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Abstract: Inflammatory bowel disease (IBD) and colitis-associated colorectal cancer (CAC) are com-
mon diseases of the digestive system. Vitamin deficiencies and gut microbiota dysbiosis have a
close relationship with the risk, development, and progression of IBD and CAC. There is a strong
link between vitamins and the gut microbiome. Vitamins are extremely crucial for maintaining a
healthy gut microbiota, promoting growth and development, metabolism, and innate immunity. Gut
microbiota can not only influence the transport process of vitamins, but also produce vitamins to
compensate for insufficient food intake. Emerging evidence suggests that oral vitamin supplementa-
tion can reduce inflammation levels and improve disease prognosis. In addition, improving the diet
structure and consuming foods rich in vitamins not only help to improve the vitamin deficiency, but
also help to reduce the risk of IBD. Fecal microbiota transplantation (FMT) and the application of
vitamin-producing probiotics can better assist in the treatment of intestinal diseases. In this review,
we discuss the interaction and therapeutic roles of vitamins and gut microbiota in IBD and CAC. We
also summarize the methods of treating IBD and CAC by modulating vitamins. This may highlight
strategies to target gut-microbiota-dependent alterations in vitamin metabolism in the context of IBD
and CAC therapy.
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1. Introduction

IBD is an idiopathic chronic inflammatory disease, including Crohn’s disease (CD) and
ulcerative colitis (UC) [1]. At present, the incidence and prevalence of IBD are on the rise;
this is accompanied by numerous extraintestinal manifestations [2]. Chronic inflammation
may be conducive to the occurrence or development of tumors. The underlying mechanism
is repeated stimulation of epithelial cells and infiltration of various immune cells. According
to the International Agency for Research on Cancer (IARC) research, gastrointestinal cancers
represented one of the leading causes of mortality worldwide [3]. Colorectal cancer (CRC)
is the second most common cause of cancer death worldwide; in addition, morbidity and
mortality are still on the rise [4,5]. Many data indicate that patients with IBD are at a
higher risk of developing CRC [6]; moreover, 15% of deaths in IBD patients are associated
with CAC [7], which supports the notion that inflammation plays a key role in cancer
development [8].

Gut microbiota refers to the collection of microorganisms present within the digestive
tract [9]. Their function is to protect the integrity of the intestinal epithelial barrier and
inhibit the expansion of pathogenic bacteria [10]. Therefore, homeostasis of the gut micro-
biota is essential. However, many common substances can affect the gut microbiota, such
as food additives, nitrosamines, antibiotics, etc. [11]. Meanwhile, the intestinal microbiota
also affects the human metabolism by producing enzymes not encoded in the human
genome; these include decomposing polysaccharides, polyphenols, and synthesizing vi-
tamins [12]. Through the study of animals and human volunteers, it is found that the
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intestinal microbiota can synthesize vitamin K, vitamin C, and B vitamins, including biotin,
cobalamin, folic acid, niacin, pantothenic acid, pyridoxine, riboflavin, and thiamine [13].
These vitamins have a protective effect on the intestine. Therefore, an imbalance in intesti-
nal microbiota composition may promote the development of inflammation and tumors by
affecting vitamin metabolism.

Vitamins are a type of micronutrient that humans and animals must obtain from
food in order to maintain normal physiological functions. They play a vital role in the
growth, metabolism, and development of the human body. According to the solubility of
vitamins, they are divided into water-soluble and fat-soluble; fat-soluble vitamins include
vitamin A, D, E, and K. Humans obtain vitamins mainly from the diet, and the intestine
is the main absorption site. For example, vitamin A is mainly assimilated in the proximal
jejunum, vitamin D is optimal assimilated in the distal jejunum, and vitamins E and K are
mainly taken in the ileum [14]. Therefore, impairment of intestinal function may affect the
absorption of vitamins. Vitamins can directly or indirectly regulate the intestinal microbiota.
For example, vitamins B and D may be involved in the remodeling of the gut microbiota
in normal and obese individuals [15]. More and more evidence shows that a vitamin
deficiency will lead to an intestinal flora disorder, and then cause intestinal diseases. A
deficiency of gut microbes that synthesize B vitamins may lead to the worsening of CD [16].
Even so, dysplastic gut microbiota and abnormalities in B vitamin metabolism have been
observed in malnourished children [17]. However, the mechanism of vitamin–microbiota
interaction in intestinal inflammation and carcinogenesis is unknown. In recent years,
research interest in the role of vitamin–microbiota crosstalk in intestinal inflammation and
carcinogenesis has surged. This review describes the mechanism of vitamins in maintaining
the homeostasis of the gastrointestinal microbiota and reducing intestinal inflammation
to prevent cancer; moreover, it introduces the application of vitamins in the treatment of
intestinal diseases. This provides a new idea for the clinical prevention and treatment of
IBD and CAC.

The type of this review is a narrative review. We searched mainly in the PubMed
database and Web of Science database. The key words are vitamins, intestinal flora,
inflammatory bowel disease, colitis-related colon cancer, probiotics, fecal microbial trans-
plantation, etc. We summarize the key literature, and put forward our own understanding
and outlook; we thus form this review. We objectively selected the most relevant literatures
on this topic and summarized them.

2. Interaction of Vitamins and Gut Microbiota
2.1. Gut Microbiota Changes in IBD and CAC

The disturbance of gut microbiota plays an important role in the occurrence and
development of IBD and CAC. In CAC, the abundance of Fusobacterium, Ruminococcus genus
decreased and the abundance of Enterobacteriacae family, Sphingomonas genus increased in
the gut microbiota [18]; whereas in IBD, the number of Lactobacillus spp., Bifidobacterium
spp., F. prausnitzii decreased and the number of E. coli, C. difficile increased [19]. The
decrease in the diversity of Firmicutes is a major change in gut microbiota dysbiosis in IBD
patients. Firmicutes are the main bacteria that synthesize vitamins in the gut microbiome;
thus, this may help explain the prevalence of vitamin deficiencies in IBD patients [20–22].

2.2. The Relationship between Vitamins and the Gut Microbiota

Vitamins are important micronutrients for the human body. Although the human
body cannot synthesize vitamins, the gut microbiota can produce vitamins to compensate
for insufficient food intake, and acts as a key mediator of vitamin absorption. For instance,
vitamin B5 can be obtained from food or synthesized by intestinal flora. Fat-soluble
vitamins alter gut microbiota composition by modulating immunity, bacterial growth, and
metabolism. Vitamin D supplementation in infant diets has important effects on changes in
early microbial composition, whereas vitamin D deficiency in children leads to reduced
bacterial diversity. At the same time, gut microbiota can also affect the synthesis, metabolic
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process, and transport of fat-soluble vitamins and their metabolites [23–27]. Unlike vitamins
obtained from food, vitamins produced by microorganisms are mainly absorbed in the
colon [28].

2.3. The Ability of the Gut Microbiota to Produce Vitamins

Genome annotations, a new method, can forecast vitamin metabolism pathways and
evaluate vitamin biosynthesis potential. The author successfully predicted that 40–65% of
human gut microbes have the power to synthesize B vitamins. The two most commonly
synthesized vitamins are riboflavin and niacin, with 166 and 162 predicted producers,
respectively [29]. In a study comparing the taxonomic characteristics of metabolic genes
related to vitamin biosynthesis, and transport at the phylum or species level, researchers
used these mapped gene identifiers to retrieve the UniProt database’s lineage information.
They detected that Firmicutes is the cardinal correlative metabolic pathway of vitamins,
accounting for nearly half of the total; the second is Proteobacteria, accounting for nearly
a fifth; followed by Bacteroides and Actinomycetes, accounting for less [30]. These four
florae are the main components of the human gut microbiota, accounting for more than
90% of the total microbiota.

2.4. The Effect of Vitamins on the Gut Microbiota

Correspondingly, vitamins will affect the composition of the gut microbiota. A study
investigated 96 healthy volunteers; these volunteers took different vitamins, including
vitamin A, vitamin B2, vitamin C, vitamin B2 + C, vitamin D3 and vitamin E, or placebo
every day for a period of four weeks. The results showed that: vitamins B2, C, and D
affect the metabolism and composition of the gut microbiota; vitamin C prominently raises
the alpha diversity of gut microbes; the number of species of gut microbes markedly
increased after vitamin B2 supplementation; combined supplementation with vitamins
B2 and C resulted in a significant reduction in Sutterella, but an increase in Coprococcus
numbers; and after taking vitamin D, the growth of Actinobacteria is promoted and the
growth of Bacteroidetes is inhibited [31]. Vitamin A deficiency decreased the numbers of
the Lachnospiraceae _NK4A136 _group, Anaerotruncus, Oscillibacter in Firmicutes, and also
decreased the level of Mucispirillum; however, Parasutterella showed an upward trend.
TLR4 may be involved in the process of vitamin A regulating the microbiota [32]. Vitamin
C supplementation reduces the number of Enterobacteriaceae, increases the abundance of
Lactobacillus sp., inhibits the growth of harmful bacteria, and promotes the increase of
beneficial bacteria [33]. Interaction of vitamin D and the gut microbiota is critical for
immune homeostasis. Supplementation with high levels of Vitamin D increased Prevotella
and decreased Veillonella and Haemophilus. In addition, Coprococcus and Bifdobacterium
were negatively correlated with 25(OH)D levels [34]. An animal experiment manifested
that Ruminococcus, Lachnospiraceae, and Muribaculaceae are more abundant in the gut of
vitamin K deficient mice. However, Bacteroides is abundant in the vitamin supplement
mice. Surprisingly, this phenomenon was more pronounced in female mice than in male
mice [35].

