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Abstract: Iron is a vital trace element that plays an important role in humans and other organisms. It
plays an active role in the growth, development, and reproduction of bacteria, such as Bifidobacteria.
Iron deficiency or excess can negatively affect bacterial hosts. Studies have reported a major role
of iron in the human intestine, which is necessary for maintaining body homeostasis and intestinal
barrier function. Organisms can maintain their normal activities and regulate some cancer cells in the
body by regulating iron excretion and iron-dependent ferroptosis. In addition, iron can modify the
interaction between hosts and microorganisms by altering their growth and virulence or by affecting
the immune system of the host. Lactic acid bacteria such as Lactobacillus acidophilus (L. acidophilus),
Lactobacillus rhamnosus (L. rhamnosus), and Lactobacillus casei (L. casei) were reported to increase trace
elements, protect the host intestinal barrier, mitigate intestinal inflammation, and regulate immune
function. This review article focuses on the two aspects of the iron and gut and generally summarizes
the mechanistic role of iron ions in intestinal immunity and the remodeling of gut microbiota.

Keywords: iron; iron homeostasis; intestinal immunity; gut; gut microbiota

1. Introduction

Gut microbiota plays a major role in the initial formation and enhancement of the
human immune system. As medical research progresses, the association between gut
microbiota and intestinal immunity has become increasingly important due to its close rela-
tionship with human health and potential novel therapeutics. Research on gut microbiota
dates back more than a century, with Nobel laureate in Medicine, Ilya Mechnikov, being the
first to delve into this field. He observed that elderly individuals in Bulgaria had a fondness
for consuming yogurt, and hypothesized that a healthy gut microbiota could help extend
life [1]. Subsequently, in 2005, Robin Warren and Barry Marshall were awarded the Nobel
Prize in Physiology or Medicine for their discovery that Helicobacter pylori is the cause of
human gastritis, stomach ulcers, and duodenal ulcers [2]. This exemplifies that the answer
to many human health issues may not be solely within the host but could be related to the
host microbiome. Recent studies have shown that gut microbiota can stimulate anti-tumor
immune response by regulating CD8+ T cells, T helper 1 (Th1) cells, and tumor-associated
bone marrow cells in order to improve tumor immune evasion [3,4]. Therefore, gut micro-
biota reprogramming is an essential scientific research approach for treating cancer and
regulating the homeostasis of the tumor microenvironment. Iron ions are the key factors in
sustaining homeostasis and play a vital role in maintaining the internal equilibrium of the
body. Studies have shown that iron influences the homeostasis of gut microbiota, thereby
showing a close correlation between them. However, any disturbance or remodeling of
gut microbiota can cause an imbalance in the physiological function of the human body
or other host environments, leading to health problems [5–7]. However, there are several
different views on the definition of gut microbiota dysbiosis [8]. Researchers have different
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views on the disruption of internal environmental equilibrium. For instance, some have
suggested three types of microecological imbalances, such as the “overgrowth of pathogenic
organisms” and the “loss of symbiosis or diversity”, whereas others have classified them
into four types: loss of key groups, reduction in diversity, changes in metabolic capacity,
or proliferation of pathogens. This gives a broad range of definitions for the disruption of
internal environmental balance [7]. As the microbiota dysbiosis of different diseases varies,
it is important to investigate the true causes of their dysbiosis in order to develop effective
therapeutic strategies to gain a better understanding of this field. This review article aims
to provide a comprehensive overview of iron ion homeostasis, intestinal immunity, gut
microbiota remodeling, and the correlations among them, thus laying a foundation for
further exploration of the field.

2. Overview and Role of Iron

Iron is an essential trace element that is required by almost all organisms [9]. Or-
ganisms have evolved mechanisms to preserve and recycle iron internally. The average
amount of iron in a grown adult is approximately 3–4 g, while the amount of iron lost
daily is merely 1–2 mg [10]. In order to maintain iron balance, a healthy person must
consume an equivalent amount of iron in their diet, mostly in the form of vegetables and
meat. After the iron is absorbed into the body of an organism, it directly participates in the
iron circulation mechanism. There are four main cell types that regulate iron circulation
in the body (Figure 1): intestinal cells in the duodenum obtain iron from food; red blood
cell precursors in the bone marrow add iron to the hemoglobin [11]; macrophages in the
liver, spleen, and bone marrow reclaim iron; and liver cells store iron [12]. Iron circulation
is regulated by several factors that can sense iron levels and, subsequently, regulate the
expression of genes required for iron homeostasis, where hepcidin—ferroportin (FPN) in-
teraction is a major regulatory mechanism. FPN is a transmembrane protein that mediates
the circulation of iron, permitting it to be transported from the cells to the bloodstream [13].
A study showed a high concentration of FPN in the intestinal cells, macrophages, and liver
cells [14]. Further, a study by Adriana Donovan et al. reported the importance of FPN
in iron output and revealed that the absence of iron absence led to embryonic death [15],
thereby demonstrating its critical role in development.

Iron has the capacity to donate or accept electrons in both the cellular and extracellular
environments, which makes it a multifunctional catalyst in numerous enzymes involved in
energy production, essential biosynthetic pathways, and the generation of reactive oxygen
species (ROS) for host defense. Iron also coordinates with hemoglobin and myoglobin for
oxygen transport and cellular storage, respectively [16]. Iron is present in living organisms
in three forms: attached to protein side chains [17], complexed in the heme porphyrin
ring [18], and as a part of iron-sulfur clusters [19]. When not in these controlled chemical
environments, iron can disrupt cell and tissue functions. Iron, in its ferrous form, also
plays an important role in the mechanism of iron death [20,21], so the uptake, storage, and
use of iron need to be strictly controlled. In fact, all organisms have developed complex
mechanisms to regulate iron levels [22–24].
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Figure 1. The four major cell types are responsible for controlling the iron cycle in the body. Dietary 
iron is absorbed by the small intestinal cells in the duodenum and binds to transferrin in plasma, 
which is mainly used to produce hemoglobin for new red blood cells. Macrophages recover most of 
the iron in the body by engulfing red blood cells and breaking down their heme fraction, and then 
reloading it onto lipotransferrin. Too much iron is stored in the liver’s ferritin. Tf, transferrin. 

3. Iron Homeostasis 
3.1. The Transportation of Iron in and out of Cells 

Iron homeostasis is a process that involves the uptake, storage, and utilization of 
iron and is managed by proteins, which control iron transport, isolation, and sensing. 
These proteins regulate iron levels at both cellular and biological levels based on the en-
vironmental concentration of iron, erythropoiesis requirements, body load of iron, and 
redox stimulation [25]. Iron homeostasis is determined by the activity of six cell types 
such as visceral endoderm and placental cells located outside the embryo, absorbent in-
testinal cells, erythroid precursors, recovered macrophages, and hepatocytes [26]. These 
cells are categorized into three main groups: intestinal epithelial cells, which transfer iron 
through the apical and lateral basement membrane (placental cells and intestinal cells); 
the cells that store and release iron when necessary (macrophages and hepatocytes); and 
the cells that use iron but do not release it until they die (erythroid precursors). The ac-
tivities of these cells regulate the iron pool bound to transferrin [27]. Cells need to interact 
with iron; however, iron cannot pass through the cell membrane without assistance, 
which is provided by two types of transmembrane transport proteins, including Iron-Ion 
Transporter SLC11A2 (DMT1, Nramp2, and DCT1) and iron transport proteins (FPN, 
SLC40A1, IREG1, and MTP1) [28]. SLC11A2 acts as an iron importer, which takes up iron 
into the cells, whereas iron transporters act as iron exporters, which transfer the iron out 
of the cells [29]. Notably, FPN is the only known mammalian cell iron transporter pro-
tein. SLC11A2 is present in the apical membrane of the proximal intestinal epithelial cells, 

Figure 1. The four major cell types are responsible for controlling the iron cycle in the body. Dietary
iron is absorbed by the small intestinal cells in the duodenum and binds to transferrin in plasma,
which is mainly used to produce hemoglobin for new red blood cells. Macrophages recover most of
the iron in the body by engulfing red blood cells and breaking down their heme fraction, and then
reloading it onto lipotransferrin. Too much iron is stored in the liver’s ferritin. Tf, transferrin.

3. Iron Homeostasis
3.1. The Transportation of Iron in and out of Cells

Iron homeostasis is a process that involves the uptake, storage, and utilization of
iron and is managed by proteins, which control iron transport, isolation, and sensing.
These proteins regulate iron levels at both cellular and biological levels based on the
environmental concentration of iron, erythropoiesis requirements, body load of iron, and
redox stimulation [25]. Iron homeostasis is determined by the activity of six cell types such
as visceral endoderm and placental cells located outside the embryo, absorbent intestinal
cells, erythroid precursors, recovered macrophages, and hepatocytes [26]. These cells are
categorized into three main groups: intestinal epithelial cells, which transfer iron through
the apical and lateral basement membrane (placental cells and intestinal cells); the cells
that store and release iron when necessary (macrophages and hepatocytes); and the cells
that use iron but do not release it until they die (erythroid precursors). The activities of
these cells regulate the iron pool bound to transferrin [27]. Cells need to interact with
iron; however, iron cannot pass through the cell membrane without assistance, which is
provided by two types of transmembrane transport proteins, including Iron-Ion Transporter
SLC11A2 (DMT1, Nramp2, and DCT1) and iron transport proteins (FPN, SLC40A1, IREG1,
and MTP1) [28]. SLC11A2 acts as an iron importer, which takes up iron into the cells,
whereas iron transporters act as iron exporters, which transfer the iron out of the cells [29].
Notably, FPN is the only known mammalian cell iron transporter protein. SLC11A2 is
present in the apical membrane of the proximal intestinal epithelial cells, while FPN is
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found on the outside of the basement membrane. In addition, SLC11A2 is also present in
the endosomes of erythroid precursors, where it facilitates the transferrin cycle for iron
uptake [30]. On the other hand, FPN is not expressed in erythroid cells but is distributed in
the placenta, intestine, reticuloendothelial macrophages, and hepatocytes. The presence
of these transmembrane transporters in the above-mentioned six cell types is essential for
maintaining iron balance, known as iron homeostasis in the body.

In addition, iron intake by the body from the diet mainly includes heme iron and
non-heme iron (Fe3+). After absorbing into the intestinal epithelial cells, the non-heme
iron is reduced to Fe2+ by cytochrome b at the brush edge of the duodenal villi and then
transported by divalent metal-ion transporter 1 (DMT1) [31,32]. Studies have demonstrated
that duodenal cytochrome b (Dcytb) is a homolog of the cytochrome b561 family and
located at the fringes of intestinal epithelial cells. Dcytb is equipped with a resistance
ascorbic acid binding site and uses ascorbic acid as an electron donor to reduce Fe3+ to
Fe2+; this reaction is mediated by an ascorbyl acid-dependent reductase [33]. Red meat is
the primary source of heme iron, which is a combination of cerebral globin, myoglobin,
and porphyrins in the blood. Heme iron is less affected by other factors and is released by
the absorption of Haem carrier protein (HCP-1) and the action of heme oxygenase. It is
then absorbed by the intestinal cells, red blood cells, liver cells, etc., and further enters the
iron cycle, thereby maintaining iron homeostasis in the body [34,35]. The transport process
of iron inside and outside the cell is shown in Figure 2.
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Figure 2. The transport of iron inside and outside cells. After binding to transferrin, iron ions are 
taken into the cell by protein receptors on the cell membrane and are separated from transferrin in 
an acidic environment. Enzymes reduce the ions to ferrous ions, and then they are excreted into the 
cell. Additionally, Dcytb can also convert iron ions to ferrous ions, and DMT1 mediates them into 

Figure 2. The transport of iron inside and outside cells. After binding to transferrin, iron ions are
taken into the cell by protein receptors on the cell membrane and are separated from transferrin in
an acidic environment. Enzymes reduce the ions to ferrous ions, and then they are excreted into the
cell. Additionally, Dcytb can also convert iron ions to ferrous ions, and DMT1 mediates them into
the cell. Some of the iron ions are stored as ferritin, whereas the rest are expelled from the cell, thus
maintaining the iron ion content. Tf, transferrin; TfR, transferrin receptor; DMT1, divalent metal-ion
transporter 1; FPN1, ferroportin 1; Dcytb, duodenal cytochrome b; LIP, iron pool.
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3.2. Mechanisms Exist to Maintain Iron Equilibrium in the Body

Iron homeostasis is regulated by the hepcidin—ferroportin axis, which controls the
absorption of iron from dietary sources, macrophages, and body stores, as well as its
systemic distribution [36]. Hepcidin can induce the degradation of iron transporters, thus
controlling the entry of iron into the bloodstream [37,38]. Hepcidin has been found to be
able to prevent toxicity brought about by too much iron. Studies have shown that hepcidin
is able to prevent toxicity caused by excessive iron through two mechanisms. Firstly,
when the concentration of hepcidin is high, it can block the outward conformation of iron
transporters, thus preventing the efflux of iron from cells. Secondly, hepcidin can induce
the endocytosis and degradation of iron transporters, leading to their permanent removal
from the cell surface. This second mechanism is expected to occur at lower concentrations
of ferritin; however, if the concentration of hepcidin subsequently decreases, it will still
have long-term effects [38].

