the human gut,
though the fate of these newly synthesized carotenoid precursors is unknown. Commensal bacteria and/or segmented
filamentous bacteria (SFBs) can convert dietary vitamin A into retinoid acid (RA) in the mucus layer; SFBs also can upregulate
serum amyloid A proteins (SAAs), a retinol-binding protein in the intestinal cells, to deliver retinol (ROL) to myeloid cells for
further conversion to RA, thereby altering intestinal adaptive immunity against enteric infection in mice. Goblet cells secret
mucin proteins into the lumen in the formation of mucus. The figure was produced using Biorender software.

o. Vitamin D: a hormone communicating with
the microbiome

Vitamin D is 1 of the most important vitamins because it also
has a role as a hormone, thus allowing a greater number of
reactions it is responsible for. This vitamin is found in bacte-
ria, fungi, protozoans, and viruses [7]. A lack of vitamin D can
lead to inflammatory diseases, such as IBS, Crohn disease, and
ulcerative colitis. These diseases interact with genes, environ-
ment, and gut microflora [85,86]. Dietary supplementation of
vitamin D is associated with the mitigation of IBS [87]. This vi-
tamin requires a nuclear receptor as a partner and, specifically,
the gut epithelium is restored to normal in the host by the vi-
tamin D/nuclear receptor complex. This suggests the complex
may inhibit inflammation in IBS [88,89]. The microbiome has
these receptors that influence xenobiotic metabolism, fat stor-
age, and renewal of GI epithelial cells [88,89].

It appears that the roles of vitamin D influence the im-
mune system as an immune mediator [89]. Vitamin D defi-
ciency is more common in patients with IBS compared with
healthy populations. The active form of vitamin D (1,25-(0OH),-
vitamin Ds) regulates the GI microbiome and promotes anti-

inflammatory and tolerogenic immune responses [89]. Innate
immunity as a result of vitamin D3 induces antimicrobial com-
pounds by promoting T cells and cytokines in the host [90].

An unanswered question is “How does deletion of vitamin
D affect the microbiota metabolites?” [89,91]. Mice with tissue-
specific vitamin D receptor (VDR) deletions that are tissue-
specific in intestinal epithelial cells and myeloid cells were
used to answer this question [92]. Microbiota metabolites from
the host carbohydrates, proteins, lipids, and bile acids were
changed in mice with the deletion of VDR [91]. Deletion of VDR
affected 84 of more than 700 biochemicals because VDR status
compared with 530 changes resulting from a high-fat diet [91].

Multiple sclerosis is a neuroinflammatory disease. The pro-
gression of this disease can be modulated by the gut mi-
crobiota, diet, and vitamins A and D [93]. The mechanisms
of how the microbiome impacts vitamin D metabolism and
multiple sclerosis are mixed. Microbiota-derived metabolites
can also regulate VDR gene expression in the host, thus in-
directly impacting vitamin D metabolism and function [93]. A
high saturated-fat diet induces gut microbiome compositional
shifts and functional changes, and subsequential intestinal
inflammation, thereby altering the blood-brain barrier and re-
sulting in neuroinflammation [94].



NUTRITION RESEARCH 112 (2023) 30-45 37

A vitamin D deficiency may lead to increased colorec-
tal cancer risk. A case-control study of human fecal micro-
biota with vitamin D supplementation was conducted. The
data were adjusted for vitamin D and other risk factors and
revealed that the microbiome with an increased Bifidobacte-
ria/Escherichia ratio is thought to decrease colorectal cancer
risk [95].

Tabatabaeizadeh et al. reported compositional changes in
the microbiome of adolescent girls given vitamin D supple-
ments, Bacteroidetes and Lactobacillus decreased with vitamin
D supplementation, whereas Firmicutes and Bifidobacterium in-
creased [96]. This demonstrates the impact that a high vitamin
D intake can change the composition of the gut microbiome in
humans. Future studies are needed for a better understanding
of the mechanisms and the benefits achieved by which vita-
min D affects the gut microbiome [96].

