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Microorganisms living on the surface and inside the human body play 

an important role in the physiological activities of the human body. The 

largest microecosystem in the human body is the gut microbiome. Calcium 

disorders are found in many diseases. For example, patients with chronic renal 

insufficiency present with secondary hyperparathyroidism, which is caused 

by a calcium imbalance in the body. In addition, calcium dysregulation may 

affect lipid metabolism in the liver through the calmodulator pathway, leading 

to cirrhosis, etc. Currently, a considerable number of probiotics have been 

proven to enhance the body’s absorption of calcium. This paper reviews the 

effects of intestinal flora and related factors such as short-chain fatty acids, 

estrogen, immune factors and vitamin D on calcium balance.
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Introduction

Since birth, the gut has been cultivated with microorganisms from the mother and the 
external environment, and has gradually formed a structurally stable microbiome called 
the gut microbiome (GM) (Ohlsson and Sjogren, 2015). The gut microbiome is considered 
the body’s “hidden organ.” Intestinal flora plays an important role in promoting food 
digestion, producing vitamins and other nutrients, and resisting the invasion of foreign 
pathogens, affecting the secretion system, nervous system, immune system and bone 
metabolism. In recent years, studies have confirmed the influence of intestinal flora and 
its metabolites such as short-chain fatty acids (SCFA) (Verhaar et al., 2020) on various 
diseases in the body.

The GM and body calcium balance overview

The blood calcium of healthy people is maintained at a relatively stable level, which 
mainly depends on the rapid exchange and balance of calcium metabolism between the 
blood and extracellular fluid and the large calcium pools that control vital organs such as 
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bones, intestines, kidneys, and core links are controlled by calcium 
regulatory factors (Emkey and Emkey, 2012). For example, the 
classical calcium-regulating factors 1, 25-dihydroxyvitamin D3 
and vitamin D3 are first hydroxylated in the liver to form 
25-hydroxyvitamin D3 and then the most active 1, 
25-dihydroxyvitamin D3 is formed by 1α-hydroxylase in the 
kidney. Active vitamin d3 increases blood calcium by increasing 
intestinal calcium absorption, reducing renal calcium excretion, 
and regulating bone metabolism. Many studies have investigated 
very low plasma levels of 25-hydroxyvitamin d3 and 1, 
25-dihydroxyvitamin d3 in sterile mice (Bora et al., 2018), and 
serum calcium levels in sterile mice increased to normal levels 
2 weeks after routine GM implantation. In a clinical trial, after 
participants were given nCIMB 30,242 Lactobacillus reuteri 
capsules, the levels of 25-hydroxyvitamin d3 in patients taking 
probiotic capsules significantly increased compared to the control 
group taking placebo capsules (Jones et al., 2013). In addition, GM 
can also induce the synthesis of SCFA-butyric acid, thus inducing 
the formation of bone-regulated t cells, thus achieving thyroid 
hormone-induced bone metabolism and reducing blood calcium 
(Li et al., 2020).

From the perspective of GM, our review explored the effect of 
GM on calcium regulatory factors and the calcium metabolism 
process of bone, intestine, kidney, and other important target 
organs to improve the body’s blood calcium balance network 
research, and to provide new insight into prevention, diagnosis, 
and treatment for clinical calcium disorders and bone metabolism 
abnormalities (see Figures 1, 2).

GM, SCFA, and calcium balance

Short-chain fatty acids (SCFAs) are organic fatty acids 
consisting of 1 to 6 carbon atoms. In human body, SCFAs can 
be produced by indigestible carbohydrates in fermented foods of 
GM, including acetic acid, alanic acid, butyric acid, lactic acid, etc. 
(Psichas et al., 2015). SCFA is absorbed from the intestinal cavity 
and regulates the host metabolic response at different organ sites. 
Evidence suggests that these organ sites include skeletal muscle, 
the largest human organ, which plays a key role in systemic energy 
metabolism (Frampton et al., 2020). van den Heuvel et al., (1999) 
studied the effects of 12 healthy, male adolescents aged 14–16 years 
who received, for 9 d, 15 g oligofructose or sucrose (control 
treatment) daily over 3 main meals on calcium absorption with a 
stable isotope method. There was an increase in percentage 
calcium absorption (%) after consumption of oligofructose 
(60.1 ± 17.2%) compared to placebo control (48.8 ± 16.4%). SCFAs 
are thought to reduce local pH values in the intestines and reduce 
calcium-phosphorus complexes (Weaver, 2015), thereby 
increasing calcium absorption. However, this assumption seems 
too simplistic, and experiments have shown that the presence of 
SCFAs can increase calcium transport in the colon cavity of mice, 
while treatment with hydrochloric acid alone did not increase 
calcium transport (Mineo et al., 2001), which shows that reducing 

pH could not increase mineral dissolution and that SCFAs 
promote calcium absorption by other mechanism. Many scholars 
believe that SCFAs are an important energy supply of intestinal 
mucosa cells, especially butyric acid, which is the favorate of colon 
and cecum mucosa cells. Patients with colon cancer demonstrate 
a decrease in the microorganisms that produce butyrate as 
compared to healthy ones (Bindels et al., 2012). These properties 
owe to their ability to reduce histone deacetylase activity in colon 
cells and immune cells (Wei et al., 2016; Gomaa, 2020). So SCFAs 
promote intestinal cell growth and increase the intestinal 
absorption areas to enhance calcium absorption (Campbell et al., 
1997; Pryde et  al., 2002). In recent years, investigations have 
focused on the distant effects and immune effects of SCFAs. SCFA 
receptors belong to the G protein-coupled receptor 40 (GPR-40) 
family, including GPR-40, GPR-41, GPR-43, and other families of 
GPR-84 and GPR-120. Li et al. (2020) found that butyric acid 
helps to induce the production of parathyroid hormone via a large 
number of regulatory T cells (Treg cells) through the GPR-43 
signal transduction pathway and the non-GPR-43 signal 
transduction pathway. A sufficient amount of Tregs can stimulate 
CD8+ T cells to produce a sufficient amount of Wnt10b, which 
then acts on the surface of osteoblasts to stimulate bone formation. 
It can be concluded that butyric acid is an important factor in 
osteogenesis induced by parathyroid hormone and plays a major 
role in the body’s calcium balance.

The concentration and composition of SCFAs in the intestine 
depend on the combined effects of GM, intestinal peristalsis, and 
food structure. The most three abundant SCFAs in the intestine of 
healthy people are acetic acid, propionic acid, and butyric acid 
respectively, and the three SCFAs account for more than 95% of 
the total SCFAs, with a concentration ratio of 3: 1: 1. A variety of 
bacteria in the intestines are able to produce SCFAs, such as 
Bifidobacteria, Lactic Acid Bacteria, Actinomycetes, Bacteroides, 
and Fusobacterium (Vital et  al., 2014; Rivière et  al., 2016). 
However, the production of fatty acid is often dependent on the 
synergy of many bacteria. GM, intestinal motility, and food 
structure interact with each other and are cause and effect to each 
other (Lebeer et al., 2008). Therefore, the production of SCFAs is 
an extremely complex metabolic process. It is clear that some 
probiotics and prebiotics are beneficial to the production of 
specific SCFAs. so reasonable composite capsules could 
be designed to correct the disorders of calcium metabolism and 
bone metabolism in clinical patients.