At the moment, it has been established that iron metabolism is mainly regulated
by DMT1. This is distinct from membrane iron transporter 1 (FPN). DMT1 is the main
iron transporter protein (divalent metal-ion transporter 1) and assists in the uptake of
non-heme iron in the majority of cells [39]. The expression of DMT1 is regulated by the
iron concentration through various translation and degradation pathways to maintain iron
homeostasis. The iron responsive element-iron regulatory protein (IRE/IRP system) is
essential for the management of iron metabolism in cells, overseeing the translation of iron
transporters and correspondingly adjusting intracellular iron levels. The mRNA of the
iron transporter protein contains 5′ IRE, which under iron deficiency conditions, binds
to the iron regulatory proteins IRP1/2 and inhibits the translation of iron transporters,
thus restricting iron output and preserving cellular iron. However, in duodenal cells, the
absence of 5′ IRE in the iron transporter transcripts reduces the cells’ response to their
own iron levels, making them more sensitive to the iron demand from plasma ferritin
concentration [39]. During iron deficiency and anemia, low levels of ferritin cause intestinal
cells to continuously release iron, activating the HIF system (especially HIF2α). This
activation further increases the transcription of iron transporters, as well as other mRNA-
encoding proteins involved in dietary iron uptake (Dcytb and DMT1). This coordinated
increase in top and basal lateral iron transport leads to an overall increase in duodenal iron
uptake [40].

4. Role of Iron Homeostasis and the Harmful Effects of Its Disturbance
4.1. Effect of Iron Homeostasis on the Human Body

Iron ions are the most crucial metal ions in the body and are mainly present in the
form of Fe2+ and Fe3+, which are interchanged by the gain or loss of electrons. This gives
iron its redox ability, allowing it to play a role in the production of hemoglobin, myoglobin,
cytochrome oxidase, etc., as well as activating xanthine oxidase and other activities in the
body [41,42]. However, the redox potential of iron ions can lead to the production of free
radicals, which damage intracellular biomolecules. In order to ensure an optimal iron
level, the body relies on iron transporters, such as the iron intake, storage, and release
proteins, as well as iron regulatory proteins, which collaborate to maintain iron homeostasis.
The imbalance of iron metabolism-related proteins in the body leads to iron metabolism
disorders, which can be divided into two categories: iron deficiency diseases, such as iron
deficiency anemia [43], which causes fatigue and hair loss; and iron overload diseases, such
as hereditary hemochromatosis [44]. Recent studies have also linked systemic or local iron
metabolic disorders to the development of chronic diseases, such as chronic anemia [45],
renal anemia [46], cardiovascular disease, neurodegenerative disease [47], alcoholic liver
disease [48], etc. Therefore, restoring iron homeostasis in the body is essential for the
treatment of these diseases.
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4.2. Role of Iron Homeostasis in the Treatment of Cancer

Recently, researchers have focused on ferroptosis due to its potential in the treatment
of lung, liver, and breast cancers. This iron-dependent form of programmed cell death is
distinct from apoptosis, necrosis, and autophagy [49,50]. Ferroptosis involves the catalysis
of highly expressed unsaturated fatty acids on the cell membrane, leading to lipid perox-
idation and subsequent cancer cell death [51]. Additionally, ferroptosis was reported to
regulate the antioxidant system (glutathione system) to reduce the levels of the core en-
zyme glutathione peroxidase 4 (GPX4) [52]. GPX4 is a key enzyme, regulating glutathione
(GSH) levels, and a major factor in ferroptosis. Ferroptosis is a non-apoptotic form of
cell death, which is caused by the accumulation of iron ions within the cell, leading to an
increase in toxic ROS production. Due to this regulatory pathway, numerous researchers
are attempting to increase oxidative stress in the cancer cells in order to disrupt the redox
balance and induce ferroptosis [53]. Currently, numerous studies have attempted to explore
how ferroptosis can be employed to enhance the treatment of tumors and cancers [54–56].
For instance, some researchers used nanomaterials to introduce iron ions into cells, while
others added reducing agents to activate a reduction in iron ions to ferrous ions, thereby
inducing the Fenton response [57].

4.3. Consequences of Impaired Iron Homeostasis

Iron plays several biological roles, such as oxygen transport, ATP production, energy
metabolism, and DNA synthesis and repair; therefore, it helps to promote the proper
functioning of the cells and body [58]. Impaired iron homeostasis will lead to senescence or
cell death and lead to a variety of diseases, such as Parkinson’s disease, neurodegenerative
diseases, and mental disorders. In the body, iron deficiency or physiologically low levels
of iron will lead to the occurrence of cellular inflammation. Alessia Pagani et al. [59]
demonstrated that a decrease in hepcidin levels due to iron deficiency could increase the
levels of inflammatory factors in mouse stem cells. However, hepcidin injection reduced
the lipopolysaccharide (LPS)-induced increase in inflammatory cytokines in iron-deficient
(ID) mice. Lin et al. [60] showed that iron was essential for both microorganisms and hosts,
and its deficiency could reduce the body’s bactericidal ability, as well as increase the risk
of serious infections. Additionally, excess iron concentration can cause oxidative stress,
which can disrupt epithelial tight junctions and intestinal barrier permeability, thereby
leading to increased inflammation and lipid peroxidation. Li et al. [61] demonstrated that
both the lack and excess of dietary iron had detrimental effects on intestinal morphology,
inflammation, and function in pigs. The imbalance of iron homeostasis (low or high iron
levels) causes these issues, which leads to various diseases.

5. Regulation Mode of Iron Homeostasis

Iron homeostasis involves careful coordination among intestinal iron absorption, the
uptake and release of cellular iron, and iron storage. Due to the absence of a physiological
mechanism for iron excretion in humans, control of intestinal iron absorption is the main
mechanism, ensuring the overall iron balance. Most of the iron required by the body is
acquired by the intestinal cells from the diet; a fraction of the absorbed iron is transferred
to the bloodstream [62], whereas the remaining iron in the intestine is expelled from the
body through the intestinal lumen. The intestinal iron absorption is mainly regulated
by the action of hepcidin, a circulating 25-aa hormone produced in the liver and filtered
into the urine [63]. Hepcidin negatively regulates cellular iron release, thereby limiting
the iron present in the plasma [64]. As a negative regulator, hepcidin also affects iron
homeostasis by interacting with the only known receptor cellular iron exporters, FPN,
thereby decreasing intestinal iron absorption and iron release from macrophages and
increasing plasma iron levels, which leads to a greater iron load. This interaction also
results in endocytosis and lysosomal breakdown, thereby preventing iron from entering
the plasma, causing hyposideraemia, and restricting erythropoiesis [63,65]. Clinically,
there are numerous “regulators” of the plasm hepcidin concentration. The increase in iron
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storage or inflammation increases the level of hepcidin, which can be decreased by hypoxia,
increased erythropoiesis activity, or testosterone. In cases of conflicting effects on hepcidin
expression, such as non-transfusion-dependent thalassemia [66], negative regulation of
erythropoietic activity is the most effective regulatory mechanism. Hepcidin expression
is physiologically regulated at the transcriptional level by a complex network formed by
the interaction of multiple proteins and cascades. Although the molecular mechanism
regulating the expression of hepcidin is not fully understood yet, progress has been made
in the investigation of human diseases or mouse models of hemoglobin dysregulation [67].

6. Effects of Iron Homeostasis on the Intestine
6.1. Effects of Iron Homeostasis on Intestinal Epithelial Cells

Cells can take up iron through the transferrin pathway; however, most cells absorb
it through receptor-mediated endocytosis of diferric transferrin. A study demonstrated
that immature erythroid cells mainly relied on TfR1-mediated endocytosis of ferritin [68].
Furthermore, dietary iron is absorbed from the intestinal lumen by proximal small intestinal
cells through transferrin-independent pathways. This absorption process is generally
divided into three stages: from the intestinal lumen to the apical membrane, cellular
transport, and then into the blood circulation via the lateral basement membrane, during
which iron binds to apolipoprotein transferrin [25,69].

The intestinal cells take up iron from the intestinal lumen and transport it into the
blood circulation through the apical divalent metal transporter-1 (DMT1), which transports
Fe2+ from the lumen into the cell. On the other hand, iron is transported from the intestinal
cell into the blood circulation through the basolateral transporter, called the ferrotrans-
porter [70]. Intestinal epithelium, a major component of the intestinal barrier, is mainly
composed of absorptive intestinal epithelial cells, goblet cells, enteroendocrine cells, and
tufted cells [71]. After absorption by intestinal epithelial cells, iron binds to “putative
chaperones” and is transported internally. For example, PCBP2 can transfer ferrous iron
from DMT1 to the appropriate intracellular sites or ferroportin and could function as an
iron chaperone [72]. If the cellular iron level is high, it is stored in the iron storage protein
ferritin and eventually lost due to cell shedding. On the other hand, if the cellular iron level
is low, it is transported through the outer basement membrane into the blood circulation to
bind to the transferrin [73]. Iron transporters regulate intestinal iron homeostasis, while
transferrin receptor 1 is expressed on the outer basement membrane of the intestinal epithe-
lium. Previous studies have shown that ferritin can pass through the intestinal epithelial
cells and accumulate in the blood [74].

6.2. Effects of Iron Homeostasis on the Remodeling of Gut Microbiota

Gut microbiota are incredibly diverse in terms of both microbial and genetic compo-
sition, and the composition of species numbers depends on their location in the gastroin-
testinal tract [75]. For instance, the stomach contains around 101 microbial cells per gram,
while the duodenum, jejunum, ileum, and colon have 103, 104, 107, and 1012 microbial cells
per gram, respectively [76]. This shows an increasing number of microbial cells from the
proximal to the distal part of the digestive system. Notably, the large intestine is home to
over 70% of all microorganisms in the body, which can greatly impact the host’s health.
Additionally, bacterial diversity is higher in the lumen and lower in the mucus layer [77].

The intestine has a high bacterial abundance, having a diverse range of biochemical
and metabolic activities, which interact with the host’s physiology. These bacteria aid in
breaking down the indigestible polysaccharides and producing vitamins essential for health
and are also involved in the development and differentiation of the intestinal epithelium
and the host’s immune system [78].

Human gut microbiota are largely composed of two anaerobic bacterial phyla: Bacillota
and Bacteroidota. Other phyla, such as Pseudomonadota, Verrucomicrobiota, Actinobac-
tota, Fusobacteriota, and Cyanobacteria, are present in small proportions [79]. Studies have
suggested that an imbalance in the Bacillota to Bacteroidota ratio might increase disease
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susceptibility; the mice with induced aging exhibited a lower Bacteroidota to Bacteroidota
ratio [80]. Additionally, the lower abundance of phylum Proteobacterium, which is asso-
ciated with a higher abundance of genera Bacteroides, Prevotella, and Ruminococcaceae, is
linked with healthy gut microbiota. Therefore, it is important to maintain a balanced gut
microbiota for a symbiotic relationship with the host.

6.3. Role of Gut Microbiota

The colonization of an infant’s gut by microbiota begins instantly after birth. By the
time the infant reaches 3 years of age, the diversity and composition of gut microbiota
are comparable to adults, and they remain relatively stable throughout adulthood, which
is essential for the gut’s well-being [81]. In 1991, Lynn Margulis proposed a symbiotic
relationship between gut microbiota and host, which was later widely referred to as Holo-
biont [82]. Subsequent research on Holobint has focused on restoring altered microbiota to
prevent and treat diseases. Van de Guchte et al. [83] noted that the disruption of homeosta-
sis can lead to a transition from a healthy to a pre-disease and disease state, which may
explain why there has been an increase in inflammatory diseases and obesity in the Western
world. Other studies further extended this concept, arguing that the unity of the host
symbiont is the true organism, and free-living species of a single entity are merely abstract
concepts [84]. On the contrary, regarding intestinal immunity, the microbial colonization of
the gut begins in infants immediately after birth. At about 3 years of age, gut microbiota
reach a composition and diversity similar to adults and remains more or less stable over
time in adulthood [85]. Gut microbiota triggers myeloid cells, such as macrophages and
dendritic cells (DCs), in the gut, thereby triggering innate and adaptive immunity, as well
as inflammatory responses [86]. Additionally, intestinal epithelial cells, which act as the
first line of defense against pathogens, are important for activating the immune system and
protecting the host. For gut microbiota to remain dominant, they must be able to adapt to
the gut environment and fend off the invasion and colonization of foreign pathogens in both
direct and indirect ways [87]. In conclusion, the gut and its microbiota are interdependent,
and the presence of beneficial microbiota is essential for gut health and the overall health
of the organism. As shown in Figure 3, we enumerate the effects of different gut microbes
and their metabolites on human organs and cell sites, as well as the main functions of the
various metabolites.