10.  Zinc: an essential nutrient for the gut
microbiome and the host immunity

Zinc is a trace element and exerts many functions in host
cells and the gut microbiome (Fig. 3). In the host GI tract,
dietary zinc is liberated to the free form from dietary pro-
tein before absorption in the enterocyte and gut microbes. At
physiologic levels of intestinal zinc, the predominant mech-
anism of absorption appears to be transporter-mediated via
divalent metal transporter 1, zinc transporter 4 (ZIP4), and
ZIP14 [97-103]. Zinc also diffuses through the intestinal mu-
cosa into the lamina propria by paracellular diffusion [7]. Ab-
sorbed zinc is exported out of the enterocyte by Zn trans-
porter 1 (ZnT1) [98-101]. ZnT7 and ZIP7 are carriers in the in-
tracellular transport of zinc. Metallothionein (MT) is a zinc-
binding protein to store zinc as an intracellular buffering
pool in the mucosa and other types of cells (Fig. 3). Zinc
supplementation in humans can decrease inflammation of
the GI tract. This observation may lead to an increase in
MT levels, followed by a decrease in inflammation [99,104—
106]. On the other hand, low MT expression is present in in-
flammatory bowel disease patients [106] and intestinal colitis
rodents [107].

Zinc is an essential trace nutrient for gut microbiota as
well, though the information on the metabolic mechanism is
still limited. Therefore, as shown in Table 2, a list of several
zinc-dependent enzymes and their functions in mammalian
cells would be beneficial for understanding zinc metabolism
in gut microbiota. Presumably, there would be some similar
or comparable metabolic features in these microbes, com-
pared with mammals. Zinc homeostasis in gut microbes is
maintained by zinc uptake via ZnuABC and ZupT trans-
porters and zinc export by exporters ZntA and ZitB (Fig. 3)
[104,105,108,109]. For some Enterobacteriaceae with limited zinc
availability from the environment (as being sequestrated by
calprotectin) and/or the deletion of zinc transporters, their
colonization in the inflamed gut is enhanced via a zincophore-
mediated zinc acquisition mechanism in zinc-limited media
[110].

The studies demonstrated that zinc could affect gut micro-
biome composition and function [104]. Abnormal gut physi-

ology and microbiota composition may result in an increase
in inflammatory proteins during pregnancy [111]. On the
other hand, microbiota composition, gut pathology, and cy-
tokines can be rescued by an amino acid-conjugated zinc
complex, suggesting that a zinc deficiency may contribute to
abnormal gut-brain signaling by altered physiology and mi-
crobiota composition [112]. In school-age children, zinc de-
ficiency is associated with the elevation of serum inflam-
matory cytokines, an increase in the Shannon index (an in-
dicator of alpha diversity of microbial communities) of the
fecal microbiome, and enhanced richness in fecal Coprobac-
ter, Acetivibrio, Paraprevotella, and Clostridium_XI [113]. In con-
trast, increased zinc in the gut results in the alteration of
gut microbiota that appears linked to inflammation and pan-
creatitis, autism spectrum disorder, attention deficit disor-
der, attention deficit hyperactivity disorder, and fetal alcohol
syndrome [114].

It appears that there is a zinc competition among the mi-
crobiota population in the GI tract. Zinc uptake by a high-
affinity ZnuABC transporter is required for Campylobacter jejuni
survival and growth in chickens with a normal microbiota but
not when chickens are raised with a limited microbiota [115].
Without the ZnuABC transporter, C jejuni is unable to replicate
or colonize in the GI tract [115], implicating that limiting zinc
levels in chicken could limit human infection caused by C je-
juni.