GM, calcitonin, and bone metabolism

Calcitonin (CT) is an important hormone involved in the 
regulation of calcium and phosphorus metabolism. It is produced 
and excreted by parafollicular cells of the thyroid in the human 
body. It is a polypeptide hormone containing 32 amino acids. Its 
main physiological function is to reduce the number of OC, 
inhibit the activity of OC, and reduce bone resorption; inhibit the 
absorption of calcium ions in the small intestine, reduce the blood 

https://doi.org/10.3389/fmicb.2022.1033933
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fmicb.2022.1033933

Frontiers in Microbiology 03 frontiersin.org

calcium concentration in the body, and make blood free calcium 
deposit in bone tissue; inhibit the reabsorption of calcium and 
phosphorus at the distal tubule, and increases the loss of 
urinary calcium.

The effect of CT on blood calcium is rapid and short-lived, 
which is quickly offset by the compensatory effect of PTH. It is 
easily inactivated in plasma, with a short half-life and low serum 
concentration. Procalcitonin is a polypeptide synthesized and 
excreted by thyroid cells. It has good stability. Under normal 
physiological conditions, it can maintain a low level in the body. 
When the body is stimulated by inflammation, it can produce a 
large amount of procalcitonin. It is a precursor of CT without 
hormone activity, which is usually further processed and degraded 
into calcitonin in parafollicular cells of the thyroid (Dimitrov and 
White, 2017). In randomized controlled trial in osteoporotic 
patients who underwent total hip replacement after fracture of the 
proximal femur, Ukon et  al. (2019) showed significant 
improvements in pain and daily activity in the group treated with 
salmon calcitonin, calcium, and vitamin D compared to the 
control group treated with calcium and vitamin D alone (Peichl 
et al., 2005). Taken together, the chronic renal insufficiency is one 
of the most common kidney diseases, which can result in a variety 
of complications, such as infection. CT is a sensitive indicator of 

infection. By comparing the healthy population, the normal 
parathyroid hormone group and the elevated parathyroid 
hormone group, there were significant differences in intestinal 
flora between the two groups of patients with chronic renal 
insufficiency and the healthy population. When a patient with 
nephropathy syndrome has concurrent infection, intestinal 
mucosal damage is aggravated, mucosal immune protein secretion 
is reduced, Bifidobacteria and Lactobacilli in the intestine are 
reduced (Heersche, 1969), and aerobic bacteria increase. 
Therefore, it is possible to hypothesize that the imbalance of GM 
in patients with chronic renal insufficiency directly or indirectly 
induces the occurrence or aggravation of the patient’s 
inflammatory response, leading to an abnormal increase in 
procalcitonin, thereby increasing the patient’s CT to inhibit the 
absorption of calcium ions, reduce blood calcium concentration, 
and affect blood calcium balance. Although CT is an “acute” 
calcineurin, chronic renal insufficiency is a typical chronic disease. 
Long-term elevated procalcitonin may also promote the 
occurrence and development of calcium imbalance in patients 
with chronic renal insufficiency. However, there have not been too 
many related studies on the relationship between GM and CT, and 
the mechanism of mutual influence between the two needs to 
be explored.

FIGURE 1

Schematic diagram of the synthesis and metabolism of vitamin D. 25 (OH) D = 25-hydroxyvitamin D; 1,25 (OH)2D = 1,25-dihydroxyvitamin D; 
1α-hydroxylase = CYP27B1, Cyto-chrome P450-27B1.
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GM, estrogen, and bone metabolism

Estrogen is a steroid hormone derived from cholesterol, and 
the main forms of endogenous estrogen are estradiol, estrogen, 
and estriol. Sex hormone levels can reflect and change the 
composition and distribution of the human GM (Insenser et al., 
2018), which can also affect the level of serum sex hormones in 
the human body. Org et al. (2016) conducted experiments on 689 
mice and compared the GM composition in female or male mice 
between their premature and their mature period respectively, and 
that in male mice between beofore and after androgen removal. 
The performance of the GM of male mice is similar to that of 
female mice, which to a certain extent indicates that sex hormones 
can change the composition of mammalian microbiota. Sex 
hormone can inhibit the apoptosis of osteoblasts, and the decrease 
of its level is the main stimulating factor of human bone loss (Ruth 
et al., 2020). Studies have shown that the changes of GM is related 
to hormone status and bone loss, which is the central link of bone 
loss induced by sex hormone deficiency.

A variety of bacteria in intestinal microbes participate in the 
metabolism of estrogen, and the genes that can metabolize 
estrogen in the GM are collectively referred to as estrobolome 
genes. Studies have found that when the GM is disturbed, the 
enzyme activity of bacteria possessing the estrobolome gene 
increases, which can accelerate the dissociation and hydroxylation 
of estrogen bound in the intestine and increase the level of free 

estrogen in the enterohepatic circulation (Wang and Wang, 2016). 
Estrogen is an essential hormone to maintain normal bone mass 
and bone structure. It plays an important role in maintaining bone 
resorption and bone formation and is also an important factor 
affecting calcium absorption. Bone is an important target organ 
for estrogen, and there are estrogen receptors on the surface of 
osteoblasts (OB) and osteoclasts (OC). In the female population, 
the natural or pathological deficiency of estrogen will not only 
cause significant changes in the reproductive system but also in 
other tissues. One of the most obvious changes is bone loss. 
Changes in the level of estrogen can directly affect the amount and 
function of OBs and OCs, which inhibits OB apoptosis and 
stimulates OB proliferation and maturation, induce the apoptosis 
of OCs (Hlaing and Compston, 2014), and thereby inhibits bone 
resorption. Intestinal epithelial cells are distributed with estrogen 
receptors, which bind to activate cytokines and promote the 
function of the intestinal epithelial barrier. Decreased estrogen 
levels can inhibit the activity of cytoplasmic kinases and weaken 
intestinal epithelial barrier function, and harmful metabolites of 
the GM enter intestinal submucosal tissues to induce an immune 
response. In the mouse model, the lack of sex hormones can 
enhance intestinal permeability and increase the number of 
peripheral blood Th17 cells and the concentration of TNF and 
interleukin-17 in the small intestine and bone marrow. However, 
in sterile mice, sex hormone deficiency cannot stimulate bone 
resorption and trabecular bone loss, which indicates that the GM 

FIGURE 2

Potential relationship between gut microbiota and bone metabolism. SCFA, Short-chain fatty acids; PTH, parathyroid hormone; RANK, receptor 
activator of the NF-kB; RANKL, receptor activator of the NF-kB ligand.
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is the central link in sex hormone deficiency inducing trabecular 
bone loss. Administration of Lactobacillus to sex hormone-
deficient mice twice a week can reduce intestinal permeability and 
bone loss (Britton et al., 2014). The GM can be regulated by small 
molecules such as estrogen analogs, which affect the absorption 
and metabolism of calcium and phosphorus in the body to 
participate in bone remodeling (Mccabe et al., 2015). The decrease 
in estrogen levels in postmenopausal women and changes in the 
structure of the GM may promote bone loss and calcium balance 
disorders. However, menopausal women supplement estrogen to 
prevent menopausal symptoms such as osteoporosis but increase 
the risk of cardiovascular disease and some reproductive system 
tumors. Studying the relationship between estrogen, GM and 
calcium balance can provide menopausal women with multiple 
possible ways to prevent osteoporosis and gynecological diseases 
to avoid the disadvantages of single estrogen supplementation.