6.4. Regulatory Effects of Iron Homeostasis on Gut Microbiota Remodeling

Currently, the mechanism through which alterations in the iron levels influence the
structure and activity of gut microbiota is still unknown. Nevertheless, previous studies re-
ported that iron has a significant effect on gut microbiota environment. Tompkins et al. [88]
conducted a study to evaluate the impact of varying levels of dietary iron on gut microbiota
composition of mice. They observed that the total number of anaerobic bacteria in the
colon of mice with iron deficiency and those with iron overload were comparatively low,
suggesting that both iron deficiency and trivalent iron supplementation could inhibit the
growth of bacterial microorganisms, which they believe may be due to redox environments.
Another study by EA Mevissen-Verhage et al. [89] demonstrated that the infants given a
milk preparation with iron supplementation had lower levels of bifidobacteria but higher
levels of Bacteroidota and Escherichia coli (E. coli) compared to those taking milk preparations
without iron supplementation. Similarly, Zimmermann, Michael B. et al. [90] showed that
iron fortification/iron supplementation could increase the abundance of Enterobacteriaceae
and decrease Lactobacillus. They suggested that the increase in the abundance of Enter-
obacteriaceae might be mainly due to an increase in commensal and non-pathogenic E. coli.
Moreover, Cheng et al. [91] conducted a comprehensive analysis of gut microbiota using
16S rRNA gene sequencing and showed that iron deficiency anemia (IDA) could signifi-
cantly reduce the abundance of Bacillota and increase Bacteroidota, Pseudomonadota, and
Patescibacteria. Similarly, Balamurugan et al. [92] discovered that iron-deficient women
had lower levels of Lactobacillus in their feces compared to normal women. These studies
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suggest that insufficient iron can reduce the abundance of commensal beneficial bacteria,
such as Lactobacillus, while the excess of iron can increase the abundance of harmful bacteria,
such as Bacteroides and E. coli. It is essential to maintain a balanced iron level for preserving
intestinal and overall health. Additionally, it can be inferred from these examples that
iron deficiency or excess can influence gut microbiota and microbiota; however, the exact
mechanism of its effect is still unknown and requires further investigation.
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microbiota can penetrate channel proteins and enter the inner intestine, resulting in a variety of
effects by going through different cell cycle pathways. This figure mainly gives examples of the roles
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7. Effect of Gut Microbiota on the Body and Intestinal Immunity Levels

The human microbiome and host have grown together and become a single entity
known as the holobiont [93]. In a balanced microecosystem, microbiota stimulates the
body’s immune response when there is an invasion of foreign pathogenic bacteria and
performs other important functions as well. However, the dysbiosis of gut microbiota
causes an imbalance of the intestinal microecosystem, leading to a disruption of the body’s
functions and a decrease in the body’s immune response, thereby making it more suscep-
tible to diseases [94,95]. A study demonstrated that imbalances in the gut microbiota of
mice can result in a weakened immune system [96]. They had an increased abundance of
aerobic bacteria and Clostridium and a decreased abundance of beneficial bacteria, such as
Bifidobacteria, Lactobacillus, and butyrate-producing bacteria [97,98]. Bifidobacterium species
are usually present in healthy human intestines, and changes in their proportion and com-
position are common in these diseases [81]. These changes can trigger the body to activate
both specific and non-specific immunity responses, thereby strengthening the body’s own
protective abilities and preserving the internal balance of gut microbiota.

7.1. Regulatory Effects of Gut Microbiota on Intestinal Immune Microenvironment Remodeling
and the Human Body

The human gut has evolved distinct regional immune characteristics, which are main-
tained by a mature intestinal mucosal immune system [99]. This system is separate from the
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innate and adaptive immune systems, which are highly differentiated systems present in
specific intestinal regions. Moreover, the intestinal lymphoid tissues, consisting of isolated
lymphoid follicles, Peyer’s patches, mesenteric lymph nodes, and intestinal epithelial cells,
are associated with this complex system [100]. In contrast to the central and peripheral
immune organs, the special intestinal structure, function, and microenvironment can induce
innate and adaptive immune responses, which form the local immunity of the gut [101].
This local immunity provides some protection, even if the first and second defense barriers
are breached. Additionally, gut microbiota plays a crucial role in this environment. Their
composition is linked to the maintenance of homeostasis in the gut. Various microorgan-
isms, such as Bacteroides and Helicobacter pylori, colonize the gut environment to help the
host resist pathogenic factors, prevent obesity, and assist with digestion. For instance,
gnotobiotic mouse transplants showed that transferring the gut microbiota of ob/ob mice
with leptin deficiency or diet-induced obesity to sterile mice showed a greater tendency
for obesity compared to wild type littermates or mice given a healthy low-calorie diet,
suggesting that gut microbiota can lead to obesity in mice, which are overweight or have
a disrupted leptin regulation [102]. In addition, Johnston et al. [103] reported a reduced
intestinal inflammation in mir-21-deficient mice during acute colitis and miR-21-deficient
mice with altered microbiota. This provides protection against the development of coli-
tis. Ruminococcus gnavus exacerbated inflammatory bowel disease (IBD) by promoting a
tolerogenic immune response by producing capsular polysaccharides [104]. A study by
Zhang et al. [105] showed that the intestinal colonization of H. pylori could prevent chronic
experimental colitis by modulating the Th17/Treg balance and transforming macrophages
into an anti-inflammatory M2 phenotype. These findings indicated that the intestinal
immune microenvironment might be affected by changes in gut microbiota, leading to the
development of various gut microbiota- and microenvironment-related diseases. Using the
interaction between beneficial bacteria and the intestinal tract, it is possible to reduce the
symptoms of intestinal disease, including diarrhea and gastrointestinal infections [106].

7.2. Regulatory Effects of Gut Microbiota on Autoimmune Diseases

Autoimmune diseases are chronic inflammatory diseases, which cause extensive
damage to multiple organs and systems due to the excessive activation of the body’s au-
toimmune system, as well as the production of autoantibodies [107]. Numerous studies
have shown that gut microbiota can produce specific molecules, which can induce the
production of inflammatory cells and factors to regulate the integrity of the intestinal
mucosal barrier and refine the multiple functions of mucosal immunity [108,109]. A recent
study [110] showed that the presence or absence of gut microbiota affected the occurrence
of autoimmune stress in mice. The study also found that programmed cell death protein 1
(PD-1) receptor-deficient mice exhibited autoimmune disease, which could be prevented
by removing intestinal bacteria from these mice. The PD-1 receptor can also suppress
the immune system, and its absence causes the overactivation of the immune system,
which, in combination with gut microbiota, can trigger several immunosuppressive dis-
eases, such as autoimmune encephalomyelitis [111] and human immunodeficiency virus
(HIV) infection [112]. In systemic lupus erythematosus (SLE) patients, the causative com-
mensal bacterium Enterococcus quail could translocate from the small intestine to the liver
site, probably due to driving the expression of interferon-related genes and autoantibody
production. The early colonization of gut microbiota can directly shape the B-cell pool
through the symbiotic bacteria-induced expression of the ribonucleoprotein Ro60, which
triggers a cross-immune response, thereby causing autoimmune disease in susceptible
individuals [113]. Recently, Wang et al. [114] demonstrated that modulating the structure
of gut microbiota using prednisone might be an effective way to achieve the therapeu-
tic effects of glucocorticoids (GCs) for the treatment of SLE while avoiding side effects.
They also highlighted the role of gut microbiota in regulating immune responses, which
might be beneficial for the treatment of autoimmune diseases. Lee et al. [115] determined
that gut microbiota consist of microorganisms that can direct the pro-inflammatory and
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anti-inflammatory immune responses of the central nervous system. Consequently, it is
imperative to comprehend the part of the microbiota in guiding the host immune response
for the purpose of devising suitable treatments for multiple sclerosis.

7.3. Gut Microbiota Can Shape Innate and Adaptive Immunity for Immune Homeostasis

The signaling of gut microbiota is crucial for the development of the immune system.
The manipulation of gut microbiota, either using antibiotic therapy or microbiota recon-
stitution, provides key evidence for their role in immune homeostasis. Gut microbiota
can regulate the local intestinal immune system and exert certain effects on the systemic
immune response [116]. The intestinal antigen-presenting cells (APCs) have evolved to
protect the body from infection while still allowing for immune tolerance of commensal
gut microbiota [117,118]. DCs in Peyer’s patches produce high levels of interleukin-10
(IL-10) compared to those produced by splenic DCs activated under similar conditions [119].
Intestinal macrophages are located near gut microbiota and have a special phenotype called
“inflammatory incompetence”, which means that they cannot produce pro-inflammatory
cytokines in response to microbial triggers, such as toll-like receptor (TLR) ligands [120].
Similar to those in other tissues, these macrophages are highly phagocytic and bacterici-
dal. However, phagocytosis does not usually cause significant inflammation in mice and
humans [121–124]. Macrophages are key players in maintaining intestinal homeostasis, as
well as key sentinels of the intestinal immune system.

Neutrophils are an important component of the innate immune system. Gut mi-
crobiota can systemically regulate neutrophils [125]. Being neutropenic is a particularly
striking phenotype of germ-free animal (GF) rats. In addition, GF rats exhibited impaired
superoxide anion and nitric oxide production, as well as decreased phagocytosis in their pe-
ripheral blood neutrophils. Interestingly, the translocation of GF rats back to a conventional
or specific pathogen-free (SPF) environment did not restore the normal superoxide anion
phenotype [126]. A recent mechanistic study showed that cytoplasmic receptor-nucleotide
oligomerization structural domain 1 (NOD1) could enhance the killing activity of bone mar-
row neutrophils by recognizing peptidoglycan from gut microbiota [127]. Wen et al. [128]
discovered that the interplay between intestinal microorganisms and the innate immune
system is a major epigenetic factor in altering the vulnerability to T1D (type I diabetes),
implying that there is a connection between intestinal microorganisms and innate immunity,
which can further modify the status of immune diseases by altering the composition of
intestinal microorganisms. These studies demonstrate the role of microbiota in enhancing
neutrophil function.

7.4. Effect of Short-Chain Fatty Acids Produced by Gut Microbiota on Intestinal Immunity
and Autoimmunity

Gut microbiota have a symbiotic relationship with their human hosts and are essential
for intestinal health and stability. They produce various metabolites, among which short-
chain fatty acids (SCFAs) are among the most important and abundant ones [129,130].
SCFAs are produced by the fermentation of non-starch polysaccharides and resistant starch
by anaerobic colonic bacteria [131]. SCFAs have powerful anti-inflammatory effects and
can modulate the immune system, GPCRs such as GPR41, GPR43, and GPR109A on the
surface of epithelial and immune cells bind to SCFAs, and their transportation or diffusion
into host cells can result in their metabolism and/or inhibition of histone deacetylase
(HDAC) activity. SCFAs have a variety of functions, including enhancing the epithelial
barrier, encouraging immune tolerance, and sustaining intestinal homeostasis through
particular mechanisms [115], thereby providing protection against numerous diseases, such
as cardiovascular disease and IBD [132,133]. For instance, butyrate can strengthen the
epithelial barrier and induce antimicrobial peptides [134], such as regenerated islet-derived
protein 3 (Reg3) γ and β-defensins [135]. It can also reduce inflammatory responses and
maintain intestinal immune homeostasis, thereby potentially providing protection against
IBD [136]. In addition, propionate could provide long-term radioprotection, attenuate
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hematopoietic and gastrointestinal syndromes, and reduce pro-inflammatory responses in
mice [137]. Actually, the specific role of SCFAs in gut microbiota and homeostasis is not
clear; in some cases, more butyrate is better, but in others, more propionate or acetate are
better, so we need further studies to disentangle the roles of SCFAs.

7.5. Effect of Intestinal Probiotics on Intestinal Immunity

Currently, researchers are focusing more on probiotics to promote human intestinal
health. Beneficial microorganisms, such as probiotics, can regulate the composition of gut
microbiota and enhance immunity [138] by keeping the epithelial barrier intact, preventing
the attachment of pathogens to the intestinal surface, and regulating and maturing the
immune system [139]. Furthermore, probiotics can effectively treat certain diseases by
influencing gut microbiota [140–142]. Evidence has been presented that probiotics, gut
microbiota, and immunity are closely linked [143]. Future studies on the mechanism of
probiotics in modulating gut microbiota and improving immunity should be conducted,
which might be beneficial for improving the overall health and quality of human life.

8. Effects of Gut Microbiota Composition on the Host
8.1. Composition of Gut Microbiota Can Affect the Immune and Internal Physiological
Environment of the Host

Changes in the composition of gut microbiota can cause intestinal issues and alter gut
microbiota composition, which can affect the regulation of the host’s physiological activities,
including the development and functioning of the immune system. Gut microbiota can
affect the pathogenesis of human immunity and metabolism, such as innate and adaptive
immune responses and metabolic processes [144]. The innate immune response can be
impacted by inflammatory vesicles, cytokines, microglia, and TLRs, thereby increasing
inflammation in the body. Adaptive immune responses can be affected by T cells and mast
cells, thereby further aggravating the inflammatory state [145]. In addition, gut microbiota
can further affect host physiology by influencing the metabolic activities of the organisms,
such as bile acid metabolism, the trimethylamine N-oxide (TMAO) pathway, and fatty acid
metabolism [146,147].

8.2. Gut Microbiota Can Regulate the Development of the Central Nervous System

Gut microbiota are essential for maintaining metabolic and immune health. Numerous
studies have demonstrated that gut microbiota can affect the development of the central
nervous system. Several studies have proven that the SCFAs affect the gut—brain axis
through indirect means. This communication system comprises signals from the gut, which
are transmitted to the brain’s central nervous system via the Vagus nerve, thus affecting
some of the brain’s activities and controlling the emotions of the organism [148,149], as
shown in Figure 4. Studies have shown that gut microbiota are correlated with diseases,
such as depression [150], anxiety disorders [151], Parkinson’s disease [152], and others.
Bifidobacteria in the gut can enhance the anti-tumor effects of PD-L1 inhibitors, as well as DC
function and CD8 T cell-mediated anti-tumor mechanisms [153]. These diseases facilitate
the development of neurological lesions.