Effects of vitamin supplementation on the human gut microbiota are shown in Table 1.
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Table 1. Effects of vitamin supplementation on the human gut microbiota. The table is modified
according to: [15,30,32–34,36].

Vitamin
Supplement

Increased
Bacteria

Reduced
Bacteria

Vitamin A Akkermansia, Lactobacillus,
Prevotella, Aerococcus

Bacteroides, Parabacteroides,
Escherichia/Shigella, Klebsiella, Oscillibacter,

Pseudolavonifractor, Clostridium sensu
stricto, Butyrimimonas, Mucispirllum,

Clostridium XIVb [36]

Vitamin B Actinobacteria,
Odoribacteraceae

Campylobacteraceae,
Fusobacteriaceae,

Prevotellaceae [15]
Vitamin C Lactobacillus sp. Enterobacteriaceae [32]

Vitamin D Actinobacteria, Prevotella

Bacteroidetes,
Veillonella,

Haemophilus, Coprococcus,
Bifdobacterium [30,33]

Vitamin E Bacteroides,
Proteobacteria

Ruminococcus, Lachnospiraceae,
Muribaculaceae

(In the case of vitamin E deficiency) [34]

3. The Role of Vitamins in Intestinal Inflammation and Cancer

In intestinal tumors, numerous clinical studies had displayed a higher prevalence of
CRC in the people with B vitamins and vitamin D deficiency [37,38]. Simultaneously, the
prolonged unhealing of IBD puts patients at a higher risk of CRC. IBD patients with low
vitamin D levels have worse disease severity and prognosis [39]. This shows that the role
of vitamins in IBD and CRC cannot be ignored. In an inflammatory context, knockout of
IKKbetaβ, a link between inflammation and cancer, reduces the occurrence of cancer due to
an increased apoptosis of epithelial cells [40]. The presence of IL-6 trans-signaling increases
the risk of inflammatory carcinogenesis in a study on colitis-associated premalignant cancer
(CApC) [41]. As discussed above, intestinal inflammation and cancer are inextricably
linked; moreover, intestinal inflammation caused by intestinal flora disturbance and vitamin
deficiency may eventually develop into cancer if left untreated. In the following, we mainly
discuss the role of vitamin deficiency in intestinal inflammation and carcinogenesis, and
the possible mechanisms involved in producing these effects.

3.1. The Role of Vitamin A in Intestinal Inflammation and Cancer

There has been a surge in attention to the role of vitamin A in IBD. Vitamin A and its
active metabolite retinoic acid (RA) play a pivotal role in the human immune system and
may have an effect in the differentiation of helper T cells [42]. Under non-inflammatory
conditions, RA is able to inhibit IL-6 receptor expression and Th1/Th17 production. Under
inflammatory conditions, RA changes from a protective effect on the mucosa to a destructive
effect; this is reflected in the significantly increased RA level in the mucosa of IBD patients
at the active stage, accompanied by the up-regulation of IL-17 and IFN-γ secreted by CD4
and CD8 [43,44]. Vitamin A and its metabolites display an anti-inflammatory role by
blocking the activation of Th1 and Th17, inhibiting the production of IL-17, INF-γ and TNF-
α. Meanwhile, they can promote anti-inflammatory factors by cooperating with TGF-β to
increase the level of Foxp3 to exert immune function [45]. One piece of data showed that low
levels of vitamin A activate nuclear NF-kB and promote collagen formation; this exacerbates
the inflammation of colitis. After vitamin supplementation, intestinal inflammation was
obviously relieved [46]. All-trans retinoic acid (AtRA) reduces the expression of TNF-α and
nitric oxide synthase 2 (NOS2) proteins secreted by the colonic mucosa of UC and CAC
patients [47]. Vitamin A also has the effect of protecting the intestinal mucosal barrier, and
the underlying mechanism is to antagonize the intestinal destruction effect of LPS [48,49].



Nutrients 2022, 14, 3383 5 of 18

In an examination on the effect of vitamin A deficiency on the development of coli-
tis and CRC, researchers used dextran sodium sulfate (DSS) to induce colitis in mice; in
addition, a combination of azoxymethane (AOM) pre-injection and DSS colitis induced
CAC. Vitamin-deficient mice have higher levels of intestinal inflammation, slower mucosal
healing, and enhanced immune responses more prone to CAC [50]. In the CAC mouse
model, inflammation induced by gut bacteria affects AtRA metabolism; this leads to a
decrease in its levels. The decreased activity of AtRA metabolic enzymes and decreased
AtRA levels were found in clinical samples of UC and its associated CAC. Meanwhile,
AtRA exerts anticancer effects by activating CD8+ T cells; this provides new insights for
the treatment of CAC [51]. The combination of retinol and a retinol-binding protein (RBP)
activates the oncogene STRA6 to promote the occurrence of CRC; the holo-RBP/STRA6
pathway can further play a carcinogenic role by promoting the carcinogenesis of fibrob-
lasts [52]. In an animal experiment on the effect of vitamin A deficiency on the development
of colitis and CRC, when vitamin A is at a low level, the vitamin A lipid droplets in mice
will be degraded, the immune response will be enhanced, the colonic inflammation will be
aggravated, and the progression of carcinogenesis will be accelerated [50].

3.2. The Role of Vitamin B12 and Folic Acid in Intestinal Inflammation and Cancer

The intestinal flora is involved in the human body’s metabolism of vitamin B12, which
is also an important nutrient necessary for bacteria and enzymes in the human body [53].
There are many causes of vitamin B12 and folic acid deficiencies in IBD patients. These
include microbial overgrowth in the ileum and jejunum, insufficient intake of vitamin B12
or increased body needs, increased intestinal destruction of vitamins or a decreased ability
to absorb them, adverse effects of certain medications such as methotrexate or sulfasalazine,
and some pathological causes, including protein-losing enteropathy, abnormal liver func-
tion, ileum-related lesions or surgical resection, intestinal fistula, etc. [54–57]. Unlike the
well-established relationship between folate deficiency and IBD, many related studies on
vitamin B12 and IBD have shown mixed results [54,58,59]. Vitamin B12 deficiency does
not affect the healthy gut microbiota composition; however, it leads to a larger dysbiosis
of the gut microbiota in experimental colitis and promotes the growth of opportunistic
pathogens. Unexpectedly, vitamin B12 deficiency reduced colonic tissue damage; this is
possibly related to an increase in the anti-inflammatory cytokine IL-10 [60].

A study was conducted on the potential role of a methyl-deficient diet (MDD), which
reduces the plasma concentration of vitamin B12 and folic acid, and raises homocysteine
levels, on the DSS-induced colitis in mice. DSS-treated mice fed with MDD had more
serious colitis than the other treatment groups. Although superoxide dismutase and
glutathione peroxidase activity remained stable, the levels of caspase-3 and Bax were
affected. In addition to the increased expression of Bcl-2, the expression of inflammation-
related markers, such as cytosolic phospholipase A2 and cyclooxygenase 2, had a significant
trend of increasing; this was accompanied by the decreased expression of the tissue inhibitor
of the metalloproteinase (TIMP) 3 protein. Therefore, vitamin B12 deficiency may aggravate
the degree of inflammation in experimental IBD [61].

In CRC patients, long interspersed nuclear element-1 (LINE1) methylation in the
tumor area and peripheral blood mononuclear cells (PBMCs) was demonstrated to be
reduced in the high vitamin B12 group compared with the low serum vitamin B12 group;
the tumor area is also lower in the LINE1 methylation level than the surrounding non-
tumor area. Therefore, high vitamin B12 levels may reduce the risk of CRC by reducing
DNA methylation [62]. Oxidative stress is one of the mechanisms of CRC pathogenesis;
further, the levels of folate and vitamin B12 are positively correlated with the levels of
the body’s antioxidant glutathione. Elevating folate and vitamin B12 levels in AOM-
induced CRC showed significant anti-apoptotic, anti-oxidative stress, and resistance to
AOM cytotoxicity [63]. In a systematic review and meta-analysis of 4517 IBD patients,
folic acid supplementation was shown to reduce the CRC risk in IBD patients and to
be protective against CRC development [64]. Interestingly, evidence shows that the lack
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of methyl donor nutrients folate, choline, methionine, and vitamin B12 inhibits tumor
development in Apc mutant mice [65]. All in all, the role of vitamin B12 and folic acid in
intestinal diseases requires more in-depth research.