In addition, estrogen can also affect bone metabolism through 
the calcium metabolism regulatory network, and estrogen 
deficiency is the main cause of postmenopausal osteoporosis. 
Some scholars have found (Fuhrman et al., 2014) that the level of 
estrogen metabolism in the urine of postmenopausal women is 
positively correlated with the diversity of the fecal microbiota and 
the relative abundance of Clostridium, and that the biodiversity of 
GM increases with the increase of the proportion of estrogen 
metabolites in the urine. It has been reported that estradiol can 
increase the bone mineral density of amenorrhoea athletes 
(Ackerman et al., 2019), because estradiol and testosterone can 
increase the abundance of Bacteroidetes while reducing the 
diversity of intestinal flora, and both have the effect of maintaining 
bone density and strength (Acharya et al., 2019). The benign cycle 
of mutual promotion between intestinal flora and sex hormones 
helps to prevent bone loss. However, the treatment of intestinal 
flora related hormone imbalance remains to be studied.

GM, immunomodulation, and calcium 
balance

Hematopoietic stem cells in bone tissue can differentiate into 
bone cells and immune cells, and the GM regulates bone 
metabolism by promoting the maturation of the host immune 
system. The harmful microbiota can produce lipopolysaccharide 
(LPS), which can cause inflammatory reactions by binding to Toll-
like receptors (TLRs) on the surface of host immune cells. Studies 
have shown (Claes et al., 2014) that compared with ordinary mice, 
sterile mice raised under sterile conditions increased the bone 
volume fraction of distal femur, and the bone mass of cancellous 
and cortical bone also increased significantly, while the expression 
of inflammatory factors, bone-breaking precursor cells and T-cell 
formation was reduced. Animal experiments showed that the 
expression of tumor necrosis factor alpha (TNF-α) and 
interleukin-6 (IL-6) in the immune system of sterile mice was 
reduced, and that the number of T cells was lower than that in the 
intestine. Meanwhile, the number of OC in the bones decreased, 

with bone mass higher than that of GM in planted mice. It was 
speculated that the GM regulates OC production via the immune 
system and local inflammatory reactions in bone marrow, which 
affects bone metabolism. Preosteoclasts derived from 
hematopoietic stem cells also express TLRs on their surface and 
express receptor activator of nuclear factor kappa-B ligand 
(RANKL). The fate of preosteoclasts is related to RANKL, and 
osteoprotegerin (OPG) and LPS are closely related. LPS has a 
two-way effect on the differentiation and maturation of OC. On 
the one hand, when OCs are only exposed to LPS but not to 
RANKL, they will be differentiated into phagocytes instead of 
OCs. Therefore, LPS can inhibit OC production, and then reduce 
bone resorption. On the other hand, when OCs are stimulated by 
RANKL, the ratio of RANKL/OPG increases. The combination of 
LPS and TLR will promote the transformation of preosteoclasts 
into OC and accelerate its differentiation and maturation, and 
thereby increase bone resorption.

Immune disorders can lead to abnormal bone metabolism. 
The metabolites released by intestinal flora and the direct contact 
between microorganisms and immune cells stimulate the immune 
response of intestinal endothelial barrier (Belkaid and Hand, 
2014). Immune cells (such as T cells and dendritic cells) interact 
with intestinal flora (such as faecalis) and migrate to lymph nodes 
to activate pro-inflammatory or anti-inflammatory responses 
(Zhou et al., 2019). These cells also release soluble inflammatory 
or anti-inflammatory mediators or cytokines into the circulatory 
system to regulate systemic bone remodeling. In addition, 
immune cells directly regulate bone remodeling by migrating to 
bone and releasing metabolites, including osteoclast inducible 
factor and nuclear factor κB ligand receptor activator, etc. The 
intestinal microflora can regulate immune cells, such as Prevotella 
Copri, which can promote the differentiation of regulatory T cells, 
Tregs cells and Th17 cells in the intestinal tract, and Tregs cells 
induce retinoic acid related orphan receptors (T). γT production 
to promote Th17 cell differentiation (Song et al., 2020). Intestinal 
flora can regulate type II hypersensitivity through Th17 and Tregs 
cells, so as to balance the immune response on the surface of 
intestinal mucosa (Ohnmacht et al., 2015).

The balance of bone remodeling is a dynamic balance between 
OC promoting bone formation and osteoclast involving in bone 
resorption and metabolism. Osteoestrogen, as a common cross-
action factor of bone cells and immune cells (Liang et al., 2012), 
affects the balance of bone remodeling. Estrogen and GM can 
coordinate with each other to a certain extent, and the GM can 
directly regulate estrogen or indirectly regulate the estrogen-
mediated immune response and resistance to antigen-inducing 
bone immune response, can thereby protect bone tissue and 
maintain calcium balance.

An imbalance in the GM can cause intestinal microbes to 
invade the host as antigens, trigger a series of immune responses, 
and lead to changes in bone mass and bone structure. Lactobacillus 
can inhibit the production of IL-12, fibronectin and other factors 
in aging mice and slow down related bone loss. Lactobacillus 
rosenbergii (Wagner and Johnson, 2012) can exert immune 
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regulation, inhibit the inflammatory factor TNF-αin rats, reduce 
intestinal inflammatory reaction, and improve calcium absorption 
imbalance. It indicates that GM may affect bone metabolism by 
participating in immune regulation and inflammatory factor 
expression to inhibit bone resorption and promote bone formation 
(McCabe et al., 2013).

GM, vitamin D, and calcium absorption

Vitamin D is the only vitamin that can be synthesized in the 
human body. Its main source is the synthesis of vitamin D by the 
skin under ultraviolet rays in the sun, followed by natural foods. 
Its receptors are almost present in all over the tissues and organs 
of the body and can cause a series of metabolic changes to produce 
biological effects. The effect of Vitamin D on the regulation of 
body calcium balance is achieved by regulating calcium absorption 
in the intestines and kidneys, as well as the process of bone 
osteogenesis and osteoclastogenesis. It can promote the absorption 
of calcium in the mucosa of the small intestine. Studies have 
shown (Charoenngam et al., 2019) that when vitamin D changes 
from insufficient to normal, active intestinal calcium absorption 
increases by 45–65%, while serum 25-hydroxyvitamin D less than 
30 ng/ml significantly reduces intestinal calcium absorption. 
Vitamin D simultaneously regulate bone resorption and bone 
formation. On the one hand, it promotes the synthesis and 
secretion of osteocalcin by osteoblasts and affects the synthesis of 
bone collagen, and thereby increases the rate of bone 
mineralization; on the other hand, when blood calcium decreases, 
parathyroid hormone promotes OC synthesis, mobilizes bone 
resorption, releases bone calcium into the blood, and maintains 
serum calcium homeostasis.