8.3. Homeostasis of the Intestinal Microenvironment

The intestinal microenvironmental homeostasis depends on multiple factors, including
host genetics, intestinal immune system, gut microbiota and metabolites, and intestinal
barrier integrity and function [110,154–156]. In terms of host defense against intestinal
pathogens, the mucosa-associated immune system protects the gut at an early stage through
the dynamic function and coordinated cellular interactions of epithelial cells, DCs, and
macrophages to recognize foreign pathogens. Moreover, gut commensal bacteria are
essential for the maturation of the innate immune system. The interactions between DCs
and natural killer cells can initiate the intestinal immune response by activating DCs and
macrophages through different pathogen-associated molecular patterns [157,158]. The
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intestinal immune system, gut microbiota, and mucosal barrier are crucial for maintaining
the continual equilibrium of the intestinal microenvironment. Moreover, gut microbiota
have a major role in sustaining and regulating dynamic homeostasis. Probiotics form a
significant part of gut microbiota and can boost the potency of gut microbiota to fight off
invading enteric pathogens through competitive rejection processes and the production of
bacteriostatic and bactericidal substances. Furthermore, they are specifically beneficial for
sustaining and triggering the mucosal immune response.
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Figure 4. Microorganisms and the brain—gut axis. (A) Serotonin (5-HT) as a critical regulator of
gut-brain-microbiome axis signaling. SCFAs can enter the bloodstream from the intestinal cavity
via FFARs, which can then activate TPH1 to produce and release 5-HT in ECC cells. This free 5-HT
can be transmitted to the Vagus nerve through IPAN, thus influencing the brain’s central nervous
system. Additionally, SCFAs can bind fatty acid receptors on epithelial immune cells and nerve
cells (e.g., the Vagus nerve), thereby regulating downstream processes such as movement, secretion,
and enterocerebral signal transduction. Additionally, (B) other metabolites produced by the gut
microbiota are involved in neural activity. Gut microbiota produce various metabolites, such as
5-HT, dopamine (a precursor of Neurohormone), GABA, Norepinephrine, etc., which can influence
neural activity. These metabolites can be transported through the nerve Endocrine system, HPA axis
pathway, intestinal mucosal barrier, and blood—brain barrier, altering sleep, anxiety, depression,
and other brain emotional activities. SCFAs, short-chain fatty acids; FFARs, free fatty acid receptors;
TPH1, tryptophan hydroxylase 1; 5-HT, serotonin; ECC, enterochromophilia; GABA, γ-Aminobutyric
acid; IPAN, intrinsic primary afferent neuron.

A study showed that avian-specific probiotics, including Lactobacillus acidophilus and
Streptococcus faecalis, could reduce the colonization of Clostridium jejuni in market-age broil-
ers [159]. Probiotics were reported to competitively suppress pathogens that attack the
intestinal mucosa and enhance the integrity of the intestinal epithelial barrier by activating
gastrointestinal innate or adaptive immune systems. Studies have also shown that Lac-
tobacillus and Bifidobacterium can eliminate Chlamydomonas jejuni from immunologically
active and immunodeficient mice [160]. Probiotics interact with intestinal epithelial cells
to promote mucosal immunity by initiating a pro- or anti-inflammatory response, which
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contributes to the regulation of intestinal homeostasis. Prebiotics and non-digestible food
substances selectively promote the growth of probiotics and human health through nutrient
enrichment and the modulation of gut microbiota and the immune system. Postbiotics have
been shown to improve gut health by strengthening the gut barrier, reducing inflammation,
and promoting antimicrobial activity against gut pathogens [133,161].

9. Conclusions

As is shown in Figure 5, this review describes the correlations among iron homeostasis,
gut microbiota and the microenvironment, and intestinal immunity. It has been found that
iron can not only maintain the balance of the internal environment to avoid diseases, such
as anemia and hereditary hemochromatosis but also affect the composition and abundance
of gut microbiota. Modifying the composition of gut microbiota can further impact gut
immunity and the development of host diseases, as well as regulate the development
of the central nervous system. All these three components collaborate to preserve the
homeostasis of the microenvironment, thus keeping the stability of the entire host life
system. Moreover, iron ions can also be used to induce ferroptosis to treat and destroy
cancer cells. Jiang et al. [162] investigated the drug resistance model of the 4T1 mouse
triple-negative breast cancer (TNBC) cell line and determined that TYRO3 has a significant
correlation to the resistance of cancer patients to anti-PD-1/PD-L1 treatments. This implies
that TYRO3 can be used as a predictive biomarker for patient stratification, with the
potential to enhance treatment results. A study conducted by Chao Mao demonstrated that
the lncRNA P53RRA could directly interact with the functional domain of G3BP1, resulting
in abnormal accumulation of p53 in the nucleus to induce cell arrest and ferroptosis and
then inhibit lung cancer progression [163].
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into the body through the intestinal epithelial cells, which are regulated by two major proteins:
SLC11A2(FPN), an iron importer, and SLC40A1(DMT1), an iron exporter. These two proteins work
together to maintain the balance of iron ion concentration in the intestinal cells. Additionally, the
hepcidin hormone is able to inhibit the synthesis of ferroportin, thus regulating the transport of iron
ions. This hormone is also regulated by a negative feedback loop, which reduces its effect and allows
the transport of iron to continue in an orderly manner. The ferroptosis pathway is also involved in
this cycle, which involves the entry of free trivalent iron into cancer cells via transferrin. This process
generates a large amount of toxic hydroxyl radicals and reactive oxygen species (ROS) through the
Fenton reaction, resulting in an increased level of oxidative stress that leads to programmed cancer cell
death. The figure also reveals the influence of gut microbiota on human health. Gut microbiota can
be advantageous, yet they can also cause illnesses, like abnormal gastrointestinal metabolism. FPN,
ferroportin; Tf, transferrin; Dcytb, duodenal cytochrome b; DMT1, divalent metal-ion transporter 1;
TfR, transferrin receptor; GSH, glutathione. ↓: downregulation; ↑: upregulation.

10. Look Forward to the Future

At present, the advancement of medical technology has improved people’s health
and quality of life, yet cancer treatment still mainly relies on traditional chemotherapy,
which can cause significant harm to the body. To address this urgent need, drug-targeted
therapy combined with iron-induced iron death could be a potential solution. Although
research is still in its early stages, there is hope in the future as technology progresses that
this new treatment method can be applied to cancer patients. Moreover, iron-induced
changes in gut microbiota can regulate the immune system of the host, maintain intestinal
homeostasis, and prevent inflammation, thereby becoming a potent novel approach for
medical treatment. Therefore, this research approach demonstrates its practical value for
our society in the future.

Author Contributions: Conceptualization, L.L. and Y.W.; literature review, H.B., Y.W. and H.X.;
writing—original draft, H.B.; figure preparation, H.B., Z.C. and Y.X.; writing—review and editing,
Z.C. and L.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (32002155),
Fundamental Research, Funds for the Central Universities (SWU-KT22010), Special Key Project of
Chongqing Technology Innovation and Application Development (cstc2021jscx-gksbX0004), and the
China Postdoctoral Science Foundation (2020M673157).

Data Availability Statement: Data sharing is not applicable to this article as no datasets were
generated or analyzed during the current study.

Acknowledgments: The authors are grateful to Felix Kwame Amevor for his help in revising
the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Li, H.; Yang, T.; Liao, T.; Debowski, A.W.; Nilsson, H.-O.; Haslam, S.M.; Dell, A.; Stubbs, K.A.; Marshall, B.J.; Benghezal, M.

Insights from the redefinition of Helicobacter pylori lipopolysaccharide O-antigen and core-oligosaccharide domains. Microb. Cell
2017, 4, 175–178. [CrossRef] [PubMed]

2. Maes, M.; Vojdani, A.; Sirivichayakul, S.; Barbosa, D.S.; Kanchanatawan, B. Inflammatory and Oxidative Pathways Are New Drug
Targets in Multiple Episode Schizophrenia and Leaky Gut, Klebsiella pneumoniae, and C1q Immune Complexes Are Additional
Drug Targets in First Episode Schizophrenia. Mol. Neurobiol. 2021, 58, 3319–3334. [CrossRef] [PubMed]

3. Overacre-Delgoffe, A.E.; Bumgarner, H.J.; Cillo, A.R.; Burr, A.H.P.; Tometich, J.T.; Bhattacharjee, A.; Bruno, T.C.; Vignali, D.A.A.;
Hand, T.W. Microbiota-specific T follicular helper cells drive tertiary lymphoid structures and anti-tumor immunity against
colorectal cancer. Immunity 2021, 54, 2812–2824.e4. [CrossRef] [PubMed]

4. Kruse, B.; Buzzai, A.C.; Shridhar, N.; Braun, A.D.; Gellert, S.; Knauth, K.; Pozniak, J.; Peters, J.; Dittmann, P.; Mengoni, M.; et al.
CD4(+) T cell-induced inflammatory cell death controls immune-evasive tumours. Nature 2023, 618, 1033–1040. [CrossRef]
[PubMed]

5. Luo, Q.; Lao, C.; Huang, C.; Xia, Y.; Ma, W.; Liu, W.; Chen, Z. Iron Overload Resulting from the Chronic Oral Administration of
Ferric Citrate Impairs Intestinal Immune and Barrier in Mice. Biol. Trace Elem. Res. 2020, 199, 1027–1036. [CrossRef] [PubMed]

https://doi.org/10.15698/mic2017.05.574
https://www.ncbi.nlm.nih.gov/pubmed/28685143
https://doi.org/10.1007/s12035-021-02343-8
https://www.ncbi.nlm.nih.gov/pubmed/33675500
https://doi.org/10.1016/j.immuni.2021.11.003
https://www.ncbi.nlm.nih.gov/pubmed/34861182
https://doi.org/10.1038/s41586-023-06199-x
https://www.ncbi.nlm.nih.gov/pubmed/37316667
https://doi.org/10.1007/s12011-020-02218-4
https://www.ncbi.nlm.nih.gov/pubmed/32468223


Int. J. Mol. Sci. 2024, 25, 727 16 of 21

6. Gao, W.; Zhang, T.; Wu, H. Emerging Pathological Engagement of Ferroptosis in Gut Diseases. Oxid. Med. Cell. Longev. 2021, 2021,
4246255. [CrossRef] [PubMed]

7. Ablin, J.; Shalev, O.; Okon, E.; Karmeli, F.; Rachmilewitz, D. Deferiprone, an oral iron chelator, ameliorates experimental colitis
and gastric ulceration in rats. Inflamm. Bowel Dis. 1999, 5, 253–261. [CrossRef]

8. Levy, M.; Kolodziejczyk, A.A.; Thaiss, C.A.; Elinav, E. Dysbiosis and the immune system. Nat. Rev. Immunol. 2017, 17, 219–232.
[CrossRef]

9. Weiss, G.; Ganz, T.; Goodnough, L.T. Anemia of inflammation. Blood 2019, 133, 40–50. [CrossRef]
10. Zeidan, R.S.; Han, S.M.; Leeuwenburgh, C.; Xiao, R. Iron homeostasis and organismal aging. Ageing Res. Rev. 2021, 72, 101510.

[CrossRef]
11. Andrews, N.C.; Schmidt, P.J. Iron homeostasis. Annu. Rev. Physiol. 2007, 69, 69–85. [CrossRef] [PubMed]
12. Nemeth, E.; Ganz, T. Hepcidin-Ferroportin Interaction Controls Systemic Iron Homeostasis. Int. J. Mol. Sci. 2021, 22, 6493.

[CrossRef] [PubMed]
13. Ginzburg, Y.Z. Hepcidin-ferroportin axis in health and disease. Vitam. Horm. 2019, 110, 17–45. [CrossRef] [PubMed]
14. Gulec, S.; Anderson, G.J.; Collins, J.F. Mechanistic and regulatory aspects of intestinal iron absorption. Am. J. Physiol. Gastrointest.

Liver Physiol. 2014, 307, G397–G409. [CrossRef] [PubMed]
15. Donovan, A.; Lima, C.A.; Pinkus, J.L.; Pinkus, G.S.; Zon, L.I.; Robine, S.; Andrews, N.C. The iron exporter ferroportin/Slc40a1 is

essential for iron homeostasis. Cell Metab. 2005, 1, 191–200. [CrossRef] [PubMed]
16. Fujiwara, T.; Harigae, H. Biology of Heme in Mammalian Erythroid Cells and Related Disorders. Biomed. Res. Int. 2015, 2015,

278536. [CrossRef] [PubMed]
17. Pakdaman, R.; Abdallah, F.B.; El Hage Chahine, J.M. Transferrin, is a mixed chelate-protein ternary complex involved in the

mechanism of iron uptake by serum-transferrin in vitro? J. Mol. Biol. 1999, 293, 1273–1284. [CrossRef] [PubMed]
18. Sharonov Iu, A.; Lampe, I. Effect of porphyrin ring ligands on the affinity of heme iron to axial ligands. Mol. Biol. 1976, 10,

1183–1191.
19. Przybyla-Toscano, J.; Roland, M.; Gaymard, F.; Couturier, J.; Rouhier, N. Roles and maturation of iron-sulfur proteins in plastids.

J. Biol. Inorg. Chem. 2018, 23, 545–566. [CrossRef]
20. Kemmerly, T.; Kaunitz, J.D. Gastroduodenal mucosal defense. Curr. Opin. Gastroenterol. 2014, 30, 583–588. [CrossRef]
21. Jomova, K.; Valko, M. Advances in metal-induced oxidative stress and human disease. Toxicology 2011, 283, 65–87. [CrossRef]

[PubMed]
22. Gao, G.; Li, J.; Zhang, Y.; Chang, Y.-Z. Cellular Iron Metabolism and Regulation. Brain Iron Metab. CNS Dis. 2019, 21–32. [CrossRef]
23. Rodriguez, G.M.; Smith, I. Mechanisms of iron regulation in mycobacteria: Role in physiology and virulence. Mol. Microbiol. 2003,

47, 1485–1494. [CrossRef] [PubMed]
24. Anderson, G.J.; Vulpe, C.D. Mammalian iron transport. Cell. Mol. Life Sci. 2009, 66, 3241–3261. [CrossRef] [PubMed]
25. Schneider, B.D.; Leibold, E.A. Regulation of mammalian iron homeostasis. Curr. Opin. Clin. Nutr. Metab. Care 2000, 3, 267–273.

[CrossRef] [PubMed]
26. Knutson, M.D. Iron-Sensing Proteins that Regulate Hepcidin and Enteric Iron Absorption. Annu. Rev. Nutr. 2010, 30, 149–171.

[CrossRef] [PubMed]
27. Vogt, A.S.; Arsiwala, T.; Mohsen, M.; Vogel, M.; Manolova, V.; Bachmann, M.F. On Iron Metabolism and Its Regulation. Int. J. Mol.