3.3. The Role of Vitamin D in Intestinal Inflammation and Cancer

Epidemiological and animal experimentation have shown that vitamin D deficiency is
a high-risk factor for IBD and CRC. Vitamin D supplementation contributes to reducing
disease severity, possibly through a variety of mechanisms, including the regulation of
immune cell trafficking and differentiation, and antimicrobial peptide synthesis [66]. Vi-
tamin D can maintain the normal function of the intestinal mucosal barrier, and improve
the body’s innate and adaptive immunity [67]. 1α, 25-dihydroxyvitamin D3 (calcitriol),
the active form of Vitamin D, can combine with TGF-β, increasing IL2 levels, to modu-
late T cells to suppress inflammatory cytokine production and enhance the survival and
function of Foxp3+ Treg cells [68]. The vitamin D receptor (VDR) is an important pathway
for vitamin D to regulate immunity and play an anti-inflammatory role. Relevant data
show that VDR has a protective effect on the gut; it may maintain gut homeostasis and
prevent cancer by regulating the JAK/STAT pathway [69]. In patients with IBD, the con-
tent of VDR in the colonic epithelium was significantly lower than that of normal people.
Among the experimental colitis models, transgenic mice expressing hVDR have less colonic
inflammation than mice lacking VDR. Restoring epithelial VDR expression with hVDR
transgene alleviates severe colitis and reduces mortality. The intrinsic mechanism is that
the VDR exerts an anti-apoptotic effect by inhibiting NF-κB activation in order to protect
the intestinal barrier to relieve colitis [70].

The expression level of the IBD risk gene ATG16L1 and the normal function of Paneth
cells are closely related to VDR [71]. Paneth cell-specific VDR knockout (VDR∆PC) mice
exhibited a decrease in antibacterial activity, and an increased susceptibility to intestinal
damage caused by Salmonella and the non-steroidal anti-inflammatory drug indomethacin.
When VDR∆PC mice were co-housed with non-VDR-knockout mice, VDR∆PC mice exhib-
ited resistance to DSS-induced colitis. Therefore, the VDR in Paneth cells has the ability
to maintain antibacterial activity, thereby avoiding inflammation [72]. Paneth cell abnor-
malities and impaired autophagy can also be caused by an intestinal VDR deficiency [73].
1,25-dihydroxyvitamin D3 increased the transcriptional and translational levels of Atg16L1
via VDR; this resulted in increased autophagy-related proteins, but restricted IL-1β ex-
pression [74]. Active vitamin D exerts anti-infective effects by regulating IL-8 and hBD-2
levels in IECs through PI3K/Akt signaling, and NOD2 protein expression after Salmonella
invasion of epithelial cells [74].

A human trial published in 2018 displayed that vitamin D supplementation could
reduce intestinal inflammation markers in patients with active UC [75]. Another mechanism
study showed that VDR activates Claudin-15 (VDR’s target gene) to prevent colitis; this
confirms the alleviating effect of vitamin D on IBD [76]. Simultaneously, the combined
use of cyclosporin A and 1,25-Dihydroxyvitamin D3, or its non-hypercalcemia analogues
EB 1089 and KH 1060, inhibits the proliferation of T lymphocytes in patients with active
UC [77]. Numerous studies have proven that vitamin D and its metabolites directly inhibit
the development and progression of various cancers; moreover, they have potential chemo-
preventive effects [78–80]. A Western diet (WD) refers to a diet high in fat and low in
calcium, vitamin D, and fiber. This diet exacerbated vitamin D deficiency by increasing the
levels of the vitamin D catabolic enzyme cyp24a1. If the calcium and vitamin D levels in
WD are restored to standard levels, colon inflammation may be reduced and cancer risk will
be prevented [81]. In the CAC mouse model induced by AOM and DSS, dietary vitamin D3
supplementation showed excellent anticancer properties and reduced CCL20 levels. CCL20
is a potential therapeutic target in carcinogenesis. Vitamin D3 inhibits the carcinogenesis of
colitis by reducing the expression of p38MAPK/NF-κB signaling mediated by CCL20 [82].

Some prospective studies have verified that the higher the vitamin D intake and blood
25(OH)D level, the lower the risk of CRC [83–85]. In a cohort study of 2809 IBD patients,
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vitamin D levels were inversely associated with cancer risk; for every 1 ng/mL increase in
plasma 25-hydroxy vitamin D, the risk of CRC is reduced by 8% [86]. Abnormal activation
of Wnt/β-catenin signaling pathway promotes the development of precancerous lesions
into tumors [87]. By inhibiting the Wnt/β-catenin signaling pathway, active vitamin D
metabolites can limit cancer cell proliferation and promote the transformation of CRC
cells expressing VDR into the epithelial cells. In addition, the level of VDR in tumor
stromal fibroblasts is directly proportional to the survival time of CRC patients [88]. Cyclin-
dependent kinase inhibitors such as p21 and p27 can inhibit the cycle of cancer cells and
induce apoptosis; they can also mediate the inhibitory effect of vitamin D on the growth of
cancer cells [89]. RAS-activating mutations are one of the mechanisms of CRC pathogenesis,
and low levels of vitamin D may be linked to mutations [90,91]. Urszula Dougherty et al.
revealed that VDR inhibits inflammation-to-cancer transition by negatively regulating the
RAS and EGFR pathways, which increases Snail1 expression and reduces VDR expression
in CRC cells [92]. The function that vitamin D modulates gut microbiota plays a pivotal
role in the treatment of CRC, mainly by regulating intestinal probiotics such as Akkermansia
muciniphila; this protects the intestinal mucosal barrier [93].

Vitamin A and D are absorbed in the proximal and distal jejunum, respectively. Vita-
min E and K are mainly absorbed in the ileum; vitamins produced by microorganisms are
mainly absorbed in the colon. Vitamin deficiency aggravates intestinal inflammation and
even promotes cancer through multiple mechanisms. In IBD and CAC patients, the activi-
ties of all-trans retinoic acid (AtRA) metabolizing enzymes and AtRA levels are reduced;
this regulates the TLR4/NF-κB signaling pathway to reduce the expression of TNF-α and
NOS2. Vitamin A and AtRA exert anti-inflammatory effects by blocking the activation
of Th1 and Th17, inhibiting the production of IL-17, INF-γ, and TNF-α, and stimulating
Foxp3 expression; this results in the differentiation of naive T cells into anti-inflammatory
TREG cells. The lack of vitamin A and AtRA in the state of IBD will affect the occurrence
of the above mechanisms and lead to the aggravation of inflammation. Vitamin D exerts
anti-apoptotic effects by inhibiting NF-kB activation through its receptors. 1,25(OH)2D in-
creases Atg16L levels via the vitamin D receptor (VDR), enhances autophagic capacity, and
enhances innate immunity by modulating IL-8 and hBD-2 levels in IEC through PI3K/Akt
signaling and NOD2 protein expression. The binding of vitamin D to TGF-β is directly
involved in the regulation of regulatory T cells. Vitamin D exerts anticancer effects by in-
hibiting RAS, EGFR, Wnt/β-catenin, and p38MAPK/NF-κB pathways. P21/P27 mediates
the inhibitory effect of vitamin D on cancer cells. High vitamin B12 levels may decrease
IBD and CAC risk by reducing DNA methylation, oxidative stress, and inflammatory
factor levels.

The intestinal absorption of vitamins and the mechanism of action of vitamins in in-
flammatory bowel disease (IBD) and colitis-associated colorectal cancer (CAC) are schemat-
ically shown in Figure 1.
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Figure 1. Intestinal absorption of vitamins and the mechanism of action of vitamins in inflammatory
bowel disease (IBD), and colitis-associated colorectal cancer (CAC). The up and down arrows in
Figure 1 represent increase and decrease, respectively. DC represent dendritic cell, which is the most
functional professional antigen-presenting cells in the body. RA stands for retinoic acid.

4. Therapeutic Role of Vitamins and Gut Microbiota in IBD and CAC
4.1. The Role of Vitamin–Microbiota Interaction in IBD and CAC

The key role in the occurrence and pathogenesis of chronic IBD is the influence of mi-
croorganisms (especially symbiotic microbiota) on the host mucosal immune function [94].
Meanwhile, intestinal microbiota and chronic inflammation have been proved to be closely
related to tumorigenesis [95]. Vitamins have the function of regulating gut microbiota and
protecting the gut. Therefore, the interaction of vitamins and microbiota may have great
potential in the treatment of IBD and CAC.