Vitamin D interacts with the GM and acts on the body’s 
calcium absorption together. The results of clinical trials 
conducted by Bashir (Bashir et al., 2016) and others showed that 
high-dose oral vitamin D3 significantly changed the upper 
gastrointestinal flora of subjects, including typical opportunistic 
pathogens such as Pseudomonas, Escherichia coli, and Shigella. 
The abundance of germs is reduced. Vitamin D affects the integrity 
of the intestinal mucosal barrier through vitamin D receptors, 
which in turn affects the composition of intestinal microbes and 
the intestinal immune response (Yamamoto and Jrgensen, 2020). 
At this stage, there is still a lack of relevant research evidence on 
the effect of intestinal microbiota on the body’s vitamin 
D. However, based on theory, changes in intestinal microbiota will 
inevitably affect the body’s vitamin D and other factors, including 
the distribution and metabolism of substances.

In general, vitamin D inhibits Th17 and Th1 cell function 
and promotes Treg cell differentiation (Hart et  al., 2011; 
Yamamoto and Jørgensen, 2019). The composition of the gut 
microbiota can vary depending on vitamin D status or exposure 
(Ooi et  al., 2013; Luthold et  al., 2017). Rodent studies have 
shown that vitamin D deficiency caused by dietary restrictions, 
absorption disorders, deficiency of cytochrome P450 family 
member 27b1 (CYP27B1) or vitamin D receptor deficiency can 

promote the increase of Bacteroidetes and Proteus (Lathrop 
et  al., 2011; Wu et  al., 2015; Zhong et  al., 2019). A cross-
sectional study of healthy individuals suggests that vitamin D 
intake is correlated with the abundance of Prevotella and 
positively correlated with Bacteroides, both of which belong to 
bacteroidea. On the other hand, there are data to support that 
the microbiota also affects vitamin D metabolism. Some 
bacteria express enzymes involving in steroid hydroxylation, so 
they can process and activate vitamin D (Szaleniec et al., 2018). 
Bacterial cyp105a1 (Streptomyces pallidus) could transform 
vitamin D3 into 1,25 (OH) 2D3 through two independent 
hydroxylation reactions, suggesting that the bacterial function 
is equivalent to vitamin D metabolic enzyme (Sugimoto et al., 
2008). A database review of microbial genomes showed that the 
vitamin D metabolic enzymes CYP27A1 and CYP27B1 were 
from rumen cocci (Firmicutes) and Mycobacterium 
tuberculosis, respectively (Geer et al., 2010). In addition, the 
related tests of vitamin D level in MG patients suggest that the 
vitamin D level is low (Askmark et al., 2012; Guan et al., 2017). 
The immune system and microbiome are interconnected, and 
vitamin D may be  a key intermediator in this dynamic. 
Therefore, it is necessary to deepen clinicians’ understanding of 
the impact of vitamin D deficiency and its supplementation on 
GM in healthy and autoimmune states.

GM, liver, and serum calcium

The classic calmodulator, 1, 25-dihydroxyvitamin D3, is the 
vitamin D3 that is first hydroxylated to form 25-hydroxyvitamin 
D3  in the liver, and then forms the most active 1, 
25-dihydroxyvitamin D3 under the action of 1α-hydroxylase in 
the kidney, and increases blood calcium by increasing intestinal 
calcium absorption, reducing renal calcium excretion and 
regulating bone metabolism. Patients with chronic liver disease, 
especially those with post-hepatitis cirrhosis, have metabolic 
disorders of calcium and phosphorus, namely, hypocalcium and 
hyperphosphorus (Santos and Romeiro, 2016). The reasons may 
be  as follows: (1) Decreased activity of 1, 25-hydroxylase, 
decreased production of 1,25-(OH)2-D3 and malabsorption of 
vitamin D all affect calcium absorption during liver dysfunction; 
(2) Patients with chronic liver disease were associated with serum 
albumin decrease, and hypoproteinemia resulted in decreased 
binding calcium and total calcium; It is often associated with 
gastric mucosal lesions of portal hypertension and intestinal 
dysfunction, which also lead to the decrease of calcium 
absorption. (3) The intake of calcium in patients with chronic 
liver disease and cirrhosis is reduced due to poor intake, vomiting 
and diarrhea; (4) In cirrhosis, the cell membrane of liver cannot 
carry out normal ion operation, and a large amount of blood 
calcium flows into the cytoplasm, which further decreases blood 
calcium, and also affects the synthesis and secretion of 
parathyroid hormone and calcitonin. (5) The plasma calcitonin 
in patients with cirrhosis was significantly increased, and 
increased with liver dysfunction, leading to the imbalance of 
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calcium and phosphorus ratio; (6) Combined with a variety of 
endocrine dysfunction, such as secondary hyperthyroidism, 
secondary hyperaldosterone, serum calcitonin, etc., can lead 
to hypocalcemia.

Calcium is the body’s most abundant mineral and is found 
mainly in bones and teeth. At the cellular level, calcium ions are a 
key signaling molecule involved in important cell functions such as 
cell growth, differentiation, metabolism, and gene expression. At the 
metabolic level, calcium ions are necessary for the pancreas to 
secrete insulin and glucagon, and these hormones in turn control 
metabolic responses in target tissues, such as glycogen breakdown, 
lipid biosynthesis, and ATP production, also in a calcium ion 
dependent manner. Abnormal Ca2 + signaling pathway is considered 
to be one of the contributing factors to the development of hepatic 
adipose deformation. Dysregulation of hepatic lipid metabolism is 
a major cause of non-alcoholic fatty liver disease (NAFLD), a 
chronic liver disease closely associated with obesity and insulin 
resistance. Calcium ion blood flow is strictly controlled by the 
calcium network. Impaired signal transduction of calcium ions is 
closely related to endoplasmic reticulum stress, mitochondrial 
dysfunction and autophagy defects, which are all causes of 
non-alcoholic fatty liver disease. Therefore, highlighting the 
therapeutic potential of calcium ions is of great significance for 
non-alcoholic fatty liver disease (Chen et al., 2021). Nested case–
control studies were conducted to detect serum calcium 
concentration in patients with cirrhosis (Yin et al., 2013), and it was 
found that the risk of cirrhosis in the group with the highest blood 
calcium concentration was about twice that in the group with the 
lowest. In the Chinese population, high serum level of kennel is an 
independent risk factor for cirrhosis, and its mechanism needs 
further study. Research has shown that vitamin D can relieve liver 
fibrosis binding proteins by inhibiting histidine-rich calcium. 
Vitamin D may delay fibrosis signaling through negative HRC 
regulation by reducing the activation of hepatic stellate cells and 
TGF-β/Smad. The results reveal the important regulatory role of 
vitamin D in hepatic stellate cells and provide new insights into the 
therapeutic function of vitamin D in hepatic fibrosis (Lu et al., 
2021). In addition, cirrhosis is also closely related to osteoporosis. 
Osteoporosis is a common complication of liver disease, and the 
problem is more pronounced in transplant patients. The main 
mechanism by which osteoporosis develops in liver disease is 
defects in bone formation, through the harmful effects of substances 
such as bilirubin and bile acids, or through the toxic effects of 
alcohol or iron on osteoblasts. For osteoporosis prevention and 
treatment, good nutrition as well as calcium and vitamin D 
supplements can be provided (Guañabens and Parés, 2012).