Sci. 2021, 22, 4591. [CrossRef] [PubMed]
28. Tsuji, Y. Transmembrane protein western blotting: Impact of sample preparation on detection of SLC11A2 (DMT1) and SLC40A1

(ferroportin). PLoS ONE 2020, 15, e0235563. [CrossRef]
29. Montalbetti, N.; Simonin, A.; Kovacs, G.; Hediger, M.A. Mammalian iron transporters: Families SLC11 and SLC40. Mol. Asp. Med.

2013, 34, 270–287. [CrossRef]
30. Gunshin, H.; Fujiwara, Y.; Custodio, A.O.; DiRenzo, C.; Robine, S.; Andrews, N.C. Slc11a2 is required for intestinal iron absorption

and erythropoiesis but dispensable in placenta and liver. J. Clin. Investig. 2005, 115, 1258–1266. [CrossRef]
31. Gunshin, H.; Mackenzie, B.; Berger, U.V.; Gunshin, Y.; Romero, M.F.; Boron, W.F.; Nussberger, S.; Gollan, J.L.; Hediger, M.A.

Cloning and characterization of a mammalian proton-coupled metal-ion transporter. Nature 1997, 388, 482–488. [CrossRef]
[PubMed]

32. Yanatori, I.; Kishi, F. DMT1 and iron transport. Free Radic. Biol. Med. 2019, 133, 55–63. [CrossRef] [PubMed]
33. Latunde-Dada, G.O.; Van der Westhuizen, J.; Vulpe, C.D.; Anderson, G.J.; Simpson, R.J.; McKie, A.T. Molecular and functional

roles of duodenal cytochrome B (Dcytb) in iron metabolism. Blood Cells Mol. Dis. 2002, 29, 356–360. [CrossRef] [PubMed]
34. Xing, Y.; Gao, S.; Zhang, X.; Zang, J. Dietary Heme-Containing Proteins: Structures, Applications, and Challenges. Foods 2022, 11,

3594. [CrossRef] [PubMed]
35. Shayeghi, M.; Latunde-Dada, G.O.; Oakhill, J.S.; Laftah, A.H.; Takeuchi, K.; Halliday, N.; Khan, Y.; Warley, A.; McCann, F.E.;

Hider, R.C.; et al. Identification of an intestinal heme transporter. Cell 2005, 122, 789–801. [CrossRef] [PubMed]
36. Galy, B.; Conrad, M.; Muckenthaler, M. Mechanisms controlling cellular and systemic iron homeostasis. Nat. Rev. Mol. Cell Biol.

2023. [CrossRef] [PubMed]
37. Aschemeyer, S.; Qiao, B.; Stefanova, D.; Valore, E.V.; Sek, A.C.; Ruwe, T.A.; Vieth, K.R.; Jung, G.; Casu, C.; Rivella, S.; et al.

Structure-function analysis of ferroportin defines the binding site and an alternative mechanism of action of hepcidin. Blood 2018,
131, 899–910. [CrossRef] [PubMed]

https://doi.org/10.1155/2021/4246255
https://www.ncbi.nlm.nih.gov/pubmed/34733403
https://doi.org/10.1097/00054725-199911000-00003
https://doi.org/10.1038/nri.2017.7
https://doi.org/10.1182/blood-2018-06-856500
https://doi.org/10.1016/j.arr.2021.101510
https://doi.org/10.1146/annurev.physiol.69.031905.164337
https://www.ncbi.nlm.nih.gov/pubmed/17014365
https://doi.org/10.3390/ijms22126493
https://www.ncbi.nlm.nih.gov/pubmed/34204327
https://doi.org/10.1016/bs.vh.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/30798811
https://doi.org/10.1152/ajpgi.00348.2013
https://www.ncbi.nlm.nih.gov/pubmed/24994858
https://doi.org/10.1016/j.cmet.2005.01.003
https://www.ncbi.nlm.nih.gov/pubmed/16054062
https://doi.org/10.1155/2015/278536
https://www.ncbi.nlm.nih.gov/pubmed/26557657
https://doi.org/10.1006/jmbi.1999.3238
https://www.ncbi.nlm.nih.gov/pubmed/10547300
https://doi.org/10.1007/s00775-018-1532-1
https://doi.org/10.1097/MOG.0000000000000124
https://doi.org/10.1016/j.tox.2011.03.001
https://www.ncbi.nlm.nih.gov/pubmed/21414382
https://doi.org/10.1007/978-981-13-9589-5_2
https://doi.org/10.1046/j.1365-2958.2003.03384.x
https://www.ncbi.nlm.nih.gov/pubmed/12622807
https://doi.org/10.1007/s00018-009-0051-1
https://www.ncbi.nlm.nih.gov/pubmed/19484405
https://doi.org/10.1097/00075197-200007000-00005
https://www.ncbi.nlm.nih.gov/pubmed/10929672
https://doi.org/10.1146/annurev.nutr.012809.104801
https://www.ncbi.nlm.nih.gov/pubmed/20415583
https://doi.org/10.3390/ijms22094591
https://www.ncbi.nlm.nih.gov/pubmed/33925597
https://doi.org/10.1371/journal.pone.0235563
https://doi.org/10.1016/j.mam.2013.01.002
https://doi.org/10.1172/JCI24356
https://doi.org/10.1038/41343
https://www.ncbi.nlm.nih.gov/pubmed/9242408
https://doi.org/10.1016/j.freeradbiomed.2018.07.020
https://www.ncbi.nlm.nih.gov/pubmed/30055235
https://doi.org/10.1006/bcmd.2002.0574
https://www.ncbi.nlm.nih.gov/pubmed/12547225
https://doi.org/10.3390/foods11223594
https://www.ncbi.nlm.nih.gov/pubmed/36429186
https://doi.org/10.1016/j.cell.2005.06.025
https://www.ncbi.nlm.nih.gov/pubmed/16143108
https://doi.org/10.1038/s41580-023-00648-1
https://www.ncbi.nlm.nih.gov/pubmed/37783783
https://doi.org/10.1182/blood-2017-05-786590
https://www.ncbi.nlm.nih.gov/pubmed/29237594


Int. J. Mol. Sci. 2024, 25, 727 17 of 21

38. Rivera, S.; Liu, L.; Nemeth, E.; Gabayan, V.; Sorensen, O.E.; Ganz, T. Hepcidin excess induces the sequestration of iron and
exacerbates tumor-associated anemia. Blood 2005, 105, 1797–1802. [CrossRef]

39. Ross, S.L.; Tran, L.; Winters, A.; Lee, K.-J.; Plewa, C.; Foltz, I.; King, C.; Miranda, L.P.; Allen, J.; Beckman, H.; et al. Molecular
Mechanism of Hepcidin-Mediated Ferroportin Internalization Requires Ferroportin Lysines, Not Tyrosines or JAK-STAT. Cell
Metab. 2012, 15, 905–917. [CrossRef]

40. Zhang, D.-L.; Hughes, R.M.; Ollivierre-Wilson, H.; Ghosh, M.C.; Rouault, T.A. A Ferroportin Transcript that Lacks an Iron-
Responsive Element Enables Duodenal and Erythroid Precursor Cells to Evade Translational Repression. Cell Metab. 2009, 9,
461–473. [CrossRef]

41. Ems, T.; St Lucia, K.; Huecker, M.R. Biochemistry, Iron Absorption. In StatPearls; StatPearls Publishing LLC: Treasure Island, FL,
USA, 2023.

42. Chambers, K.; Ashraf, M.A.; Sharma, S. Physiology, Hepcidin. In StatPearls; StatPearls Publishing LLC: Treasure Island, FL, USA,
2023.

43. DeLoughery, T.G. Iron Deficiency Anemia. Med. Clin. N. Am. 2017, 101, 319–332. [CrossRef] [PubMed]
44. Kaplan, J.; Ward, D.M.; De Domenico, I. The molecular basis of iron overload disorders and iron-linked anemias. Int. J. Hematol.

2011, 93, 14–20. [CrossRef] [PubMed]
45. Weiss, G.; Goodnough, L.T. Anemia of chronic disease. N. Engl. J. Med. 2005, 352, 1011–1023. [CrossRef] [PubMed]
46. Merlo, C.M.; Wuillemin, W.A. Diagnosis and therapy of anemia in general practice. Praxis 2009, 98, 191–199. [CrossRef] [PubMed]
47. Costain, G.; Ghosh, M.C.; Maio, N.; Carnevale, A.; Si, Y.C.; Rouault, T.A.; Yoon, G. Absence of iron-responsive element-binding

protein 2 causes a novel neurodegenerative syndrome. Brain 2019, 142, 1195–1202. [CrossRef] [PubMed]
48. Mehta, K.J.; Farnaud, S.J.; Sharp, P.A. Iron and liver fibrosis: Mechanistic and clinical aspects. World J. Gastroenterol. 2019, 25,

521–538. [CrossRef] [PubMed]
49. Mou, Y.; Wang, J.; Wu, J.; He, D.; Zhang, C.; Duan, C.; Li, B. Ferroptosis, a new form of cell death: Opportunities and challenges in

cancer. J. Hematol. Oncol. 2019, 12, 34. [CrossRef]
50. Jiang, X.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 2021, 22,

266–282. [CrossRef]
51. Chen, X.; Li, J.; Kang, R.; Klionsky, D.J.; Tang, D. Ferroptosis: Machinery and regulation. Autophagy 2021, 17, 2054–2081. [CrossRef]
52. Bersuker, K.; Hendricks, J.M.; Li, Z.; Magtanong, L.; Ford, B.; Tang, P.H.; Roberts, M.A.; Tong, B.; Maimone, T.J.; Zoncu, R.; et al.

The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 2019, 575, 688–692. [CrossRef]
53. Nakamura, T.; Naguro, I.; Ichijo, H. Iron homeostasis and iron-regulated ROS in cell death, senescence and human diseases.

Biochim. Biophys. Acta (BBA) Gen. Subj. 2019, 1863, 1398–1409. [CrossRef] [PubMed]
54. Tang, D.; Chen, X.; Kang, R.; Kroemer, G. Ferroptosis: Molecular mechanisms and health implications. Cell Res. 2021, 31, 107–125.

[CrossRef] [PubMed]
55. Yang, F.; Xiao, Y.; Ding, J.H.; Jin, X.; Ma, D.; Li, D.Q.; Shi, J.X.; Huang, W.; Wang, Y.P.; Jiang, Y.Z.; et al. Ferroptosis heterogeneity

in triple-negative breast cancer reveals an innovative immunotherapy combination strategy. Cell Metab. 2023, 35, 84–100.e108.
[CrossRef] [PubMed]

56. Hassannia, B.; Vandenabeele, P.; Vanden Berghe, T. Targeting Ferroptosis to Iron Out Cancer. Cancer Cell 2019, 35, 830–849.
[CrossRef] [PubMed]

57. Shen, Z.; Liu, T.; Li, Y.; Lau, J.; Yang, Z.; Fan, W.; Zhou, Z.; Shi, C.; Ke, C.; Bregadze, V.I.; et al. Fenton-Reaction-Acceleratable
Magnetic Nanoparticles for Ferroptosis Therapy of Orthotopic Brain Tumors. ACS Nano 2018, 12, 11355–11365. [CrossRef]
[PubMed]

58. Hentze, M.W.; Muckenthaler, M.U.; Galy, B.; Camaschella, C. Two to tango: Regulation of Mammalian iron metabolism. Cell 2010,
142, 24–38. [CrossRef] [PubMed]

59. Pagani, A.; Nai, A.; Corna, G.; Bosurgi, L.; Rovere-Querini, P.; Camaschella, C.; Silvestri, L. Low hepcidin accounts for the
proinflammatory status associated with iron deficiency. Blood 2011, 118, 736–746. [CrossRef]

60. Lin, H.M.; Deng, S.G.; Huang, S.B.; Li, Y.J.; Song, R. The effect of ferrous-chelating hairtail peptides on iron deficiency and
intestinal flora in rats. J. Sci. Food Agric. 2016, 96, 2839–2844. [CrossRef]

61. Li, Y.; Hansen, S.L.; Borst, L.B.; Spears, J.W.; Moeser, A.J. Dietary Iron Deficiency and Oversupplementation Increase Intestinal
Permeability, Ion Transport, and Inflammation in Pigs. J. Nutr. 2016, 146, 1499–1505. [CrossRef]

62. Loréal, O.; Troadec, M.B.; Camberlein, E.; Fatih, N.; Ropert, M.; Brissot, P. Iron metabolism. Rev. Prat. 2006, 56, 2111–2117.
63. Georgopoulou, U.; Dimitriadis, A.; Foka, P.; Karamichali, E.; Mamalaki, A. Hepcidin and the iron enigma in HCV infection.