Vitamin A achieves the effect of treating UC by promoting mucosal healing, promoting
the increase of ASCFA-producing related bacteria, and reducing the level of UC-related
bacteria [36]. Propionibacterium freudenreichii ET-3 produces the precursor of vitamin K2,
1,4-dihydroxy-2-naphthoic acid (DHNA), which activates the aryl hydrocarbon receptor
(AhR) to ameliorate colitis and modulate gut microbiota [96]. The deficiency of vitamin
D increases the abundance of Bacteroidetes, Proteobacteria phyla, and Helicobacteraceae fam-
ilies, decreases the abundance of Firmicutes and Deferribacteres phyla, and also affects
E-cadherin expression and reduces the number of tolerating dendritic cells [97]. How-
ever, the co-administration of vitamin D in the treatment of IBD with rifaximin can affect
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the gut microbiota and the efficacy of rifaximin [98]. Vitamin D promotes the growth of
A. muciniphila to protect the intestinal mucosal barrier, and these effects are particularly
important in combating the development of CRC [93]. Research shows that vitamin E
and its metabolites have great potential in regulating gut microbiota, reducing inflamma-
tion, and inhibiting carcinogenesis [99]. Furthermore, vitamin Eδ-tocotrienol (δTE) and its
metaboliteδTE-13′-carboxychromanol (δTE-13′) increased the abundance of Lactococcus and
Bacteroides in the gut and inhibited the production of inflammatory factors [100].

4.2. The Role of Diet in IBD and CAC

Unreasonable dietary structure may be involved in the occurrence and development of
IBD and CAC. A high-fat diet (HFD), low-fiber foods, and low-vitamin foods increase the
risk of IBD and CAC [101,102]. Vitamin-rich fruits and vegetables, and a Mediterranean diet
(MD) reduce inflammation levels, disease activity, improve quality of life in IBD patients,
and reduce IBD incidence [103–105]. A vitamin-deficient Western diet (WD) aggravates
CAC symptoms and promotes tumor development; this is possibly mediated by STAT3 and
NF-kB [106]. HFD can also promote the development of CAC by evading ferroptosis [107].
However, eating a MD rich in vitamins can counteract the gut damage caused by the HFD
and inhibit tumor development [108]. The incidence of CRC decreases with increased MD
adherence, and high compliance improves the body’s antioxidant capacity [109,110].

4.3. The Role of Probiotics That Produce Vitamins in IBD and CAC

Probiotics that produce vitamins have received increasing attention in recent years.
The reason is that probiotics are effective in reducing the side effects caused by drugs.
Among them, lactic acid bacteria (LAB) are the most concerned. LAB inhibit the inflammatory
process through different mechanisms, including regulating the intestinal flora disorder of
patients with IBD, protecting the normal function of the intestinal barrier and mucosa, and
regulating the immune response of human. LAB exert anti-inflammatory and antioxidant
effects by producing riboflavin (vitamin B2) and folic acid [111,112]. These results have
also been verified in animal experiments. Vitamin-producing LAB not only play an anti-
inflammatory role in acute enteritis, but can also effectively relieve recurrent colitis. In
addition, in the process of combined use with mesalazine, they can effectively reduce the
adverse effects and improve the curative effects [113]. Mayur Garg et al. found that the
injection of LAB that produce folic acid will reduce diarrhea in mice with 5-FU-induced
enteritis, and improve the structure and function of colon tissue. This discovery reduces the
severity of intestinal mucosal inflammation that occurs during cancer chemotherapy and
improves drug effectiveness; thereby, this improves the quality of life of patients [114]. In
addition, the combined use of LAB and 5-FU reduces the decrease in blood cell count caused
by 5-FU and allows patients to obtain a complete treatment cycle [115]. Nahla M. Mansour
et al. isolated three probiotics that produce riboflavin and folic acid from 150 collected
human fecal samples; they used them to treat acetic acid-induced colitis in rats. They found
that these probiotics protect the colonic mucosa and promote the healing of ulcerative
lesions; moreover, they have anti-inflammatory and anti-oxidative stress effects [116].
A newly isolated bacterium with the ability to produce folic acid, Latilactobacillus sakei
LZ217, has the function of promoting the production of butyric acid and improving the
composition of intestinal flora [117]. Akkermansia muciniphila, a common bacterium in the
gut, regulates CLTs to protect the gut against inflammation and tumor invasion; it also
produces vitamin B12 to alleviate vitamin deficiency in IBD patients [118,119]. Studies have
found that the Propionibacterium strain, P. UF1, synthesizes vitamin B12; this has a positive
regulatory effect on intestinal immunity and intestinal health [120].

Similarly, E. coli alleviates IBD by producing vitamins. Lesley Wassef et al. and Jennifer
K. Miller et al. used E. coli to produce two β-carotene-producing strains to treat vitamin
A deficiency. These results show great clinical potential [121,122]. The combination of
Vitamin A and its metabolites with Lactobacillus brevis KB290 raises the CD11c+ MP/CD103-
DC ratio; thereby, this plays a positive role in the treatment of colitis [123]. Furthermore,
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segmented filamentous bacteria (SFB) in the gut can produce AtRA to counteract damage
to the gut from infection [124]. Probiotics have a positive effect on vitamin D and its
receptor activity, such as Lactobacillus rhamnosus GG (LGG) and Lactobacillus plantarum (LP);
also in the Salmonella colitis model, using VDR (-/-) mice to verify that the alleviating
effect of LGG on IBD is through the VDR signaling pathway [125]. In addition, bile salt
hydrolase (BSH)-active Lactobacillus reuteri NCIMB 30,242 modulates active vitamin D
levels in plasma. A mixture of krill oil (KO), the probiotic Lactobacillus reuteri, and vitamin
D significantly reduced pathological scores and the release of inflammatory factors, and
promoted mucosal healing and reduced the occurrence of opportunistic infections [126].
The level of VDR is significantly increased after pretreatment with the probiotic VSL#3,
which together protect intestinal mucosa and prevent damage; this plays a certain role
in preventing the development of CRC [127]. Lu, R. et al. discovered that after treating
HCT116 cells or intestinal organoids with a conditioned medium of LAB isolated from
Korean kimchi, its secreted proteins P40 and P75 are related to the increased expression of
VDR; they also enhance the autophagy response, which together has an anti-inflammatory
effect [128]. Lithocholic acid (LCA) synthesized by gut microbes acts as a bridge to link
VDR to microbes, thereby increasing vitamin D levels [129].

The role of vitamin-producing probiotics in intestinal inflammation and carcinogenesis
is shown in Table 2.

Table 2. The role of vitamin-producing probiotics in intestinal inflammation and carcinogenesis. The
table is modified according to: [111,112,116–122,124–128].

Probiotics Product Effect

Lactic acid bacteria Vitamin B2
Folic acid Anti-inflammatory and antioxidant [111,112]

Pediococcus acidilactici Vitamin B2
Vitamin B9

Colonic mucosal protection and promotion of
healing of ulcerative lesions [116]

Latilactobacillus sakei LZ217 Folic acid The role of butyric acid production and
improvement of intestinal flora composition [117]

Akkermansia muciniphila Vitamin B12 Regulation of CLT to protect the gut from
inflammation and tumor invasion [118,119]

Propionibacterium strain, P. UF1 Vitamin B12 Intestinal immune regulation [120]
Escherichia coli MG1655*, Nissle 1917

(EcN-BETA) Vitamin A Treating vitamin A deficiency [121,122]

Segmented filamentous bacteria All-trans retinoic acid Counteracts damage to the gut from infection [124]
Lactobacillus rhamnosus GG and

Lactobacillus plantarum
Alleviation of IBD through the VDR signaling

pathway [125]
Lactobacillus reuteri NCIMB 30242 Regulation of active vitamin D levels in plasma [126]

Probiotic VSL#3 Increase VDR levels and prevent CRC [127]
Lactic acid bacteria (Isolated from

Korean kimchi)
P40
P75

Increase VDR expression and enhance autophagic
response [128]

4.4. The Role of Fecal Microbiota Transplantation (FMT) in IBD and CAC

FMT has great potential as a strategy for the treatment of IBD. FMT alleviated the
symptoms of IBD, alleviated intestinal damage, and reduced disease activity by modulating
immunity, inhibiting the production of inflammatory factors, and reducing the level of
oxidative stress. FMT can also increase bacterial diversity and improve the dysbiosis of
the IBD patient’s gut microbiota. At the genus level, the abundances of Lactobacillus, Faecal-
ibacterium, Butyricicoccus, Blautia, Lachnoclostridium, Coriobacteria, Olsenella, Bifidobacterium,
and butyric acid-producing bacteria were increased after FMT; in addition, the numbers of
Clostridium, Bacteroides, and Helicobacter were decreased [130–134]. FMT has a therapeutic
effect on CAC by regulating Treg cells, reducing the level of inflammatory factors, and
regulating the changes of flora. FMT increased Firmicutes abundance and decreased Bac-
teroidetes abundance, restoring gut microbiota to normal levels [135]. Interestingly, some gut
microbes that are altered after FMT treatment had the ability to synthesize vitamins [28,29].
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Moreover, the role of vitamin A in protecting the gut by regulating gut flora has also been
verified by FMT [36,136]. Therefore, FMT not only directly inhibits intestinal inflammation
and modulates the microbiota and immune system, in order to treat IBD and CAC, but
may also assist in the treatment of IBD and CAC by transplanting bacteria with the ability
to synthesize vitamins.