Intestinal flora is closely related to liver and plays a key role in 
the occurrence and development of many chronic liver diseases, 
such as viral hepatitis B, cirrhosis and alcoholic liver disease 
(Milosevic et  al., 2019). The progression and changes of 
non-alcoholic fatty liver disease (NAFLD) are closely related to the 
enterohepatic axis. It has been shown that NAFLD is closely 
associated with changes in the gut microbiome and intestinal 
permeability. This, in turn, circulates through the portal to the liver 
via damage and pathogen-associated molecular patterns (DAMPs 

and PAMPs, respectively), especially bacterial compounds 
(endotoxins). In the gut microenvironment of patients with 
NAFLD, there are some changes in microbial composition, often 
accompanied by the formation of different microbiome 
“signatures.” In general, some microbial populations (e.g., 
Bacteroides, Rumenococcus, Doreia, and Firmicutes) appear to 
be  significantly affected by changes. Studies have shown that 
calcium sulfate water may play a regulatory role in the intestine-
liver axis of MCD mice, suggesting a potentially beneficial effect on 
NAFLD (Carpino et  al., 2022). To date, there is insufficient 
evidence to indicate what effect water may have on the function of 
non-invasive serological markers in the liver, on the axis at the level 
of major mediators in the gut brain, and on the microenvironment 
of patients’ gut microbiome and NAFLD (Gravina et al., 2022). 
Compared with the healthy control group, the intestinal flora 
composition of patients with cirrhosis has significantly changed, 
which is specifically shown as the decrease of potential beneficial 
bacteria (such as Lachnospiraceae and Ruminococaceae) and the 
increase of potential pathogenic bacteria (such as 
Enterobacteriaceae). The beneficial bacteria community is related 
to the production of SCFAs and the process from primary bile acid 
to secondary bile acid, and the potential pathogenic bacteria group 
is related to the production of endotoxin or LPS. This increased 
production of LPS and decreased production of SCFA can disrupt 
the integrity of the intestinal barrier and spread inflammation of 
the liver and system, mediating the progression of cirrhosis 
(Betrapally et al., 2017; Albhaisi et al., 2020).

NAFLD is one of the most common causes of cirrhosis and 
cirrhosis, however, to date, there is no effective treatment. 
Therefore, it is a challenge for NAFLD to improve people’s 
quality of life and respect. Reduced expression of malregulated 
Ca2+ channels leads to interrupted signaling homeostasis of 
Ca2+, which leads to the changes discussed in this review 
mentioned earlier. This suggests that ion channels play an 
important role in the development of NAFLD in the REDOX 
process. The inhibition or activation of these channel proteins 
may be a potential therapeutic approach to prevent NAFLD 
from developing to NASH, fibrosis, cirrhosis, and 
hepatocellular carcinoma. Therefore, further research is 
needed in this area of research. Currently, there are very few 
studies on NAFLD and most of them are still in the laboratory 
stage. The clinical feasibility and effectiveness of Ca2+ channel 
targeted therapy for NAFLD remains to be studied. Whether 
the development of intestinal flora, including drinking water, 
can affect the treatment strategy of NAFLD needs further 
confirmation and clinical verification. Therefore, more 
systematic studies are needed in the future (Chen et al., 2022).

Conclusion

Our review focused the important relationship between the 
function of the body’s GM dynamic balance and calcium 
absorption. Intestinal microbes could directly or indirectly affect 
calcium regulation factors to regulate blood calcium balance and 
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bone metabolism. Intestinal microbiota may be a new option for 
patients with calcium imbalance, and further clinical trials are 
needed for specific new treatment strategies.

Author contributions

All authors listed have made a substantial, direct, and intellectual 
contribution to the work and approved it for publication.

Funding

This work was supported by the National Natural Science 
Foundation of China (Grant 81860147).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Acharya, K. D., Gao, X., Bless, E. P., Chen, J., and Tetel, M. J. (2019). Estradiol and 

high fat diet associate with changes in gut microbiota in female Ob/Ob mice. Sci. 
Rep. 9:20192. doi: 10.1038/s41598-019-56723-1

Ackerman, K. E., Singhal, V., Baskaran, C., Slattery, M., Campoverde Reyes, K. J., 
Toth, A., et al. (2019). Oestrogen replacement improves bone mineral density in 
oligo-amenorrhoeic athletes: a randomised clinical trial. Br. J. Sports Med. 53, 
229–236. doi: 10.1136/bjsports-2018-099723

Albhaisi, S. A. M., Bajaj, J. S., and Sanyal, A. J. (2020). Role of gut microbiota in 
liver disease. Am. J. Physiol. Gastrointest. Liver Physiol. 318, G84–G98. doi: 10.1152/
ajpgi.00118.2019, Epub 2019 Oct 28

Askmark, H., Haggård, L., Nygren, I., and Punga, A. R. (2012). Vitamin D 
deficiency in patients with myasthenia gravis and improvement of fatigue after 
supplementation of vitamin D3: a pilot study. Eur. J. Neurol. 19, 1554–1560. doi: 
10.1111/j.1468-1331.2012.03773.x

Bashir, M., Prietl, B., Tauschmann, M., Mautner, S. I., Kump, P. K., Treiber, G., 
et al. (2016). Effects of high doses of vitamin D3 on mucosa-associated gut 
microbiome vary between regions of the human gastrointestinal tract. Eur. J. Nutr. 
55, 1479–1489. doi: 10.1007/s00394-015-0966-2

Belkaid, Y., and Hand, T. W. (2014). Role of the microbiota in immunity and 
inflammation. Cells 157, 121–141. doi: 10.1016/j.cell.2014.03.011

Betrapally, N. S., Gillevet, P. M., and Bajaj, J. S. (2017). Gut microbiome and liver 
disease. Transl. Res. 179, 49–59. doi: 10.1016/j.trsl.2016.07.005

Bindels, L. B., Porporato, P., Dewulf, E. M., Verrax, J., Neyrinck, A. M., 
Martin, J. C., et al. (2012). Gut microbiota-derived propionate reduces cancer cell 
proliferation in the liver. Br. J. Cancer 107, 1337–1344.