Virulence 2014, 5, 465–476. [CrossRef]
64. Gattermann, N.; Muckenthaler, M.U.; Kulozik, A.E.; Metzgeroth, G.; Hastka, J. The Evaluation of Iron Deficiency and Iron

Overload. Dtsch. Arztebl. Int. 2021, 118, 847–856. [CrossRef] [PubMed]
65. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.; Ganz, T.; Kaplan, J. Hepcidin regulates cellular

iron efflux by binding to ferroportin and inducing its internalization. Science 2004, 306, 2090–2093. [CrossRef] [PubMed]
66. Huang, Y.; Lei, Y.; Liu, R.; Liu, J.; Yang, G.; Xiang, Z.; Liang, Y.; Lai, Y. Imbalance of erythropoiesis and iron metabolism in patients

with thalassemia. Int. J. Med. Sci. 2019, 16, 302–310. [CrossRef] [PubMed]
67. Barton, J.C.; Acton, R.T. Hepcidin, iron, and bacterial infection. Vitam. Horm. 2019, 110, 223–242. [CrossRef] [PubMed]
68. Frazer, D.M.; Anderson, G.J. The regulation of iron transport. Biofactors 2014, 40, 206–214. [CrossRef] [PubMed]

https://doi.org/10.1182/blood-2004-08-3375
https://doi.org/10.1016/j.cmet.2012.03.017
https://doi.org/10.1016/j.cmet.2009.03.006
https://doi.org/10.1016/j.mcna.2016.09.004
https://www.ncbi.nlm.nih.gov/pubmed/28189173
https://doi.org/10.1007/s12185-010-0760-0
https://www.ncbi.nlm.nih.gov/pubmed/21210258
https://doi.org/10.1056/NEJMra041809
https://www.ncbi.nlm.nih.gov/pubmed/15758012
https://doi.org/10.1024/1661-8157.98.4.191
https://www.ncbi.nlm.nih.gov/pubmed/19224487
https://doi.org/10.1093/brain/awz072
https://www.ncbi.nlm.nih.gov/pubmed/30915432
https://doi.org/10.3748/wjg.v25.i5.521
https://www.ncbi.nlm.nih.gov/pubmed/30774269
https://doi.org/10.1186/s13045-019-0720-y
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1016/j.bbagen.2019.06.010
https://www.ncbi.nlm.nih.gov/pubmed/31229492
https://doi.org/10.1038/s41422-020-00441-1
https://www.ncbi.nlm.nih.gov/pubmed/33268902
https://doi.org/10.1016/j.cmet.2022.09.021
https://www.ncbi.nlm.nih.gov/pubmed/36257316
https://doi.org/10.1016/j.ccell.2019.04.002
https://www.ncbi.nlm.nih.gov/pubmed/31105042
https://doi.org/10.1021/acsnano.8b06201
https://www.ncbi.nlm.nih.gov/pubmed/30375848
https://doi.org/10.1016/j.cell.2010.06.028
https://www.ncbi.nlm.nih.gov/pubmed/20603012
https://doi.org/10.1182/blood-2011-02-337212
https://doi.org/10.1002/jsfa.7452
https://doi.org/10.3945/jn.116.231621
https://doi.org/10.4161/viru.28508
https://doi.org/10.3238/arztebl.m2021.0290
https://www.ncbi.nlm.nih.gov/pubmed/34755596
https://doi.org/10.1126/science.1104742
https://www.ncbi.nlm.nih.gov/pubmed/15514116
https://doi.org/10.7150/ijms.27829
https://www.ncbi.nlm.nih.gov/pubmed/30745811
https://doi.org/10.1016/bs.vh.2019.01.011
https://www.ncbi.nlm.nih.gov/pubmed/30798814
https://doi.org/10.1002/biof.1148
https://www.ncbi.nlm.nih.gov/pubmed/24132807


Int. J. Mol. Sci. 2024, 25, 727 18 of 21

69. Andrews, N.C.; Fleming, M.D.; Gunshin, H. Iron transport across biologic membranes. Nutr. Rev. 1999, 57, 114–123. [CrossRef]
70. Fuqua, B.K.; Vulpe, C.D.; Anderson, G.J. Intestinal iron absorption. J. Trace Elem. Med. Biol. 2012, 26, 115–119. [CrossRef]

[PubMed]
71. Allaire, J.M.; Crowley, S.M.; Law, H.T.; Chang, S.Y.; Ko, H.J.; Vallance, B.A. The Intestinal Epithelium: Central Coordinator of

Mucosal Immunity. Trends Immunol. 2018, 39, 677–696. [CrossRef]
72. Yanatori, I.; Yasui, Y.; Tabuchi, M.; Kishi, F. Chaperone protein involved in transmembrane transport of iron. Biochem. J. 2014, 462,

25–37. [CrossRef]
73. Chen, H.; Attieh, Z.K.; Su, T.; Syed, B.A.; Gao, H.; Alaeddine, R.M.; Fox, T.C.; Usta, J.; Naylor, C.E.; Evans, R.W.; et al. Hephaestin

is a ferroxidase that maintains partial activity in sex-linked anemia mice. Blood 2004, 103, 3933–3939. [CrossRef]
74. Theil, E.C.; Chen, H.; Miranda, C.; Janser, H.; Elsenhans, B.; Núñez, M.T.; Pizarro, F.; Schümann, K. Absorption of iron from

ferritin is independent of heme iron and ferrous salts in women and rat intestinal segments. J. Nutr. 2012, 142, 478–483. [CrossRef]
75. Zhang, H.; Shao, M.; Huang, H.; Wang, S.; Ma, L.; Wang, H.; Hu, L.; Wei, K.; Zhu, R. The Dynamic Distribution of Small-Tail Han

Sheep Microbiota across Different Intestinal Segments. Front. Microbiol. 2018, 9, 32. [CrossRef]
76. Qiu, P.; Ishimoto, T.; Fu, L.; Zhang, J.; Zhang, Z.; Liu, Y. The Gut Microbiota in Inflammatory Bowel Disease. Front. Cell Infect.

Microbiol. 2022, 12, 733992. [CrossRef] [PubMed]
77. Gomes, A.C.; Hoffmann, C.; Mota, J.F. The human gut microbiota: Metabolism and perspective in obesity. Gut Microbes 2018, 9,

308–325. [CrossRef] [PubMed]
78. Xia, Y.; Luo, Q.; Huang, C.; Shi, L.; Jahangir, A.; Pan, T.; Wei, X.; He, J.; Liu, W.; Shi, R.; et al. Ferric citrate-induced colonic mucosal

damage associated with oxidative stress, inflammation responses, apoptosis, and the changes of gut microbial composition.
Ecotoxicol. Environ. Saf. 2023, 249, 114364. [CrossRef] [PubMed]

79. Pushpanathan, P.; Mathew, G.S.; Selvarajan, S.; Seshadri, K.G.; Srikanth, P. Gut microbiota and its mysteries. Indian. J. Med.
Microbiol. 2019, 37, 268–277. [CrossRef] [PubMed]

80. Hor, Y.Y.; Lew, L.C.; Jaafar, M.H.; Lau, A.S.; Ong, J.S.; Kato, T.; Nakanishi, Y.; Azzam, G.; Azlan, A.; Ohno, H.; et al. Lactobacillus
sp. improved microbiota and metabolite profiles of aging rats. Pharmacol. Res. 2019, 146, 104312. [CrossRef] [PubMed]

81. Tojo, R.; Suárez, A.; Clemente, M.G.; de los Reyes-Gavilán, C.G.; Margolles, A.; Gueimonde, M.; Ruas-Madiedo, P. Intestinal
microbiota in health and disease: Role of bifidobacteria in gut homeostasis. World J. Gastroenterol. 2014, 20, 15163–15176.
[CrossRef] [PubMed]

82. Margulis, L.; Fester, R. Bellagio conference and book. Symbiosis as Source of Evolutionary Innovation: Speciation and Morpho-
genesis. Conference—June 25–30, 1989, Bellagio Conference Center, Italy. Symbiosis 1991, 11, 93–101.

83. van de Guchte, M.; Blottière, H.M.; Doré, J. Humans as holobionts: Implications for prevention and therapy. Microbiome 2018, 6,
81. [CrossRef] [PubMed]

84. Savinov, A.B. Autocenosis and democenosis as symbiotic systems and biological notions. Zhurnal Obs. Biol. 2012, 73, 284–301.
85. Milani, C.; Duranti, S.; Bottacini, F.; Casey, E.; Turroni, F.; Mahony, J.; Belzer, C.; Palacio, S.D.; Montes, S.A.; Mancabelli, L.; et al.

The First Microbial Colonizers of the Human Gut: Composition, Activities, and Health Implications of the Infant Gut Microbiota.
Microbiol. Mol. Biol. Rev. 2017, 81, e00036-17. [CrossRef] [PubMed]

86. O’Neill, L.A.; Pearce, E.J. Immunometabolism governs dendritic cell and macrophage function. J. Exp. Med. 2016, 213, 15–23.
[CrossRef] [PubMed]

87. Liu, C.; Zhao, L.P.; Shen, Y.Q. A systematic review of advances in intestinal microflora of fish. Fish. Physiol. Biochem. 2021, 47,
2041–2053. [CrossRef] [PubMed]

88. Tompkins, G.R.; O’Dell, N.L.; Bryson, I.T.; Pennington, C.B. The Effects of Dietary Ferric Iron and Iron Deprivation on the Bacterial
Composition of the Mouse Intestine. Curr. Microbiol. 2001, 43, 38–42. [CrossRef] [PubMed]

89. Mevissen-Verhage, E.A.E.; Marcelis, J.H.; Harmsen-Van Amerongen, W.C.M.; de Vos, N.M.; Verhoef, J. Effect of iron on neonatal
gut flora during the first three months of life. Eur. J. Clin. Microbiol. 1985, 4, 273–278. [CrossRef] [PubMed]

90. Zimmermann, M.B.; Chassard, C.; Rohner, F.; N’Goran, E.K.; Nindjin, C.; Dostal, A.; Utzinger, J.; Ghattas, H.; Lacroix, C.; Hurrell,
R.F. The effects of iron fortification on the gut microbiota in African children: A randomized controlled trial in Cote d’Ivoire. Am.
J. Clin. Nutr. 2010, 92, 1406–1415. [CrossRef]

91. Cheng, X.-R.; Guan, L.-J.; Muskat, M.N.; Cao, C.-C.; Guan, B. Effects of Ejiao peptide–iron chelates on intestinal inflammation and
gut microbiota in iron deficiency anemic mice. Food Amp; Funct. 2021, 12, 10887–10902. [CrossRef]

92. Balamurugan, R.; Mary, R.R.; Chittaranjan, S.; Jancy, H.; Shobana Devi, R.; Ramakrishna, B.S. Low levels of faecal lactobacilli in
women with iron-deficiency anaemia in south India. Br. J. Nutr. 2010, 104, 931–934. [CrossRef]

93. Salvucci, E. Microbiome, holobiont and the net of life. Crit. Rev. Microbiol. 2016, 42, 485–494. [CrossRef] [PubMed]
94. Wang, L.; Cao, Z.M.; Zhang, L.L.; Li, J.M.; Lv, W.L. The Role of Gut Microbiota in Some Liver Diseases: From an Immunological

Perspective. Front. Immunol. 2022, 13, 923599. [CrossRef] [PubMed]
95. D’Alessandro, G.; Antonangeli, F.; Marrocco, F.; Porzia, A.; Lauro, C.; Santoni, A.; Limatola, C. Gut microbiota alterations affect

glioma growth and innate immune cells involved in tumor immunosurveillance in mice. Eur. J. Immunol. 2020, 50, 705–711.
[CrossRef] [PubMed]

96. Liang, Q.H.; Zhang, L.; Duan, S.C.; Wang, P.; Zhang, Y.C.; Luo, J.Z.; Pang, Y. Influence of intestinal dysbacteriosis on immune and
hematopoietec function in mice. Zhonghua Er Ke Za Zhi = Chin. J. Pediatr. 2004, 42, 708–711.

https://doi.org/10.1111/j.1753-4887.1999.tb06934.x
https://doi.org/10.1016/j.jtemb.2012.03.015
https://www.ncbi.nlm.nih.gov/pubmed/22575541
https://doi.org/10.1016/j.it.2018.04.002
https://doi.org/10.1042/BJ20140225
https://doi.org/10.1182/blood-2003-09-3139
https://doi.org/10.3945/jn.111.145854
https://doi.org/10.3389/fmicb.2018.00032
https://doi.org/10.3389/fcimb.2022.733992
https://www.ncbi.nlm.nih.gov/pubmed/35273921
https://doi.org/10.1080/19490976.2018.1465157
https://www.ncbi.nlm.nih.gov/pubmed/29667480
https://doi.org/10.1016/j.ecoenv.2022.114364
https://www.ncbi.nlm.nih.gov/pubmed/36508806
https://doi.org/10.4103/ijmm.IJMM_19_373
https://www.ncbi.nlm.nih.gov/pubmed/31745030
https://doi.org/10.1016/j.phrs.2019.104312
https://www.ncbi.nlm.nih.gov/pubmed/31207344
https://doi.org/10.3748/wjg.v20.i41.15163
https://www.ncbi.nlm.nih.gov/pubmed/25386066
https://doi.org/10.1186/s40168-018-0466-8
https://www.ncbi.nlm.nih.gov/pubmed/29716650
https://doi.org/10.1128/MMBR.00036-17
https://www.ncbi.nlm.nih.gov/pubmed/29118049
https://doi.org/10.1084/jem.20151570
https://www.ncbi.nlm.nih.gov/pubmed/26694970
https://doi.org/10.1007/s10695-021-01027-3
https://www.ncbi.nlm.nih.gov/pubmed/34750711
https://doi.org/10.1007/s002840010257
https://www.ncbi.nlm.nih.gov/pubmed/11375662
https://doi.org/10.1007/BF02013651
https://www.ncbi.nlm.nih.gov/pubmed/3894015
https://doi.org/10.3945/ajcn.110.004564
https://doi.org/10.1039/D1FO01802G
https://doi.org/10.1017/S0007114510001637
https://doi.org/10.3109/1040841X.2014.962478
https://www.ncbi.nlm.nih.gov/pubmed/25430522
https://doi.org/10.3389/fimmu.2022.923599
https://www.ncbi.nlm.nih.gov/pubmed/35911738
https://doi.org/10.1002/eji.201948354
https://www.ncbi.nlm.nih.gov/pubmed/32034922


Int. J. Mol. Sci. 2024, 25, 727 19 of 21

97. Lu, Y.; Liu, H.; Yang, K.; Mao, Y.; Meng, L.; Yang, L.; Ouyang, G.; Liu, W. A comprehensive update: Gastrointestinal microflora,
gastric cancer and gastric premalignant condition, and intervention by traditional Chinese medicine. J. Zhejiang Univ. Sci. B 2022,
23, 1–18. [CrossRef]

98. Singhi, S.C.; Baranwal, A. Probiotic use in the critically ill. Indian. J. Pediatr. 2008, 75, 621–627. [CrossRef] [PubMed]
99. Perez-Lopez, A.; Behnsen, J.; Nuccio, S.-P.; Raffatellu, M. Mucosal immunity to pathogenic intestinal bacteria. Nat. Rev. Immunol.