The interaction mechanism of vitamins and gut microbiota in inflammatory bowel dis-
ease (IBD) and colitis-associated colorectal cancer (CAC) is schematically shown in Figure 2.

Figure 2. The interaction mechanism of vitamins and gut microbiota in inflammatory bowel disease
(IBD) and colitis-associated colorectal cancer (CAC). Fecal microbiota transplantation, FMT, is defined
as the transplantation of functional flora in the feces of healthy people into the gastrointestinal
tract of patients to rebuild new intestinal flora and achieve the treatment of intestinal and extra-
intestinal diseases.

Microbiota dysbiosis and vitamin deficiencies exacerbate the occurrence and develop-
ment of IBD and CAC. Gut microbiota can influence vitamins synthesis, metabolism, and
transport. Vitamin supplementation can affect the metabolism and composition of intesti-
nal flora, and increase alpha diversity, increase beneficial bacteria, and reduce pathogenic
bacteria. Diet, probiotics/prebiotics, and fecal microbial transplantation (FMT) can not
only regulate the gut microbiota, but also participate in the absorption and metabolism of
vitamins, and improve vitamin deficiencies.

5. Conclusions

Vitamins act as powerful signaling molecules through different nuclear receptors and
cell signaling pathways to play an anti-inflammatory role and inhibit tumor development.
Disorders of the intestinal microbiota can not only induce IBD by promoting inflammation
and affecting the production of metabolites, but also by mediating DNA damage, inducing
specific signal pathways; in turn, this promotes immune cell infiltration and blocks anti-
tumor immunity to affect the intestinal inflammation state and pretumor environment
to exert a carcinogenesis effect. Furthermore, the destruction of the intestinal microbiota
influences the absorption and production of vitamins, and aggravates intestinal diseases.
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This review discusses the metabolism of vitamins and their interaction with the flora; it
focuses on the effects of various vitamins on intestinal inflammation and tumorigenesis,
and the possible mechanisms involved.

Our knowledge of the immune regulation and anti-inflammatory mechanism exerted
by vitamins is still superficial. Given that IBD and CAC patients generally suffer from
vitamin deficiency and intestinal flora disorders, targeting these phenomena to improve
intestinal inflammation and inhibit tumorigenesis may provide possibilities for the preven-
tion and treatment strategies of IBD and CAC. The high cost, high toxicity, and undesirable
adverse side effects faced by current IBD therapies are the direct reasons for the continuous
development of new therapies. In this regard, newly developed fecal transplants and
probiotic supplements show some value in their use as adjunctive treatments for IBD, and
in reducing harmful side effects from primary treatments [137]. There is currently great
interest in the use of probiotics for the treatment of gastrointestinal diseases. Some of these
beneficial bacteria not only have innate immune regulation properties, but also produce
large amounts of vitamins; this helps prevent malnutrition and provides antioxidant and
anti-inflammatory effects. However, the safety and effectiveness of its application to the
human body still need to be explored; further, many innovative and in-depth tests need
to be carried out on human patients to overcome the limitations of probiotic therapy. In
general, vitamin-producing probiotics have broad prospects in the treatment of IBD and
prevention of cancer; thus, they own great clinical value.
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Anderson, S.H.; Sanderson, J.D.; et al. Prevalence and Risk Factors for Functional Vitamin B12 Deficiency in Patients with Crohn’s
Disease. Inflamm. Bowel Dis. 2015, 21, 2839–2847. [CrossRef] [PubMed]

http://doi.org/10.1016/j.foodres.2021.110568
http://www.ncbi.nlm.nih.gov/pubmed/34507723
http://doi.org/10.1038/sj.bjc.6602770
http://doi.org/10.3748/wjg.v21.i29.8868
http://doi.org/10.1111/apt.15506
http://www.ncbi.nlm.nih.gov/pubmed/31647134
http://doi.org/10.1016/j.cell.2004.07.013
http://www.ncbi.nlm.nih.gov/pubmed/15294155
http://doi.org/10.4049/jimmunol.0801217
http://www.ncbi.nlm.nih.gov/pubmed/20042582
http://doi.org/10.1038/mi.2014.64
http://www.ncbi.nlm.nih.gov/pubmed/25027601
http://doi.org/10.1126/science.1145697
http://www.ncbi.nlm.nih.gov/pubmed/17569825
http://doi.org/10.1093/ibd/izaa121
http://doi.org/10.1080/17474124.2019.1543588
http://www.ncbi.nlm.nih.gov/pubmed/30791845
http://doi.org/10.1093/jn/132.9.2743
http://doi.org/10.1155/2017/7353252
http://www.ncbi.nlm.nih.gov/pubmed/28408791
http://doi.org/10.1039/C8FO01123K
http://www.ncbi.nlm.nih.gov/pubmed/30747184
http://doi.org/10.1002/fsn3.1481
http://www.ncbi.nlm.nih.gov/pubmed/32328260
http://doi.org/10.1155/2016/4874809
http://www.ncbi.nlm.nih.gov/pubmed/27298823
http://doi.org/10.1016/j.immuni.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27590114
http://doi.org/10.1158/0008-5472.CAN-14-1052
http://www.ncbi.nlm.nih.gov/pubmed/25237067
http://doi.org/10.1093/advances/nmab123
http://www.ncbi.nlm.nih.gov/pubmed/34612492
http://doi.org/10.1097/MIB.0000000000000024
http://www.ncbi.nlm.nih.gov/pubmed/24739632
http://doi.org/10.1159/000505368
http://www.ncbi.nlm.nih.gov/pubmed/31927540
http://doi.org/10.1097/MIB.0000000000000589
http://www.ncbi.nlm.nih.gov/pubmed/26457382
http://doi.org/10.1056/NEJM198112173052506
http://www.ncbi.nlm.nih.gov/pubmed/6117796
http://doi.org/10.3390/nu9040382
http://www.ncbi.nlm.nih.gov/pubmed/28406440
http://doi.org/10.1097/MIB.0000000000000559
http://www.ncbi.nlm.nih.gov/pubmed/26296064


Nutrients 2022, 14, 3383 15 of 18

60. Lurz, E.; Horne, R.G.; Määttänen, P.; Wu, R.Y.; Botts, S.R.; Li, B.; Rossi, L.; Johnson-Henry, K.C.; Pierro, A.; Surette, M.G.; et al.
Vitamin B12 Deficiency Alters the Gut Microbiota in a Murine Model of Colitis. Front. Nutr. 2020, 7, 83. [CrossRef] [PubMed]

61. Chen, M.; Peyrin-Biroulet, L.; George, A.; Coste, F.; Bressenot, A.; Bossenmeyer-Pourie, C.; Alberto, J.M.; Xia, B.; Namour, B.;
Gueant, J.L. Methyl deficient diet aggravates experimental colitis in rats. J. Cell Mol. Med. 2011, 15, 2486–2497. [CrossRef]
[PubMed]

62. Boughanem, H.; Hernandez-Alonso, P.; Tinahones, A.; Babio, N.; Salas-Salvadó, J.; Tinahones, F.J.; Macias-Gonzalez, M.
Association between Serum Vitamin B12 and Global DNA Methylation in Colorectal Cancer Patients. Nutrients 2020, 12, 3567.
[CrossRef] [PubMed]

63. Padmanabhan, S.; Waly, M.I.; Taranikanti, V.; Guizani, N.; Ali, A.; Rahman, M.S.; Al-Attabi, Z.; Al-Malky, R.N.; Al-Maskari,
S.N.M.; Al-Ruqaishi, B.R.S.; et al. Folate/Vitamin B12 Supplementation Combats Oxidative Stress-Associated Carcinogenesis in a
Rat Model of Colon Cancer. Nutr. Cancer 2019, 71, 100–110. [CrossRef] [PubMed]

64. Burr, N.E.; Hull, M.A.; Subramanian, V. Folic Acid Supplementation May Reduce Colorectal Cancer Risk in Patients With
Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis. J. Clin. Gastroenterol. 2017, 51, 247–253. [CrossRef]
[PubMed]

65. Hanley, M.P.; Aladelokun, O.; Kadaveru, K.; Rosenberg, D.W. Methyl Donor Deficiency Blocks Colorectal Cancer Development
by Affecting Key Metabolic Pathways. Cancer Prev. Res. 2020, 13, 1–14. [CrossRef] [PubMed]

66. Meeker, S.; Seamons, A.; Maggio-Price, L.; Paik, J. Protective links between vitamin D, inflammatory bowel disease and colon
cancer. World J. Gastroenterol. 2016, 22, 933–948. [CrossRef] [PubMed]