Bora, S. A., Kennett, M. J., Smith, P. B., Patterson, A. D., and Cantorna, M. T. (2018). 
The gut microbiota regulates endocrine vitamin D metabolism through fibroblast 
growth factor 23[J]. Front. Immunol. 9:408. doi: 10.3389/fimmu.2018.00408

Britton, R. A., Irwin, R., Quach, D., Schaefer, L., Zhang, J., Lee, T., et al. (2014). 
Probiotic L.reuteri treatment prevents bone loss in a menopausal ovariectomized 
mouse model. J. Cell. Physiol. 229, 1822–1830. doi: 10.1002/jcp.24636

Campbell, J. M., Fahey, G. C., and Wolf, B. W. (1997). Selected indigestible 
oligosaccharides affect large bowel mass, Cecal and fecal short-chain fatty acids, pH 
and microflora in rats. J. Nutr. 127, 130–136. doi: 10.1093/jn/127.1.130

Carpino, G., Overi, D., Onori, P., Franchitto, A., Cardinale, V., Alvaro, D., et al. 
(2022). Effect of calcium-Sulphate-bicarbonate water in a murine model of non-
alcoholic fatty liver disease: a histopathology study. Int. J. Mol. Sci. 23:10065. doi: 
10.3390/ijms231710065

Charoenngam, N., Shirvani, A., and Holick, M. F. (2019). Vitamin D for skeletal 
and non-skeletal health: what we  should know. J. Clin. Orthop. Trauma 10, 
1082–1093. doi: 10.1016/j.jcot.2019.07.004

Chen, C. C., Hsu, L. W., Chen, K. D., Chiu, K. W., Chen, C. L., and Huang, K. T. 
(2021). Emerging roles of calcium signaling in the development of non-alcoholic 
fatty liver disease. Int. J. Mol. Sci. 23:256. doi: 10.3390/ijms23010256

Chen, X., Zhang, L., Zheng, L., and Tuo, B. (2022). Role of Ca2+ channels in non-
alcoholic fatty liver disease and their implications for therapeutic strategies (review). 
Int. J. Mol. Med. 50:113. doi: 10.3892/ijmm.2022.5169

Dimitrov, V., and White, J. H. (2017). Vitamin D signaling in intestinal innate 
immunity and homeostasis. Mol. Cell. Endocrinol. 453, 68–78. doi: 10.1016/j.
mce.2017.04.010

Emkey, R. D., and Emkey, G. R. (2012). Calcium metabolism and correcting 
calcium deficiencies. Endocrinol. Metab. Clin. N. Am. 41:3. doi: 10.1016/j.
ecl.2012.04.019

Frampton, J., Murphy, K. G., Frost, G., and Chambers, E. S. (2020). Short-chain 
fatty acids as potential regulators of skeletal muscle metabolism and function. Nat. 
Metab. 2, 840–848. doi: 10.1038/s42255-020-0188-7

Fuhrman, B. J., Feigelson, H. S., Flores, R., Gail, M. H., Xu, X., Ravel, J., et al. 
(2014). Associations of the fecal microbiome with urinary estrogens and estrogen 
metabolites in postmenopausal women. J. Clin. Endocrinol. Metab. 99, 4632–4640. 
doi: 10.1210/jc.2014-2222

Geer, L. Y., Marchler-Bauer, A., Geer, R. C., Han, L., He, J., He, S., et al. (2010). 
The NCBI bio systems database. Nucleic Acids Res. 38, 38, D492–D496. doi: 10.1093/
nar/gkp858

Gomaa, E. Z. (2020). Human gut microbiota/microbiome in health and diseases: 
a review. Antonie Van Leeuwenhoek 113, 2019–2040. doi: 10.1007/
s10482-020-01474-7

Gravina, A. G., Romeo, M., Pellegrino, R., Tuccillo, C., Federico, A., and 
Loguercio, C. (2022). Just drink a glass of water? Effects of bicarbonate-sulfate-
calcium-magnesium water on the gut-liver axis. Front. Pharmacol. 13:869446. doi: 
10.3389/fphar.2022.869446

Guan, Y., Lv, F., Meng, Y., Ma, D., Xu, X., Song, Y., et al. (2017). Association 
between bone mineral density, muscle strength, and vitamin D status in patients 
with myasthenia gravis: a cross-sectional study. Osteoporos. Int. 28, 2383–2390. doi: 
10.1007/s00198-017-4041-0

Guañabens, N., and Parés, A. (2012). Osteoporosis en la cirrosis hepática 
[Osteoporosis in liver cirrhosis]. Gastroenterol. Hepatol. 35, 411–420. Spanish. doi: 
10.1016/j.Gastroenterol.Hepatol.2012.01.017

Hart, P. H., Gorman, S., and Finlay-Jones, J. J. (2011). Modulation of the immune 
system by UV radiation: more than just the effects of vitamin D? Nat. Rev. Immunol. 
11, 584–596. doi: 10.1038/nri3045

Heersche, J. N. (1969). The effect of thyrocalcitonin and parathyroid hormone of 
bone metabolism in tissue culture. Metabolism of bone in tissue culture: the effects 
of parathyroid hormone and thyrocalcitonin on the process of bone 
demineralization. Proc. Biol. Med. Sci. 72, 594–606.

Hlaing, T. T., and Compston, J. E. (2014). Biochemical markers of bone 
turnoveruses and limitations. Ann. Clin. Biochem. 51, 189–202. doi: 
10.1177/0004563213515190

Insenser, M., Murri, M., del Campo, R., Martínez-García, M. Á., 
Fernández-Durán, E., and Escobar-Morreale, H. F. (2018). Gut microbiota and the 
polycystic ovary syndrome: influence of sex, sex hormones, and obesity. J. Clin. 
Endocrinol. Metab. 103, 2552–2562. doi: 10.1210/jc.2017-02799