2016, 16, 135–148. [CrossRef] [PubMed]
100. Zhou, B.; Yuan, Y.; Zhang, S.; Guo, C.; Li, X.; Li, G.; Xiong, W.; Zeng, Z. Intestinal Flora and Disease Mutually Shape the Regional

Immune System in the Intestinal Tract. Front. Immunol. 2020, 11, 575. [CrossRef]
101. Shi, N.; Li, N.; Duan, X.; Niu, H. Interaction between the gut microbiome and mucosal immune system. Mil. Med. Res. 2017, 4, 14.

[CrossRef]
102. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with

increased capacity for energy harvest. Nature 2006, 444, 1027–1031. [CrossRef]
103. Johnston, D.G.W.; Williams, M.A.; Thaiss, C.A.; Cabrera-Rubio, R.; Raverdeau, M.; McEntee, C.; Cotter, P.D.; Elinav, E.; O’Neill,

L.A.J.; Corr, S.C. Loss of MicroRNA-21 Influences the Gut Microbiota, Causing Reduced Susceptibility in a Murine Model of
Colitis. J. Crohns Colitis 2018, 12, 835–848. [CrossRef] [PubMed]

104. Henke, M.T.; Brown, E.M.; Cassilly, C.D.; Vlamakis, H.; Xavier, R.J.; Clardy, J. Capsular polysaccharide correlates with immune
response to the human gut microbe Ruminococcus gnavus. Proc. Natl. Acad. Sci. USA 2021, 118, e2007595118. [CrossRef] [PubMed]

105. Zhang, H.; Dai, Y.; Liu, Y.; Wu, T.; Li, J.; Wang, X.; Wang, W. Helicobacter pylori Colonization Protects Against Chronic Experimental
Colitis by Regulating Th17/Treg Balance. Inflamm. Bowel Dis. 2018, 24, 1481–1492. [CrossRef] [PubMed]

106. Guo, Q.; Goldenberg, J.Z.; Humphrey, C.; El Dib, R.; Johnston, B.C. Probiotics for the prevention of pediatric antibiotic-associated
diarrhea. Cochrane Database Syst. Rev. 2019, 12, 463–466. [CrossRef] [PubMed]

107. Wang, L.; Wang, F.S.; Gershwin, M.E. Human autoimmune diseases: A comprehensive update. J. Intern. Med. 2015, 278, 369–395.
[CrossRef] [PubMed]

108. Zhou, L.Y.; Xie, Y.; Li, Y. Bifidobacterium infantis regulates the programmed cell death 1 pathway and immune response in mice
with inflammatory bowel disease. World J. Gastroenterol. 2022, 28, 3164–3176. [CrossRef] [PubMed]

109. Rooks, M.G.; Garrett, W.S. Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 2016, 16, 341–352. [CrossRef]
[PubMed]

110. Kawamoto, S.; Tran, T.H.; Maruya, M.; Suzuki, K.; Doi, Y.; Tsutsui, Y.; Kato, L.M.; Fagarasan, S. The inhibitory receptor PD-1
regulates IgA selection and bacterial composition in the gut. Science 2012, 336, 485–489. [CrossRef]

111. Zamani, M.R.; Aslani, S.; Salmaninejad, A.; Javan, M.R.; Rezaei, N. PD-1/PD-L and autoimmunity: A growing relationship. Cell
Immunol. 2016, 310, 27–41. [CrossRef]

112. Porichis, F.; Kaufmann, D.E. Role of PD-1 in HIV pathogenesis and as target for therapy. Curr. HIV/AIDS Rep. 2012, 9, 81–90.
[CrossRef]

113. Wu, M.Y.; Wang, E.J.; Feng, D.; Li, M.; Ye, R.D.; Lu, J.H. Pharmacological insights into autophagy modulation in autoimmune
diseases. Acta Pharm. Sin. B 2021, 11, 3364–3378. [CrossRef]

114. Wang, M.; Zhu, Z.; Lin, X.; Li, H.; Wen, C.; Bao, J.; He, Z. Gut microbiota mediated the therapeutic efficacies and the side effects of
prednisone in the treatment of MRL/lpr mice. Arthritis Res. Ther. 2021, 23, 240. [CrossRef] [PubMed]

115. Lee, Y.K.; Menezes, J.S.; Umesaki, Y.; Mazmanian, S.K. Proinflammatory T-cell responses to gut microbiota promote experimental
autoimmune encephalomyelitis. Proc. Natl. Acad. Sci. USA 2010, 108, 4615–4622. [CrossRef] [PubMed]

116. Kabat, A.M.; Srinivasan, N.; Maloy, K.J. Modulation of immune development and function by intestinal microbiota. Trends
Immunol. 2014, 35, 507–517. [CrossRef] [PubMed]

117. Marshall, J.S.; Warrington, R.; Watson, W.; Kim, H.L. An introduction to immunology and immunopathology. Allergy Asthma Clin.
Immunol. 2018, 14, 49. [CrossRef] [PubMed]

118. Akagbosu, B.; Tayyebi, Z.; Shibu, G.; Paucar Iza, Y.A.; Deep, D.; Parisotto, Y.F.; Fisher, L.; Pasolli, H.A.; Thevin, V.; Elmentaite, R.;
et al. Novel antigen-presenting cell imparts Treg-dependent tolerance to gut microbiota. Nature 2022, 610, 752–760. [CrossRef]
[PubMed]

119. Kobayashi, N.; Takahashi, D.; Takano, S.; Kimura, S.; Hase, K. The Roles of Peyer’s Patches and Microfold Cells in the Gut
Immune System: Relevance to Autoimmune Diseases. Front. Immunol. 2019, 10, 2345. [CrossRef] [PubMed]

120. Wu, H.J.; Wu, E. The role of gut microbiota in immune homeostasis and autoimmunity. Gut Microbes 2012, 3, 4–14. [CrossRef]
[PubMed]

121. Bujko, A.; Atlasy, N.; Landsverk, O.J.B.; Richter, L.; Yaqub, S.; Horneland, R.; Øyen, O.; Aandahl, E.M.; Aabakken, L.; Stunnenberg,
H.G.; et al. Transcriptional and functional profiling defines human small intestinal macrophage subsets. J. Exp. Med. 2018, 215,
441–458. [CrossRef]

122. Bain, C.C.; Scott, C.L.; Uronen-Hansson, H.; Gudjonsson, S.; Jansson, O.; Grip, O.; Guilliams, M.; Malissen, B.; Agace, W.W.;
Mowat, A.M. Resident and pro-inflammatory macrophages in the colon represent alternative context-dependent fates of the same
Ly6Chi monocyte precursors. Mucosal Immunol. 2013, 6, 498–510. [CrossRef]

https://doi.org/10.1631/jzus.B2100182
https://doi.org/10.1007/s12098-008-0119-1
https://www.ncbi.nlm.nih.gov/pubmed/18759092
https://doi.org/10.1038/nri.2015.17
https://www.ncbi.nlm.nih.gov/pubmed/26898110
https://doi.org/10.3389/fimmu.2020.00575
https://doi.org/10.1186/s40779-017-0122-9
https://doi.org/10.1038/nature05414
https://doi.org/10.1093/ecco-jcc/jjy038
https://www.ncbi.nlm.nih.gov/pubmed/29608690
https://doi.org/10.1073/pnas.2007595118
https://www.ncbi.nlm.nih.gov/pubmed/33972416
https://doi.org/10.1093/ibd/izy107
https://www.ncbi.nlm.nih.gov/pubmed/29788098
https://doi.org/10.1002/14651858.CD004827.pub5
https://www.ncbi.nlm.nih.gov/pubmed/31039287
https://doi.org/10.1111/joim.12395
https://www.ncbi.nlm.nih.gov/pubmed/26212387
https://doi.org/10.3748/wjg.v28.i26.3164
https://www.ncbi.nlm.nih.gov/pubmed/36051332
https://doi.org/10.1038/nri.2016.42
https://www.ncbi.nlm.nih.gov/pubmed/27231050
https://doi.org/10.1126/science.1217718
https://doi.org/10.1016/j.cellimm.2016.09.009
https://doi.org/10.1007/s11904-011-0106-4
https://doi.org/10.1016/j.apsb.2021.03.026
https://doi.org/10.1186/s13075-021-02620-w
https://www.ncbi.nlm.nih.gov/pubmed/34521450
https://doi.org/10.1073/pnas.1000082107
https://www.ncbi.nlm.nih.gov/pubmed/20660719
https://doi.org/10.1016/j.it.2014.07.010
https://www.ncbi.nlm.nih.gov/pubmed/25172617
https://doi.org/10.1186/s13223-018-0278-1
https://www.ncbi.nlm.nih.gov/pubmed/30263032
https://doi.org/10.1038/s41586-022-05309-5
https://www.ncbi.nlm.nih.gov/pubmed/36070798
https://doi.org/10.3389/fimmu.2019.02345
https://www.ncbi.nlm.nih.gov/pubmed/31649668
https://doi.org/10.4161/gmic.19320
https://www.ncbi.nlm.nih.gov/pubmed/22356853
https://doi.org/10.1084/jem.20170057
https://doi.org/10.1038/mi.2012.89


Int. J. Mol. Sci. 2024, 25, 727 20 of 21

123. Bernardo, D.; Marin, A.C.; Fernández-Tomé, S.; Montalban-Arques, A.; Carrasco, A.; Tristán, E.; Ortega-Moreno, L.; Mora-
Gutiérrez, I.; Díaz-Guerra, A.; Caminero-Fernández, R.; et al. Human intestinal pro-inflammatory CD11chighCCR2+CX3CR1+

macrophages, but not their tolerogenic CD11c−CCR2−CX3CR1− counterparts, are expanded in inflammatory bowel disease.
Mucosal Immunol. 2018, 11, 1114–1126. [CrossRef]

124. Rugtveit, J.; Nilsen, E.M.; Bakka, A.; Carlsen, H.; Brandtzaeg, P.; Scott, H. Cytokine profiles differ in newly recruited and resident
subsets of mucosal macrophages from inflammatory bowel disease. Gastroenterology 1997, 112, 1493–1505. [CrossRef] [PubMed]

125. Kang, L.; Fang, X.; Song, Y.H.; He, Z.X.; Wang, Z.J.; Wang, S.L.; Li, Z.S.; Bai, Y. Neutrophil-Epithelial Crosstalk during Intestinal
Inflammation. Cell. Mol. Gastroenterol. Hepatol. 2022, 14, 1257–1267. [CrossRef]

126. Ohkubo, T.; Tsuda, M.; Suzuki, S.; El Borai, N.; Yamamura, M. Peripheral blood neutrophils of germ-free rats modified by in vivo
granulocyte-colony-stimulating factor and exposure to natural environment. Scand. J. Immunol. 1999, 49, 73–77. [CrossRef]
[PubMed]

127. Clarke, T.B.; Davis, K.M.; Lysenko, E.S.; Zhou, A.Y.; Yu, Y.; Weiser, J.N. Recognition of peptidoglycan from the microbiota by
Nod1 enhances systemic innate immunity. Nat. Med. 2010, 16, 228–231. [CrossRef] [PubMed]

128. Wen, L.; Ley, R.E.; Volchkov, P.Y.; Stranges, P.B.; Avanesyan, L.; Stonebraker, A.C.; Hu, C.; Wong, F.S.; Szot, G.L.; Bluestone, J.A.;
et al. Innate immunity and intestinal microbiota in the development of Type 1 diabetes. Nature 2008, 455, 1109–1113. [CrossRef]
[PubMed]

129. Wang, G.; Yu, Y.; Wang, Y.Z.; Wang, J.J.; Guan, R.; Sun, Y.; Shi, F.; Gao, J.; Fu, X.L. Role of SCFAs in gut microbiome and glycolysis
for colorectal cancer therapy. J. Cell. Physiol. 2019, 234, 17023–17049. [CrossRef] [PubMed]

130. Gomes, S.D.; Oliveira, C.S.; Azevedo-Silva, J.; Casanova, M.R.; Barreto, J.; Pereira, H.; Chaves, S.R.; Rodrigues, L.R.; Casal, M.;
Côrte-Real, M.; et al. The Role of Diet Related Short-Chain Fatty Acids in Colorectal Cancer Metabolism and Survival: Prevention
and Therapeutic Implications. Curr. Med. Chem. 2020, 27, 4087–4108. [CrossRef] [PubMed]

131. Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef]

132. Parada Venegas, D.; De la Fuente, M.K.; Landskron, G.; González, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber, K.N.;
Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef]

133. Xiong, R.-G.; Zhou, D.-D.; Wu, S.-X.; Huang, S.-Y.; Saimaiti, A.; Yang, Z.-J.; Shang, A.; Zhao, C.-N.; Gan, R.-Y.; Li, H.-B. Health
Benefits and Side Effects of Short-Chain Fatty Acids. Foods 2022, 11, 2863. [CrossRef] [PubMed]

134. Zheng, L.; Kelly, C.J.; Battista, K.D.; Schaefer, R.; Lanis, J.M.; Alexeev, E.E.; Wang, R.X.; Onyiah, J.C.; Kominsky, D.J.; Colgan, S.P.
Microbial-Derived Butyrate Promotes Epithelial Barrier Function through IL-10 Receptor–Dependent Repression of Claudin-2. J.
Immunol. 2017, 199, 2976–2984. [CrossRef] [PubMed]