67. Gubatan, J.; Moss, A.C. Vitamin D in inflammatory bowel disease: More than just a supplement. Curr. Opin. Gastroenterol. 2018,
34, 217–225. [CrossRef] [PubMed]

68. Chambers, E.S.; Suwannasaen, D.; Mann, E.H.; Urry, Z.; Richards, D.F.; Lertmemongkolchai, G.; Hawrylowicz, C.M. 1α,25-
dihydroxyvitamin D3 in combination with transforming growth factor-β increases the frequency of Foxp3+ regulatory T cells
through preferential expansion and usage of interleukin-2. Immunology 2014, 143, 52–60. [CrossRef]

69. Zhang, Y.G.; Lu, R.; Wu, S.; Chatterjee, I.; Zhou, D.; Xia, Y.; Sun, J. Vitamin D Receptor Protects Against Dysbiosis and
Tumorigenesis via the JAK/STAT Pathway in Intestine. Cell Mol. Gastroenterol. Hepatol. 2020, 10, 729–746. [CrossRef] [PubMed]

70. Liu, W.; Chen, Y.; Golan, M.A.; Annunziata, M.L.; Du, J.; Dougherty, U.; Kong, J.; Musch, M.; Huang, Y.; Pekow, J.; et al. Intestinal
epithelial vitamin D receptor signaling inhibits experimental colitis. J. Clin. Investig. 2013, 123, 3983–3996. [CrossRef]

71. Sun, J. VDR/vitamin D receptor regulates autophagic activity through ATG16L1. Autophagy 2016, 12, 1057–1058. [CrossRef]
[PubMed]

72. Lu, R.; Zhang, Y.G.; Xia, Y.; Zhang, J.; Kaser, A.; Blumberg, R.; Sun, J. Paneth Cell Alertness to Pathogens Maintained by Vitamin
D Receptors. Gastroenterology 2021, 160, 1269–1283. [CrossRef] [PubMed]

73. Lu, R.; Zhang, Y.G.; Xia, Y.; Sun, J. Imbalance of autophagy and apoptosis in intestinal epithelium lacking the vitamin D receptor.
FASEB J. 2019, 33, 11845–11856. [CrossRef] [PubMed]

74. Huang, F.C. Vitamin D differentially regulates Salmonella-induced intestine epithelial autophagy and interleukin-1β expression.
World J. Gastroenterol. 2016, 22, 10353–10363. [CrossRef] [PubMed]

75. Garg, M.; Hendy, P.; Ding, J.N.; Shaw, S.; Hold, G.; Hart, A. The Effect of Vitamin D on Intestinal Inflammation and Faecal
Microbiota in Patients with Ulcerative Colitis. J. Crohns Colitis 2018, 12, 963–972. [CrossRef] [PubMed]

76. Chatterjee, I.; Zhang, Y.; Zhang, J.; Lu, R.; Xia, Y.; Sun, J. Overexpression of Vitamin D Receptor in Intestinal Epithelia Protects
against Colitis via Upregulating Tight Junction Protein Claudin 15. J. Crohns Colitis 2021, 15, 1720–1736. [CrossRef] [PubMed]

77. Stio, M.; Treves, C.; Celli, A.; Tarantino, O.; d’Albasio, G.; Bonanomi, A.G. Synergistic inhibitory effect of cyclosporin A and
vitamin D derivatives on T-lymphocyte proliferation in active ulcerative colitis. Am. J. Gastroenterol. 2002, 97, 679–689. [CrossRef]
[PubMed]

78. Fleet, J.C. Molecular actions of vitamin D contributing to cancer prevention. Mol. Asp. Med. 2008, 29, 388–396. [CrossRef]
79. Goyal, H.; Perisetti, A.; Rahman, M.R.; Levin, A.; Lippi, G. Vitamin D and Gastrointestinal Cancers: A Narrative Review. Dig. Dis.

Sci. 2019, 64, 1098–1109. [CrossRef] [PubMed]
80. Song, M.; Garrett, W.S.; Chan, A.T. Nutrients, foods, and colorectal cancer prevention. Gastroenterology 2015, 148, 1244–1260.e1216.

[CrossRef]
81. Gröschel, C.; Prinz-Wohlgenannt, M.; Mesteri, I.; Karuthedom George, S.; Trawnicek, L.; Heiden, D.; Aggarwal, A.; Tennakoon,

S.; Baumgartner, M.; Gasche, C.; et al. Switching to a Healthy Diet Prevents the Detrimental Effects of Western Diet in a
Colitis-Associated Colorectal Cancer Model. Nutrients 2019, 12, 45. [CrossRef] [PubMed]

82. Xin, Y.; Wang, H.; Wang, Y.; Xu, W.; Teng, G.; Han, F.; Guo, J. CCL20 mediates the anti-tumor effect of vitamin D3 in p38MAPK/NF-
κB signaling in colitis-associated carcinogenesis. Eur. J. Cancer Prev. 2021, 30, 76–83. [CrossRef] [PubMed]

83. Ma, Y.; Zhang, P.; Wang, F.; Yang, J.; Liu, Z.; Qin, H. Association between vitamin D and risk of colorectal cancer: A systematic
review of prospective studies. J. Clin. Oncol. 2011, 29, 3775–3782. [CrossRef] [PubMed]

84. Garland, C.F.; Gorham, E.D. Dose-response of serum 25-hydroxyvitamin D in association with risk of colorectal cancer: A
meta-analysis. J. Steroid. Biochem. Mol. Biol. 2017, 168, 1–8. [CrossRef] [PubMed]

85. Feskanich, D.; Ma, J.; Fuchs, C.S.; Kirkner, G.J.; Hankinson, S.E.; Hollis, B.W.; Giovannucci, E.L. Plasma vitamin D metabolites
and risk of colorectal cancer in women. Cancer Epidemiol. Biomark. Prev. 2004, 13, 1502–1508. [CrossRef]

http://doi.org/10.3389/fnut.2020.00083
http://www.ncbi.nlm.nih.gov/pubmed/32582756
http://doi.org/10.1111/j.1582-4934.2010.01252.x
http://www.ncbi.nlm.nih.gov/pubmed/21199330
http://doi.org/10.3390/nu12113567
http://www.ncbi.nlm.nih.gov/pubmed/33233812
http://doi.org/10.1080/01635581.2018.1513047
http://www.ncbi.nlm.nih.gov/pubmed/30372163
http://doi.org/10.1097/MCG.0000000000000498
http://www.ncbi.nlm.nih.gov/pubmed/26905603
http://doi.org/10.1158/1940-6207.CAPR-19-0188
http://www.ncbi.nlm.nih.gov/pubmed/31748255
http://doi.org/10.3748/wjg.v22.i3.933
http://www.ncbi.nlm.nih.gov/pubmed/26811638
http://doi.org/10.1097/MOG.0000000000000449
http://www.ncbi.nlm.nih.gov/pubmed/29762159
http://doi.org/10.1111/imm.12289
http://doi.org/10.1016/j.jcmgh.2020.05.010
http://www.ncbi.nlm.nih.gov/pubmed/32497792
http://doi.org/10.1172/JCI65842
http://doi.org/10.1080/15548627.2015.1072670
http://www.ncbi.nlm.nih.gov/pubmed/26218741
http://doi.org/10.1053/j.gastro.2020.11.015
http://www.ncbi.nlm.nih.gov/pubmed/33217447
http://doi.org/10.1096/fj.201900727R
http://www.ncbi.nlm.nih.gov/pubmed/31361973
http://doi.org/10.3748/wjg.v22.i47.10353
http://www.ncbi.nlm.nih.gov/pubmed/28058015
http://doi.org/10.1093/ecco-jcc/jjy052
http://www.ncbi.nlm.nih.gov/pubmed/29726893
http://doi.org/10.1093/ecco-jcc/jjab044
http://www.ncbi.nlm.nih.gov/pubmed/33690841
http://doi.org/10.1111/j.1572-0241.2002.05549.x
http://www.ncbi.nlm.nih.gov/pubmed/11922564
http://doi.org/10.1016/j.mam.2008.07.003
http://doi.org/10.1007/s10620-018-5400-1
http://www.ncbi.nlm.nih.gov/pubmed/30511197
http://doi.org/10.1053/j.gastro.2014.12.035
http://doi.org/10.3390/nu12010045
http://www.ncbi.nlm.nih.gov/pubmed/31877961
http://doi.org/10.1097/CEJ.0000000000000582
http://www.ncbi.nlm.nih.gov/pubmed/32195696
http://doi.org/10.1200/JCO.2011.35.7566
http://www.ncbi.nlm.nih.gov/pubmed/21876081
http://doi.org/10.1016/j.jsbmb.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/27993551
http://doi.org/10.1158/1055-9965.1502.13.9