Jones, M. L., Martoni, C. J., and Satya, P. (2013). Oral supplementation with 
probiotic L. reuteri NCIMB 30242 increases mean circulating 25-hydroxyvitamin 
D: a post hoc analysis of a randomized controlled trial. J. Clin. Endocrinol. Metab. 7, 
2944–2951. doi: 10.1210/jc.2012-4262

https://doi.org/10.3389/fmicb.2022.1033933
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41598-019-56723-1
https://doi.org/10.1136/bjsports-2018-099723
https://doi.org/10.1152/ajpgi.00118.2019
https://doi.org/10.1152/ajpgi.00118.2019
https://doi.org/10.1111/j.1468-1331.2012.03773.x
https://doi.org/10.1007/s00394-015-0966-2
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1016/j.trsl.2016.07.005
https://doi.org/10.3389/fimmu.2018.00408
https://doi.org/10.1002/jcp.24636
https://doi.org/10.1093/jn/127.1.130
https://doi.org/10.3390/ijms231710065
https://doi.org/10.1016/j.jcot.2019.07.004
https://doi.org/10.3390/ijms23010256
https://doi.org/10.3892/ijmm.2022.5169
https://doi.org/10.1016/j.mce.2017.04.010
https://doi.org/10.1016/j.mce.2017.04.010
https://doi.org/10.1016/j.ecl.2012.04.019
https://doi.org/10.1016/j.ecl.2012.04.019
https://doi.org/10.1038/s42255-020-0188-7
https://doi.org/10.1210/jc.2014-2222
https://doi.org/10.1093/nar/gkp858
https://doi.org/10.1093/nar/gkp858
https://doi.org/10.1007/s10482-020-01474-7
https://doi.org/10.1007/s10482-020-01474-7
https://doi.org/10.3389/fphar.2022.869446
https://doi.org/10.1007/s00198-017-4041-0
https://doi.org/10.1016/j.Gastroenterol.Hepatol.2012.01.017
https://doi.org/10.1038/nri3045
https://doi.org/10.1177/0004563213515190
https://doi.org/10.1210/jc.2017-02799
https://doi.org/10.1210/jc.2012-4262


Wang et al. 10.3389/fmicb.2022.1033933

Frontiers in Microbiology 09 frontiersin.org

Lathrop, S. K., Bloom, S. M., Rao, S. M., Nutsch, K., Lio, C. W., Santacruz, N., et al. 
(2011). Peripheral education of the immune system by colonic commensal 
microbiota. Nature 478, 250–254. doi: 10.1038/nature10434

Lebeer, S., Vanderleyden, J., and De Keersmaecker, S. C. J. (2008). Genes and 
molecules of lactobacilli supporting probiotic action. Microbiol. Mol. Biol. Rev. 72, 
728–764. doi: 10.1128/MMBR.00017-08

Li, J. Y., Yu, M., Pal, S., Tyagi, A. M., Dar, H., Adams, J., et al. (2020). Microbiota 
dependent production of butyrate is required for the bone anabolic activity of PTH. 
J. Clin. Invest. 130, 1767–1781. doi: 10.1172/JCI133473

Liang, W., Lin, M., Li, X., Li, C., Gao, B., Gan, H., et al. (2012). Icariin promotes bone 
formation via the BMP-2/Smad 4 signal transduction pathway in the hFOB 1.19 
human osteoblastic cell line. Int. J. Mol. 30, 890–895. doi: 10.3892/ijmm.2012.1079

Lu, W., Li, X., Liu, N., Zhang, Y., Li, Y., Pan, Y., et al. (2021). Vitamin D alleviates 
liver fibrosis by inhibiting histidine-rich calcium binding protein (HRC). Chem. 
Biol. Interact. 334:109355. doi: 10.1016/j.cbi.2020.109355

Luthold, R. V., Fernandes, G. R., Franco-de-Moraes, A. C., Folchetti, L. G. D., and 
Ferreira, S. R. G. (2017). Gut microbiota interactions with the immunomodulatory 
role of vitamin D in normal individuals. Metabolism 69, 76–86. doi: 10.1016/j.
metabol.2017.01.007

Mccabe, L., Britton, R. A., and Parameswaran, N. (2015). Prebiotic and probiotic 
regulation of bone health: role of the intestine and its microbiome. Curr. Osteoporos. 
Rep. 13, 363–371. doi: 10.1007/s11914-015-0292-x

McCabe, L. R., Irwin, R., Schaefer, L., and Britton, R. A. (2013). Probiotic use 
decreases intestinal inflammation and increases bone density in healthy male but 
not female mice. J. Cell. Physiol. 228, 1793–1798. doi: 10.1002/jcp.24340

Milosevic, I., Vujovic, A., Barac, A., Djelic, M., Korac, M., Radovanovic 
Spurnic, A., et al. (2019). Gut-liver Axis, gut microbiota, and its modulation in the 
management of liver diseases: a review of the literature. Int. J. Mol. Sci. 20:395. doi: 
10.3390/ijms20020395

Mineo, H., Hara, H., and Tomita, F. (2001). Short-chain fatty acids enhance 
diffusional ca transport in the epithelium of the rat cecum and colon. Life Sci. 69, 
517–526. doi: 10.1016/s0024-3205(01)01146-8

Ohlsson, C., Engdahl, C., Fåk, F., Andersson, A., Windahl, S. H., Farman, H. H., 
et al. (2014). Probiotics protect mice from ovariectomy-induced cortical bone loss. 
PLoS One 9:92368. doi: 10.1371/journal.pone.0092368

Ohlsson, C., and Sjogren, K. (2015). Effects of the gut microbiota on bone mass. 
Trends Endocrinol. Metab. 26, 69–74. doi: 10.1016/j.tem.2014.11.004

Ohnmacht, C., Park, J. H., Cording, S., Wing, J. B., Atarashi, K., Obata, Y., et al. 
(2015). Mucosal immunology. The microbiota regulates type 2 immunity through 
RORγt + T cells. Science 349, 989–993. doi: 10.1126/science.aac4263

Ooi, J. H., Li, Y., Rogers, C. J., and Cantorna, M. T. (2013). Vitamin D regulates 
the gut microbiome and protects mice from dextran sodium sulfate-induced colitis. 
J. Nutr. 143, 1679–1686. doi: 10.3945/jn.113.180794

Org, E., Mehrabian, M., Parks, B. W., Shipkova, P., Liu, X., Drake, T. A., et al. 
(2016). Sex differences and hormonal effects on gut microbiota composition in mice. 
Gut Microbes 7, 313–322. doi: 10.1080/19490976.2016.1203502

Peichl, P., Marteau, R., Griesmacher, A., Kumpan, W., Schedl, R., Prosquil, E., et al. 
(2005). Salmon calcitonin nasal spray treatment for postmenopausal women after 
hip fracture with total hip arthroplasty. J. Bone Miner. Metab. 23, 243–252. doi: 
10.1007/s00774-004-0591-2

Pryde, S. E., Duncan, S. H., Hold, G. L., Stewart, C. S., and Flint, H. J., et al. (2002). 
The microbiology of butyrate formation in the human colon. FEMS Microbiol. Lett. 
217, 133–139. doi: 10.1111/j.1574-6968.2002.tb11467.x

Psichas, A., Sleeth, M. L., Murphy, K. G., Brooks, L., Bewick, G. A., 
Hanyaloglu, A. C., et al. (2015). The short chain fatty acid propionate stimulates 
GLP-1 and PYY secretion via free fatty acid receptor 2 in rodents. Int. J. Obes. 39, 
424–429. doi: 10.1038/ijo.2014.153

Rivière, A., Selak, M., Lantin, D., Leroy, F., and De Vuyst, L. (2016). Bifidobacteria 
and butyrate-producing colon bacteria: importance and strategies for their 
stimulation in the human gut. Front. Microbiol. 7:979. doi: 10.3389/fmicb.2016.00979