135. Zhao, Y.; Chen, F.; Wu, W.; Sun, M.; Bilotta, A.J.; Yao, S.; Xiao, Y.; Huang, X.; Eaves-Pyles, T.D.; Golovko, G.; et al. GPR43 mediates
microbiota metabolite SCFA regulation of antimicrobial peptide expression in intestinal epithelial cells via activation of mTOR
and STAT3. Mucosal Immunol. 2018, 11, 752–762. [CrossRef] [PubMed]

136. Li, G.; Lin, J.; Zhang, C.; Gao, H.; Lu, H.; Gao, X.; Zhu, R.; Li, Z.; Li, M.; Liu, Z. Microbiota metabolite butyrate constrains
neutrophil functions and ameliorates mucosal inflammation in inflammatory bowel disease. Gut Microbes 2021, 13, 1968257.
[CrossRef] [PubMed]

137. Guo, H.; Chou, W.C.; Lai, Y.; Liang, K.; Tam, J.W.; Brickey, W.J.; Chen, L.; Montgomery, N.D.; Li, X.; Bohannon, L.M.; et al.
Multi-omics analyses of radiation survivors identify radioprotective microbes and metabolites. Science 2020, 370, eaay9097.
[CrossRef] [PubMed]

138. Yilmaz, B.; Li, H. Gut Microbiota and Iron: The Crucial Actors in Health and Disease. Pharmaceuticals 2018, 11, 98. [CrossRef]
[PubMed]

139. Wang, X.; Zhang, P.; Zhang, X. Probiotics Regulate Gut Microbiota: An Effective Method to Improve Immunity. Molecules 2021,
26, 6076. [CrossRef] [PubMed]

140. Liong, M.T. Roles of probiotics and prebiotics in colon cancer prevention: Postulated mechanisms and in-vivo evidence. Int. J.
Mol. Sci. 2008, 9, 854–863. [CrossRef]

141. Kim, S.K.; Guevarra, R.B.; Kim, Y.T.; Kwon, J.; Kim, H.; Cho, J.H.; Kim, H.B.; Lee, J.H. Role of Probiotics in Human Gut
Microbiome-Associated Diseases. J. Microbiol. Biotechnol. 2019, 29, 1335–1340. [CrossRef]

142. Azad, M.A.K.; Sarker, M.; Li, T.; Yin, J. Probiotic Species in the Modulation of Gut Microbiota: An Overview. Biomed. Res. Int.
2018, 2018, 9478630. [CrossRef]

143. Zhang, C.X.; Wang, H.Y.; Chen, T.X. Interactions between Intestinal Microflora/Probiotics and the Immune System. Biomed. Res.
Int. 2019, 2019, 6764919. [CrossRef] [PubMed]

144. Geremia, A.; Biancheri, P.; Allan, P.; Corazza, G.R.; Di Sabatino, A. Innate and adaptive immunity in inflammatory bowel disease.
Autoimmun. Rev. 2014, 13, 3–10. [CrossRef] [PubMed]

145. Deets, K.A.; Vance, R.E. Inflammasomes and adaptive immune responses. Nat. Immunol. 2021, 22, 412–422. [CrossRef]
146. Boulangé, C.L.; Neves, A.L.; Chilloux, J.; Nicholson, J.K.; Dumas, M.E. Impact of the gut microbiota on inflammation, obesity, and

metabolic disease. Genome Med. 2016, 8, 42. [CrossRef] [PubMed]
147. Wang, S.Z.; Yu, Y.J.; Adeli, K. Role of Gut Microbiota in Neuroendocrine Regulation of Carbohydrate and Lipid Metabolism via

the Microbiota-Gut-Brain-Liver Axis. Microorganisms 2020, 8, 527. [CrossRef] [PubMed]

https://doi.org/10.1038/s41385-018-0030-7
https://doi.org/10.1016/S0016-5085(97)70030-1
https://www.ncbi.nlm.nih.gov/pubmed/9136827
https://doi.org/10.1016/j.jcmgh.2022.09.002
https://doi.org/10.1046/j.1365-3083.1999.00456.x
https://www.ncbi.nlm.nih.gov/pubmed/10023860
https://doi.org/10.1038/nm.2087
https://www.ncbi.nlm.nih.gov/pubmed/20081863
https://doi.org/10.1038/nature07336
https://www.ncbi.nlm.nih.gov/pubmed/18806780
https://doi.org/10.1002/jcp.28436
https://www.ncbi.nlm.nih.gov/pubmed/30888065
https://doi.org/10.2174/0929867325666180530102050
https://www.ncbi.nlm.nih.gov/pubmed/29848266
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3390/foods11182863
https://www.ncbi.nlm.nih.gov/pubmed/36140990
https://doi.org/10.4049/jimmunol.1700105
https://www.ncbi.nlm.nih.gov/pubmed/28893958
https://doi.org/10.1038/mi.2017.118
https://www.ncbi.nlm.nih.gov/pubmed/29411774
https://doi.org/10.1080/19490976.2021.1968257
https://www.ncbi.nlm.nih.gov/pubmed/34494943
https://doi.org/10.1126/science.aay9097
https://www.ncbi.nlm.nih.gov/pubmed/33122357
https://doi.org/10.3390/ph11040098
https://www.ncbi.nlm.nih.gov/pubmed/30301142
https://doi.org/10.3390/molecules26196076
https://www.ncbi.nlm.nih.gov/pubmed/34641619
https://doi.org/10.3390/ijms9050854
https://doi.org/10.4014/jmb.1906.06064
https://doi.org/10.1155/2018/9478630
https://doi.org/10.1155/2019/6764919
https://www.ncbi.nlm.nih.gov/pubmed/31828119
https://doi.org/10.1016/j.autrev.2013.06.004
https://www.ncbi.nlm.nih.gov/pubmed/23774107
https://doi.org/10.1038/s41590-021-00869-6
https://doi.org/10.1186/s13073-016-0303-2
https://www.ncbi.nlm.nih.gov/pubmed/27098727
https://doi.org/10.3390/microorganisms8040527
https://www.ncbi.nlm.nih.gov/pubmed/32272588


Int. J. Mol. Sci. 2024, 25, 727 21 of 21

148. Fülling, C.; Dinan, T.G.; Cryan, J.F. Gut Microbe to Brain Signaling: What Happens in Vagus. . .. Neuron 2019, 101, 998–1002.
[CrossRef]

149. Goehler, L.E.; Gaykema, R.P.A.; Opitz, N.; Reddaway, R.; Badr, N.; Lyte, M. Activation in vagal afferents and central autonomic
pathways: Early responses to intestinal infection with Campylobacter jejuni. Brain Behav. Immun. 2005, 19, 334–344. [CrossRef]
[PubMed]

150. Kelly, J.R.; Borre, Y.; O’Brien, C.; Patterson, E.; El Aidy, S.; Deane, J.; Kennedy, P.J.; Beers, S.; Scott, K.; Moloney, G.; et al.
Transferring the blues: Depression-associated gut microbiota induces neurobehavioural changes in the rat. J. Psychiatr. Res. 2016,
82, 109–118. [CrossRef]

151. Clarke, G.; Grenham, S.; Scully, P.; Fitzgerald, P.; Moloney, R.D.; Shanahan, F.; Dinan, T.G.; Cryan, J.F. The microbiome-gut-brain
axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2013, 18, 666–673.
[CrossRef]

152. Sampson, T.R.; Debelius, J.W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.; Rocha, S.; Gradinaru,
V.; et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson’s Disease. Cell 2016, 167,
1469–1480.e12. [CrossRef]

153. Nie, D.; Fang, Q.; Cheng, J.; Li, B.; Li, M.; Wang, H.; Li, C.; Gui, S.; Zhang, Y.; Zhao, P. The intestinal flora of patients with GHPA
affects the growth and the expression of PD-L1 of tumor. Cancer Immunol. Immunother. 2021, 71, 1233–1245. [CrossRef] [PubMed]

154. Thaiss, C.A.; Zmora, N.; Levy, M.; Elinav, E. The microbiome and innate immunity. Nature 2016, 535, 65–74. [CrossRef] [PubMed]
155. Wells, J.M.; Brummer, R.J.; Derrien, M.; MacDonald, T.T.; Troost, F.; Cani, P.D.; Theodorou, V.; Dekker, J.; Méheust, A.; de Vos,

W.M.; et al. Homeostasis of the gut barrier and potential biomarkers. Am. J. Physiol. Gastrointest. Liver Physiol. 2017, 312,
G171–G193. [CrossRef] [PubMed]

156. Noel, G.; Baetz, N.W.; Staab, J.F.; Donowitz, M.; Kovbasnjuk, O.; Pasetti, M.F.; Zachos, N.C. A primary human macrophage-
enteroid co-culture model to investigate mucosal gut physiology and host-pathogen interactions. Sci. Rep. 2017, 7, 45270.
[CrossRef]

157. Moretta, L.; Ferlazzo, G.; Mingari, M.C.; Melioli, G.; Moretta, A. Human natural killer cell function and their interactions with
dendritic cells. Vaccine 2003, 21 (Suppl. 2), S38–S42. [CrossRef] [PubMed]

158. Zitvogel, L. Dendritic and natural killer cells cooperate in the control/switch of innate immunity. J. Exp. Med. 2002, 195, F9–F14.
[CrossRef]

159. Morishita, T.Y.; Aye, P.P.; Harr, B.S.; Cobb, C.W.; Clifford, J.R. Evaluation of an avian-specific probiotic to reduce the colonization
and shedding of Campylobacter jejuni in broilers. Avian Dis. 1997, 41, 850–855. [CrossRef]

160. Wagner, R.D.; Johnson, S.J.; Kurniasih Rubin, D. Probiotic bacteria are antagonistic to Salmonella enterica and Campylobacter
jejuni and influence host lymphocyte responses in human microbiota-associated immunodeficient and immunocompetent mice.
Mol. Nutr. Food Res. 2009, 53, 377–388. [CrossRef]

161. Scott, E.; De Paepe, K.; Van de Wiele, T. Postbiotics and Their Health Modulatory Biomolecules. Biomolecules 2022, 12, 1640.
[CrossRef]

162. Jiang, Z.; Lim, S.-O.; Yan, M.; Hsu, J.L.; Yao, J.; Wei, Y.; Chang, S.-S.; Yamaguchi, H.; Lee, H.-H.; Ke, B.; et al. TYRO3 induces
anti–PD-1/PD-L1 therapy resistance by limiting innate immunity and tumoral ferroptosis. J. Clin. Investig. 2021, 131, e139434.
[CrossRef]

163. Mao, C.; Wang, X.; Liu, Y.; Wang, M.; Yan, B.; Jiang, Y.; Shi, Y.; Shen, Y.; Liu, X.; Lai, W.; et al. A G3BP1-Interacting lncRNA
Promotes Ferroptosis and Apoptosis in Cancer via Nuclear Sequestration of p53. Cancer Res. 2018, 78, 3484–3496. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuron.2019.02.008
https://doi.org/10.1016/j.bbi.2004.09.002
https://www.ncbi.nlm.nih.gov/pubmed/15944073
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1007/s00262-021-03080-6
https://www.ncbi.nlm.nih.gov/pubmed/34647152
https://doi.org/10.1038/nature18847
https://www.ncbi.nlm.nih.gov/pubmed/27383981
https://doi.org/10.1152/ajpgi.00048.2015
https://www.ncbi.nlm.nih.gov/pubmed/27908847
https://doi.org/10.1038/srep45270
https://doi.org/10.1016/S0264-410X(03)00197-X
https://www.ncbi.nlm.nih.gov/pubmed/12763681
https://doi.org/10.1084/jem.20012040
https://doi.org/10.2307/1592338
https://doi.org/10.1002/mnfr.200800101
https://doi.org/10.3390/biom12111640
https://doi.org/10.1172/JCI139434
https://doi.org/10.1158/0008-5472.CAN-17-3454

	Introduction 
	Overview and Role of Iron 
	Iron Homeostasis 
	The Transportation of Iron in and out of Cells 
	Mechanisms Exist to Maintain Iron Equilibrium in the Body 

	Role of Iron Homeostasis and the Harmful Effects of Its Disturbance 
	Effect of Iron Homeostasis on the Human Body 
	Role of Iron Homeostasis in the Treatment of Cancer 
	Consequences of Impaired Iron Homeostasis 

	Regulation Mode of Iron Homeostasis 
	Effects of Iron Homeostasis on the Intestine 
	Effects of Iron Homeostasis on Intestinal Epithelial Cells 
	Effects of Iron Homeostasis on the Remodeling of Gut Microbiota 
	Role of Gut Microbiota 
	Regulatory Effects of Iron Homeostasis on Gut Microbiota Remodeling 

	Effect of Gut Microbiota on the Body and Intestinal Immunity Levels 
	Regulatory Effects of Gut Microbiota on Intestinal Immune Microenvironment Remodeling and the Human Body 
	Regulatory Effects of Gut Microbiota on Autoimmune Diseases 
	Gut Microbiota Can Shape Innate and Adaptive Immunity for Immune Homeostasis 
	Effect of Short-Chain Fatty Acids Produced by Gut Microbiota on Intestinal Immunity and Autoimmunity 
	Effect of Intestinal Probiotics on Intestinal Immunity 

	Effects of Gut Microbiota Composition on the Host 
	Composition of Gut Microbiota Can Affect the Immune and Internal Physiological Environment of the Host 
	Gut Microbiota Can Regulate the Development of the Central Nervous System 
	Homeostasis of the Intestinal Microenvironment 

	Conclusions 
	Look Forward to the Future 
	References