Nutrients 2022, 14, 3383 16 of 18

86. Ananthakrishnan, A.N.; Cheng, S.C.; Cai, T.; Cagan, A.; Gainer, V.S.; Szolovits, P.; Shaw, S.Y.; Churchill, S.; Karlson, E.W.;
Murphy, S.N.; et al. Association between reduced plasma 25-hydroxy vitamin D and increased risk of cancer in patients with
inflammatory bowel diseases. Clin. Gastroenterol. Hepatol. 2014, 12, 821–827. [CrossRef] [PubMed]

87. Gröschel, C.; Aggarwal, A.; Tennakoon, S.; Höbaus, J.; Prinz-Wohlgenannt, M.; Marian, B.; Heffeter, P.; Berger, W.; Kállay, E. Effect
of 1,25-dihydroxyvitamin D3 on the Wnt pathway in non-malignant colonic cells. J. Steroid. Biochem. Mol. Biol. 2016, 155, 224–230.
[CrossRef]

88. Ferrer-Mayorga, G.; Larriba, M.J.; Crespo, P.; Muñoz, A. Mechanisms of action of vitamin D in colon cancer. J. Steroid. Biochem.
Mol. Biol. 2019, 185, 1–6. [CrossRef]

89. Klampfer, L. Vitamin D and colon cancer. World J. Gastrointest. Oncol. 2014, 6, 430–437. [CrossRef] [PubMed]
90. El Asri, A.; Zarrouq, B.; El Kinany, K.; Bouguenouch, L.; Ouldim, K.; El Rhazi, K. Associations between nutritional factors and

KRAS mutations in colorectal cancer: A systematic review. BMC Cancer 2020, 20, 696. [CrossRef]
91. Laso, N.; Mas, S.; Jose Lafuente, M.; Casterad, X.; Trias, M.; Ballesta, A.; Molina, R.; Salas, J.; Ascaso, C.; Zheng, S.; et al. Decrease

in specific micronutrient intake in colorectal cancer patients with tumors presenting Ki-ras mutation. Anticancer Res. 2004,
24, 2011–2020. [PubMed]

92. Dougherty, U.; Mustafi, R.; Sadiq, F.; Almoghrabi, A.; Mustafi, D.; Kreisheh, M.; Sundaramurthy, S.; Liu, W.; Konda, V.J.;
Pekow, J.; et al. The renin-angiotensin system mediates EGF receptor-vitamin d receptor cross-talk in colitis-associated colon
cancer. Clin. Cancer Res. 2014, 20, 5848–5859. [CrossRef]

93. Zhou, X.; Chen, C.; Zhong, Y.N.; Zhao, F.; Hao, Z.; Xu, Y.; Lai, R.; Shen, G.; Yin, X. Effect and mechanism of vitamin D on the
development of colorectal cancer based on intestinal flora disorder. J. Gastroenterol. Hepatol. 2020, 35, 1023–1031. [CrossRef]
[PubMed]

94. Xavier, R.J.; Podolsky, D.K. Unravelling the pathogenesis of inflammatory bowel disease. Nature 2007, 448, 427–434. [CrossRef]
[PubMed]

95. Cheng, Y.; Ling, Z.; Li, L. The Intestinal Microbiota and Colorectal Cancer. Front. Immunol. 2020, 11, 615056. [CrossRef] [PubMed]
96. Fukumoto, S.; Toshimitsu, T.; Matsuoka, S.; Maruyama, A.; Oh-Oka, K.; Takamura, T.; Nakamura, Y.; Ishimaru, K.; Fujii-Kuriyama,

Y.; Ikegami, S.; et al. Identification of a probiotic bacteria-derived activator of the aryl hydrocarbon receptor that inhibits colitis.
Immunol. Cell Biol. 2014, 92, 460–465. [CrossRef] [PubMed]

97. Ooi, J.H.; Li, Y.; Rogers, C.J.; Cantorna, M.T. Vitamin D regulates the gut microbiome and protects mice from dextran sodium
sulfate-induced colitis. J. Nutr. 2013, 143, 1679–1686. [CrossRef]

98. Gu, Z.; Duan, M.; Sun, Y.; Leng, T.; Xu, T.; Gu, Y.; Gu, Z.; Lin, Z.; Yang, L.; Ji, M. Effects of Vitamin D3 on Intestinal Flora in a
Mouse Model of Inflammatory Bowel Disease Treated with Rifaximin. Med. Sci. Monit. 2020, 26, e925068. [CrossRef]

99. Jiang, Q. Metabolism of natural forms of vitamin E and biological actions of vitamin E metabolites. Free Radic. Biol. Med. 2022,
179, 375–387. [CrossRef]

100. Yang, C.; Zhao, Y.; Im, S.; Nakatsu, C.; Jones-Hall, Y.; Jiang, Q. Vitamin E delta-tocotrienol and metabolite 13’-carboxychromanol
inhibit colitis-associated colon tumorigenesis and modulate gut microbiota in mice. J. Nutr. Biochem. 2021, 89, 108567. [CrossRef]
[PubMed]

101. Hou, J.K.; Abraham, B.; El-Serag, H. Dietary intake and risk of developing inflammatory bowel disease: A systematic review of
the literature. Am. J. Gastroenterol. 2011, 106, 563–573. [CrossRef]

102. Cho, Y.W.; Kwon, Y.H. Regulation of gene expression in the development of colitis-associated colon cancer in mice fed a high-fat
diet. Biochem. Biophys. Res. Commun. 2022, 592, 81–86. [CrossRef] [PubMed]

103. Chicco, F.; Magrì, S.; Cingolani, A.; Paduano, D.; Pesenti, M.; Zara, F.; Tumbarello, F.; Urru, E.; Melis, A.; Casula, L.; et al.
Multidimensional Impact of Mediterranean Diet on IBD Patients. Inflamm. Bowel Dis. 2021, 27, 1–9. [CrossRef] [PubMed]

104. Papada, E.; Amerikanou, C.; Forbes, A.; Kaliora, A.C. Adherence to Mediterranean diet in Crohn’s disease. Eur. J. Nutr. 2020,
59, 1115–1121. [CrossRef] [PubMed]

105. Milajerdi, A.; Ebrahimi-Daryani, N.; Dieleman, L.A.; Larijani, B.; Esmaillzadeh, A. Association of Dietary Fiber, Fruit, and
Vegetable Consumption with Risk of Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis. Adv. Nutr. 2021,
12, 735–743. [CrossRef]

106. Jin, B.R.; Kim, H.J.; Sim, S.A.; Lee, M.; An, H.J. Anti-Obesity Drug Orlistat Alleviates Western-Diet-Driven Colitis-Associated
Colon Cancer via Inhibition of STAT3 and NF-κB-Mediated Signaling. Cells 2021, 10, 2060. [CrossRef]

107. Zhang, X.; Li, W.; Ma, Y.; Zhao, X.; He, L.; Sun, P.; Wang, H. High-fat diet aggravates colitis-associated carcinogenesis by evading
ferroptosis in the ER stress-mediated pathway. Free Radic. Biol. Med. 2021, 177, 156–166. [CrossRef] [PubMed]

108. Piazzi, G.; Prossomariti, A.; Baldassarre, M.; Montagna, C.; Vitaglione, P.; Fogliano, V.; Biagi, E.; Candela, M.; Brigidi, P.;
Balbi, T.; et al. A Mediterranean Diet Mix Has Chemopreventive Effects in a Murine Model of Colorectal Cancer Modulating
Apoptosis and the Gut Microbiota. Front. Oncol. 2019, 9, 140. [CrossRef] [PubMed]

109. Zhong, Y.; Zhu, Y.; Li, Q.; Wang, F.; Ge, X.; Zhou, G.; Miao, L. Association between Mediterranean diet adherence and colorectal
cancer: A dose-response meta-analysis. Am. J. Clin. Nutr. 2020, 111, 1214–1225. [CrossRef] [PubMed]