In addition to the deleterious changes mentioned earlier
in zinc deficiency, autism spectrum disorder appears limited
to gut problems and altered microbiota. Mice made zinc defi-
cient in the prenatal stage appear to have autism spectrum
behavior [111]. Biological studies collectively exhibit altered
gut physiology and proinflammatory signaling. Neuroinflam-
mation and gut composition are similar to autism spectrum
disorder in humans [111].

Excess diet zinc can decrease the level of antibiotics to con-
fer susceptibility to Clostridium difficile [116]. The Zn-binding
5100 protein calprotectin shows antimicrobial effects against
C difficile through chelating zinc in the lumen, which leads to
limited zinc availability for this pathogen colonization in the
gut [116-118].

On C difficile invasion, the intestinal immune system is ac-
tivated, and calprotectin is released from the activated im-
mune cells, particularly neutrophils, and eventually translo-
cated across the intestinal epithelial cells. Calprotectin is a
calcium- and zinc-binding protein, that can be used as an indi-
rect marker of intestinal inflammation. Calprotectin released
from the gut can bind zinc and limit the availability of zinc for
pathogen colonization in the gut (Fig. 3) [109,116].

Another zinc transporter, ZIP8, is used as a host defense
mechanism as well. A defect in ZIP8 gene impairs the host’s
defense against pneumonia because it can facilitate bacterial
effects [119]. Variants of myeloid-specific ZIP8 can decrease
the uptake of zinc and lead to intestinal microbiome dysbio-
sis and an increase in susceptibility to Streptococcus pneumo-
niae infection in the lung tissues of mice. In summary, zinc is
a cofactor essential for microbiota-host communication. Pos-
sible perturbations in zinc homeostasis may impact the host
immunity in the host and microbiome communities (Fig. 3)
[120].
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Fig. 3 - Zinc is an essential nutrient for gut microbiota and host cells. After digestion, zinc is absorbed through divalent
metal transporter 1 (DMT1) and zinc transporters 4 and 14 (ZIP4 and ZIP14). Zinc also diffuses through the intestinal mucosa
into the lamina propria by paracellular diffusion. Zinc is exported out of the enterocyte to the blood by the Zn transporter 1
(ZnT1) and picked up by blood proteins. ZnT7 and ZIP7 are carriers in the intracellular transport of zinc. Metallothionein
(MT) is a zinc-binding protein to store zinc. Zinc homeostasis in gut microbes is maintained by zinc uptake via ZnuABC and
ZupT transporters and export by exporters ZntA and ZitB. On pathogen infection, the intestinal immune system is activated
and calprotectin is released from the activated immune cells, particularly neutrophils, and translocated across the intestinal
epithelial cells into the lumen. Calprotectin, a calcium- and zinc-binding immune protein, can bind zinc and limit the
availability of zinc for pathogens’ colonization in the gut. The figure was produced using Biorender software. ZIP, zinc
transporter.

Table 2 - Zinc-dependent enzymes and function in humans

Enzyme Overall functions

Alkaline phosphatase Mineralization of bone matrix

Alcohol dehydrogenase Oxidation of ethanol in the cytosol, primarily in hepatocyte
Angiotensin-converting enzyme Angiotensin I to II conversion

Aspartate transcarbamylase Pyrimidine synthesis

Carbonic acid anhydrase Interconverts CO, and H,O to carbonic acid

Carboxypeptidases A and B Protein digestion

DNA and RNA polymerases DNA replication and transcription

Elastase Connective tissue elastin digestion

Fructose 1, 6-biphosphatatase Gluconeogenesis (synthesis of carbohydrates from noncarbohydrate sources)
Gustin Taste acuity

Phosphodiesterase Cleaves phosphodiester bonds (i.e., nucleic acid)

Lactase dehydrogenase Reversible oxidation/reduction interconversion of pyruvate and lactic acid
Leukotriene hydrolase Eicosanoid metabolism

Pyruvate dehydrogenase Pyruvate to acetyl coenzyme A conversion within the mitochondria
Reverse transcriptase DNA replication

Superoxide dismutase Cytosolic antioxidant
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11. Iron and the microbiome

Iron is one of the most important trace elements worldwide
as insufficient levels of dietary iron are often reported in both
industrialized and nonindustrialized nations [121]. There are
varying degrees of clinical markers of iron stores. Hemoglobin
levels are a crude level of iron status because this marker does
not decrease until other stores are depleted. Hematocrit (a per-
cent of the blood composed of red blood cells) is also a crude
method. A protein that binds iron and is a sensitive marker of
iron status is ferritin [7].