110. Acevedo-León, D.; Gómez-Abril, S.; Monzó-Beltrán, L.; Estañ-Capell, N.; Arroyo-Montañés, R.; Bañuls, C.; Salas-Salvadó, J.;
Sáez, G. Adherence to the Mediterranean Diet Has a Protective Role against Metabolic and DNA Damage Markers in Colorectal
Cancer Patients. Antioxidants 2022, 11, 499. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cgh.2013.10.011
http://www.ncbi.nlm.nih.gov/pubmed/24161349
http://doi.org/10.1016/j.jsbmb.2015.02.011
http://doi.org/10.1016/j.jsbmb.2018.07.002
http://doi.org/10.4251/wjgo.v6.i11.430
http://www.ncbi.nlm.nih.gov/pubmed/25400874
http://doi.org/10.1186/s12885-020-07189-2
http://www.ncbi.nlm.nih.gov/pubmed/15274393
http://doi.org/10.1158/1078-0432.CCR-14-0209
http://doi.org/10.1111/jgh.14949
http://www.ncbi.nlm.nih.gov/pubmed/31788852
http://doi.org/10.1038/nature06005
http://www.ncbi.nlm.nih.gov/pubmed/17653185
http://doi.org/10.3389/fimmu.2020.615056
http://www.ncbi.nlm.nih.gov/pubmed/33329610
http://doi.org/10.1038/icb.2014.2
http://www.ncbi.nlm.nih.gov/pubmed/24518984
http://doi.org/10.3945/jn.113.180794
http://doi.org/10.12659/MSM.925068
http://doi.org/10.1016/j.freeradbiomed.2021.11.012
http://doi.org/10.1016/j.jnutbio.2020.108567
http://www.ncbi.nlm.nih.gov/pubmed/33347911
http://doi.org/10.1038/ajg.2011.44
http://doi.org/10.1016/j.bbrc.2022.01.016
http://www.ncbi.nlm.nih.gov/pubmed/35033870
http://doi.org/10.1093/ibd/izaa097
http://www.ncbi.nlm.nih.gov/pubmed/32440680
http://doi.org/10.1007/s00394-019-01972-z
http://www.ncbi.nlm.nih.gov/pubmed/31006053
http://doi.org/10.1093/advances/nmaa145
http://doi.org/10.3390/cells10082060
http://doi.org/10.1016/j.freeradbiomed.2021.10.022
http://www.ncbi.nlm.nih.gov/pubmed/34688836
http://doi.org/10.3389/fonc.2019.00140
http://www.ncbi.nlm.nih.gov/pubmed/30915275
http://doi.org/10.1093/ajcn/nqaa083
http://www.ncbi.nlm.nih.gov/pubmed/32359135
http://doi.org/10.3390/antiox11030499
http://www.ncbi.nlm.nih.gov/pubmed/35326149


Nutrients 2022, 14, 3383 17 of 18

111. LeBlanc, J.G.; Levit, R.; Savoy de Giori, G.; de Moreno de LeBlanc, A. Application of vitamin-producing lactic acid bacteria to
treat intestinal inflammatory diseases. Appl. Microbiol. Biotechnol. 2020, 104, 3331–3337. [CrossRef]

112. Levit, R.; Savoy de Giori, G.; de Moreno de LeBlanc, A.; LeBlanc, J.G. Recent update on lactic acid bacteria producing riboflavin
and folates: Application for food fortification and treatment of intestinal inflammation. J. Appl. Microbiol. 2021, 130, 1412–1424.
[CrossRef] [PubMed]

113. Levit, R.; Savoy de Giori, G.; de Moreno de LeBlanc, A.; LeBlanc, J.G. Beneficial effect of a mixture of vitamin-producing and
immune-modulating lactic acid bacteria as adjuvant for therapy in a recurrent mouse colitis model. Appl. Microbiol. Biotechnol.
2019, 103, 8937–8945. [CrossRef] [PubMed]

114. Levit, R.; Savoy de Giori, G.; de Moreno de LeBlanc, A.; LeBlanc, J.G. Folate-producing lactic acid bacteria reduce inflammation in
mice with induced intestinal mucositis. J. Appl. Microbiol. 2018, 125, 1494–1501. [CrossRef]

115. Levit, R.; Savoy de Giori, G.; de Moreno de LeBlanc, A.; LeBlanc, J.G. Evaluation of vitamin-producing and immunomodulatory
lactic acid bacteria as a potential co-adjuvant for cancer therapy in a mouse model. J. Appl. Microbiol. 2021, 130, 2063–2074.
[CrossRef]

116. Mansour, N.M.; Elkalla, W.S.; Ragab, Y.M.; Ramadan, M.A. Inhibition of acetic acid-induced colitis in rats by new Pediococcus
acidilactici strains, vitamin producers recovered from human gut microbiota. PLoS ONE 2021, 16, e0255092. [CrossRef]

117. Liu, M.; Chen, Q.; Sun, Y.; Zeng, L.; Wu, H.; Gu, Q.; Li, P. Probiotic Potential of a Folate-Producing Strain Latilactobacillus sakei
LZ217 and Its Modulation Effects on Human Gut Microbiota. Foods 2022, 11, 234. [CrossRef] [PubMed]

118. Wang, L.; Tang, L.; Feng, Y.; Zhao, S.; Han, M.; Zhang, C.; Yuan, G.; Zhu, J.; Cao, S.; Wu, Q.; et al. A purified membrane protein
from Akkermansia muciniphila or the pasteurised bacterium blunts colitis associated tumourigenesis by modulation of CD8(+) T
cells in mice. Gut 2020, 69, 1988–1997. [CrossRef] [PubMed]

119. Kirmiz, N.; Galindo, K.; Cross, K.L.; Luna, E.; Rhoades, N.; Podar, M.; Flores, G.E. Comparative Genomics Guides Elucidation
of Vitamin B(12) Biosynthesis in Novel Human-Associated Akkermansia Strains. Appl. Environ. Microbiol. 2020, 86, e02117-19.
[CrossRef]

120. Li, J.; Ge, Y.; Zadeh, M.; Curtiss, R., 3rd; Mohamadzadeh, M. Regulating vitamin B12 biosynthesis via the cbiMCbl riboswitch in
Propionibacterium strain UF1. Proc. Natl. Acad. Sci. USA 2020, 117, 602–609. [CrossRef]

121. Wassef, L.; Wirawan, R.; Chikindas, M.; Breslin, P.A.; Hoffman, D.J.; Quadro, L. β-carotene-producing bacteria residing in the
intestine provide vitamin A to mouse tissues in vivo. J. Nutr. 2014, 144, 608–613. [CrossRef] [PubMed]

122. Miller, J.K.; Harrison, M.T.; D’Andrea, A.; Endsley, A.N.; Yin, F.; Kodukula, K.; Watson, D.S. β-Carotene Biosynthesis in Probiotic
Bacteria. Probiotics Antimicrob. Proteins 2013, 5, 69–80. [CrossRef] [PubMed]

123. Fuke, N.; Takagi, T.; Higashimura, Y.; Tsuji, T.; Umeda, R.; Mizushima, K.; Tanaka, M.; Suganuma, H.; Aizawa, K.; Yajima, N.; et al.
Lactobacillus brevis KB290 with Vitamin A Ameliorates Murine Intestinal Inflammation Associated with the Increase of CD11c+
Macrophage/CD103- Dendritic Cell Ratio. Inflamm. Bowel Dis. 2018, 24, 317–331. [CrossRef]

124. Woo, V.; Eshleman, E.M.; Hashimoto-Hill, S.; Whitt, J.; Wu, S.E.; Engleman, L.; Rice, T.; Karns, R.; Qualls, J.E.; Haslam, D.B.; et al.
Commensal segmented filamentous bacteria-derived retinoic acid primes host defense to intestinal infection. Cell Host Microbe
2021, 29, 1744–1756.e1745. [CrossRef] [PubMed]

125. Wu, S.; Yoon, S.; Zhang, Y.G.; Lu, R.; Xia, Y.; Wan, J.; Petrof, E.O.; Claud, E.C.; Chen, D.; Sun, J. Vitamin D receptor pathway is
required for probiotic protection in colitis. Am. J. Physiol. Gastrointest Liver Physiol. 2015, 309, G341–G349. [CrossRef]

126. Costanzo, M.; Cesi, V.; Palone, F.; Pierdomenico, M.; Colantoni, E.; Leter, B.; Vitali, R.; Negroni, A.; Cucchiara, S.; Stronati, L.
Krill oil, vitamin D and Lactobacillus reuteri cooperate to reduce gut inflammation. Benef. Microbes 2018, 9, 389–399. [CrossRef]
[PubMed]

127. Shang, M.; Sun, J. Vitamin D/VDR, Probiotics, and Gastrointestinal Diseases. Curr. Med. Chem. 2017, 24, 876–887. [CrossRef]
[PubMed]

128. Lu, R.; Shang, M.; Zhang, Y.G.; Jiao, Y.; Xia, Y.; Garrett, S.; Bakke, D.; Bäuerl, C.; Martinez, G.P.; Kim, C.H.; et al. Lactic Acid
Bacteria Isolated from Korean Kimchi Activate the Vitamin D Receptor-autophagy Signaling Pathways. Inflamm. Bowel Dis. 2020,
26, 1199–1211. [CrossRef] [PubMed]

129. Ishizawa, M.; Akagi, D.; Makishima, M. Lithocholic Acid Is a Vitamin D Receptor Ligand that Acts Preferentially in the Ileum. Int.
J. Mol. Sci. 2018, 19, 1975. [CrossRef]

130. Tian, Z.; Liu, J.; Liao, M.; Li, W.; Zou, J.; Han, X.; Kuang, M.; Shen, W.; Li, H. Beneficial Effects of Fecal Microbiota Transplantation
on Ulcerative Colitis in Mice. Dig. Dis. Sci. 2016, 61, 2262–2271. [CrossRef]
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