Iron supplements are often administered to correct ane-
mia, especially in infants and children, and efforts to ad-
minister iron-fortified powders are often used. It is not un-
common to believe that iron supplements are healthy for
young children and infants. Iron deficiency often results in
IBS and Crohn disease [122,123]. Supplementation of fer-
rous sulfate enhanced the richness of Bacteroides spp in
the microbiome of both healthy and IBS groups [124]. How-
ever, hepcidin, a hormone that regulates iron status, can
influence iron metabolism, homeostasis, and inflammation.
These changes in hepcidin influence inflammatory expres-
sion and inflammatory cytokines and can induce hepcidin
expression, thereby altering iron homeostasis. Inflamma-
tory bowel disease is greater with higher hepcidin in some
studies [125,126]. It is unknown if there is a causal role of
iron in IBS because the disease is considered multifactorial
[127].

Experiments on infection with Salmonella enterica reveal
that the iron-deficient group fared better than the iron-
sufficient mice [128]. The weight of spleen size adjusted for
body weight was greater in iron-sufficient mice. The iron de-
position was linked to higher body weight and enteric in-
fection. An increase in colonic iron may adversely affect the
gut microbiome in that they decrease the beneficial bar-
rier commensal gut bacteria (e.g., Bifidobacteria, Lactobacilli)
and increase the abundance of enterobacteria including en-
teropathogenic Escherichia coli [129]. These changes are associ-
ated with increased gut inflammation [130,131]. Where enteric
infection is common, a different strategy of iron supplemen-
tation needs greater research. Surprisingly, this is 1 of the few
trace macrobiotics to have a negative outcome on the health
of young people.

In addition to iron deficiency impacting the microbiota, the
issues of hemochromatosis or excess iron storage can also
shift the composition of the microbiota. Studies have been
conducted on pigs given increased levels of iron from 50- to
800-mg/kg diets. The tissues accumulated the iron propor-
tional to the increase in dietary iron. Lactobacillus amylovorus
went down, whereas Lactobacillus reuteri increased with in-
creased iron supplementation, thereby suggesting iron levels
in the nearly toxic range can increase the composition of cer-
tain bacterial species [132].

Colorectal cancer is often linked to anemia and iron de-
ficiency. Oral and intravenous iron often treat the deficiency.
However, there is a negative issue in that excess iron can en-
hance colorectal carcinogenesis [131]. This may likely increase
a microbiome shift to pathogenic bacteria from protective bac-
teria, which promotes inflammation and carcinogenesis.

As summarized earlier, iron deficiency is often corrected
by supplementation, especially in young children and preg-
nant and lactating mothers, and in parts of the world where
anemia is frequent. However, it would appear that iron supple-
mentation can have harmful effects, especially in the gut. Pub-
lic health measures need to be studied to have guidelines on
when supplementation should be used and when consump-
tion should be curtailed.

12. Limitations of current studies

Overall, the published research supports the statement that
gut microbiome homeostasis is critical for human health.
However, there are some concerns about the current micro-
biome work cited, for example, small sample sizes in some
human clinical studies. For animal work, housing conditions
(e.g., single or group housing, bedding condition) are com-
monly underdescribed. Housing is critical because it directly
impacts research outcomes. Mice are coprophagic animals.
Gut microbiota samples from the same cage of cohoused mice
should be considered 1 sample. However, single housing is not
a good choice for mice either because they are social animals.
Small animal numbers per group and single-sex animals are
also commonly found in many studies. Contamination of fecal
microbiome samples is also a concern as well. Further, most
published works are studies. The causality of the alteration
of the microbiome homeostasis to clinical disease outcomes
is yet to be established. Functionality studies are also lim-
ited. The function of metabolites derived from micronutrient-
altered microbiota, such as SCFAs, secondary bile acids, and
indole derivatives, needs more extensive investigation. Stud-
ies in GMT with a particular taxon but not populations of
microbiota community could be expected as well. Taken to-
gether, microbiome research is still at an early stage. There is
room for improvement in experimental design and data inter-
pretation. Whether alteration of gut microbiome homeostasis
can be considered a risk factor for chronic diseases warrants
more mechanistic studies.

13.  The concept of precision microbiome

Most members of human gut microbiota are oxygen sensitive,
grow slowly, and require complex nutrients [133,134]. Isolation
and characterization of strict anaerobes are especially chal-
lenging. Most current microbiome studies heavily rely on 16S
rRNA and metagenomic sequencing to predict compositions
and functions [135]. A deeper understanding of the micro-
biome features of the individuals but not the population could
contribute to the future development of a well-defined strat-
egy to meet an individual’s need for gut microbiome home-
ostasis.

The precision microbiome is the concept newly developed
to address the health needs from aspects of the microbiome
in humans, by personalized multispecies microbiota supple-
mentation, in combination with personalized nutrition. Ulti-
mately, the microbiome homeostasis is achieved through de-
pleting diseases-associated microbiome and enriching benefi-
cial microbiome populations. For example, application of ben-
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eficial Bifidobacterium and Akkermansia in combination with
increased intake of nondigestible fibers would be expected
to have a synergistic effect on the restoration of gut micro-
biome homeostasis and the digestive health. Therefore, pre-
cision microbiome research will be highly transformative and
translational.

16s rRNA sequencing is the most cost-effective approach
for research laboratories and clinical diagnosis in micro-
biome research. However, it also has significant limitations
because of the power of sequencing and a bias of primers
designed to amply the gene that is not 100% conserved
across the microbiota community [136,137]. Large-scale meta-
omics approaches, such as metagenomics, metatranscrip-
tomics, metaproteomics, and metabolomics, offer great an-
alytical opportunities to understand how gut microbiome
maintains its homeostasis and responds to the environment
and host as a whole community and as individual strains
[138-140]. Application of meta-omics will lead to the iden-
tification of microbiome species/strains, characterization of
metabolic pathways and metabolites, and development of po-
tential treatments for human diseases [138]. However, meta-
omics are complex and expensive and rely on other tech-
niques such as statistical and computational assessments and
network analyses [140]. Further, the functional analyses in the
combination of an anaerobic culture of gut microbiota with
microbiome transplant are still warranted to unlock the po-
tential for developing and using isolated taxa and/or metabo-
lites for applications in preventing chronic diseases.

14. Summary

Classically, digestion and absorption have mainly been
thought of as the functions of the small intestine. The colon
was relegated to fluid absorption and storage of undigested
food (fecal matter). We now know that the colon is a major
part of the microbiome organ system and plays a vital role
in pathogenic and beneficial bacteria homeostasis. In sum-
mary, we can link health and disease with the microbiome. Ex-
amples of promotion of health with micronutrients, intestine,
and microbiome include sufficient and balanced micronutri-
ent availability, maintenance of the gut microbiome home-
ostasis, integrity of intestinal immunity, and precise regula-
tion of the micronutrients-gut microbiome (the host).

The microbiome in the intestine varies greatly. The micro-
biome is dynamically shaped/reshaped by diets, environmen-
tal factors, and host health conditions. Therefore, this micro-
bial heterogeneity across populations will make it possible for
developing future strategies to precisely reengineer the gut
microbiota community by the precision microbiome and pre-
cision nutrition, thereby promoting human health.
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