Ruth, K., Day, F. R., Tyrrell, J., Thompson, D. J., Wood, A. R., Mahajan, A., et al. 
(2020). Using human genetics to understand the disease impacts of testosterone in 
men and women. Nat. Med. 26, 252–258. doi: 10.1038/s41591-020-0751-5

Santos, L. A., and Romeiro, F. G. (2016). Diagnosis and Management of 
Cirrhosis-Related Osteoporosis. Biomed. Res. Int. 2016:1423462. doi: 10.1155/ 
2016/1423462

Song, X., Sun, X., Oh, S. F., Wu, M., Zhang, Y., Zheng, W., et al. (2020). Microbial 
bile acid metabolites modulate gut RORγ + regulatory T cell homeostasis. Nature 
577, 410–415. doi: 10.1038/s41586-019-1865-0

Sugimoto, H., Shinkyo, R., Hayashi, K., Yoneda, S., Yamada, M., 
Kamakura, M., et al. (2008). Crystal structure of CYP105A1 (P450SU-1) in 
complex with 1alpha, 25-dihydroxyvitamin D3. Biochemistry 47, 4017–4027. 
doi: 10.1021/bi7023767

Szaleniec, M., Wojtkiewicz, A. M., Bernhardt, R., Borowski, T., and Donova, M. 
(2018). Bacterial steroid hydroxylases: enzyme classes, their functions and 
comparison of their catalytic mechanisms. Appl. Microbiol. Biotechnol. 102, 
8153–8171. doi: 10.1007/s00253-018-9239-3

Ukon, Y., Makino, T., Kodama, J., Tsukazaki, H., Tateiwa, D., Yoshikawa, H., et al. 
(2019). Molecular-based treatment strategies for osteoporosis: a literature review. 
Int. J. Mol. Sci. 20:2557. doi: 10.3390/ijms20102557

van den Heuvel, E. G., Muys, T., van Dokkum, W., and Schaafsma, G. (1999). 
Oligofructose stimulates calcium absorption in adolescents. Am. J. Clin. Nutr. 69, 
544–548. doi: 10.1093/ajcn/69.3.544

Verhaar, B. J. H., Prodan, A., Nieuwdorp, M., and Muller, M. (2020). Gut 
microbiota in hypertension and atherosclerosis: a review. Nutrients 12:2982. doi: 
10.3390/nu12102982

Vital, M., Howe, C., and Tiedje, M. (2014). Revealing the bacterial butyrate 
synthesis pathways by analyzing (meta) genomic data. MBio 5, 1–11. doi: 10.1128/
mBio.00889-14

Wagner, R. D., and Johnson, S. J. (2012). Probiotic lactobacillus and estrogen 
effects on vaginal epithelial gene expression responses to Candida albicans. J. 
Biomed. Sci. 19, 58–65. doi: 10.1186/1423-0127-19-58

Wang, X. L., and Wang, Y. (2016). Dietary phytoestrogens, intestinal flora and 
human health. World Chin. J. Digest. 24, 4660–4676. doi: 10.11569/wcjd.v24.
i35.4660

Weaver, C. M. (2015). Diet, gut microbiome, and bone health. Curr. Osteoporos. 
Rep. 13, 125–130. doi: 10.1007/s11914-015-0257-0

Wei, J., Lingyun, L., Kai, Y., Cliff, G., Sharad, S., Zuojia, C., et al. (2016). Autophagy 
enforces functional integrity of regulatory T cells by coupling environmental cues 
and metabolic homeostasis. Nat. Immunol. 17, 277–285.

Wu, S., Zhang, Y. G., Lu, R., Xia, Y., Zhou, D., Petrof, E. O., et al. (2015). Intestinal 
epithelial vitamin D receptor deletion leads to defective autophagy in colitis. Gut 64, 
1082–1094. doi: 10.1136/gutjnl-2014-307436

Yamamoto, E., and Jørgensen, T. N. (2019). Immunological effects of vitamin D 
and their relations to autoimmunity. J. Autoimmun. 100, 7–16. doi: 10.1016/j.
jaut.2019.03.002

Yamamoto, E. A., and Jrgensen, T. N. (2020). Relationships between vitamin D, 
gut microbiome, and systemic autoimmunity. Front. Immunol. 10:3141. doi: 
10.3389/fimmu.2019.03141

Yin, L. Y., Yin, J., Cui, J. F., Liu, B., Chen, F., Fan, J. H., et al. (2013). 
Association between serum calcium levels and the risk of liver cirrhosis. 
Zhonghua Liu Xing Bing Xue Za Zhi 34, 457–460. doi: 10.3760/cma.j.issn. 
0254-6450.2013.05.010

Zhong, H., Penders, J., Shi, Z., Ren, H., Cai, K., Fang, C., et al. (2019). 
Impact of early events and lifestyle on the gut microbiota and metabolic 
phenotypes in young schoolage children. Microbiome 7:2. doi: 10.1186/
s40168-018-0608-z

Zhou, L., Chu, C., Teng, F., Bessman, N. J., Goc, J., Santosa, E. K., et al. (2019). 
Innate lymphoid cells support regulatory T cells in the intestine through 
interleukin-2. Nature 568, 405–409. doi: 10.1038/s41586-019-1082-x, 

https://doi.org/10.3389/fmicb.2022.1033933
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/nature10434
https://doi.org/10.1128/MMBR.00017-08
https://doi.org/10.1172/JCI133473
https://doi.org/10.3892/ijmm.2012.1079
https://doi.org/10.1016/j.cbi.2020.109355
https://doi.org/10.1016/j.metabol.2017.01.007
https://doi.org/10.1016/j.metabol.2017.01.007
https://doi.org/10.1007/s11914-015-0292-x
https://doi.org/10.1002/jcp.24340
https://doi.org/10.3390/ijms20020395
https://doi.org/10.1016/s0024-3205(01)01146-8
https://doi.org/10.1371/journal.pone.0092368
https://doi.org/10.1016/j.tem.2014.11.004
https://doi.org/10.1126/science.aac4263
https://doi.org/10.3945/jn.113.180794
https://doi.org/10.1080/19490976.2016.1203502
https://doi.org/10.1007/s00774-004-0591-2
https://doi.org/10.1111/j.1574-6968.2002.tb11467.x
https://doi.org/10.1038/ijo.2014.153
https://doi.org/10.3389/fmicb.2016.00979
https://doi.org/10.1038/s41591-020-0751-5
https://doi.org/10.1155/2016/1423462
https://doi.org/10.1155/2016/1423462
https://doi.org/10.1038/s41586-019-1865-0
https://doi.org/10.1021/bi7023767
https://doi.org/10.1007/s00253-018-9239-3
https://doi.org/10.3390/ijms20102557
https://doi.org/10.1093/ajcn/69.3.544
https://doi.org/10.3390/nu12102982
https://doi.org/10.1128/mBio.00889-14
https://doi.org/10.1128/mBio.00889-14
https://doi.org/10.1186/1423-0127-19-58
https://doi.org/10.11569/wcjd.v24.i35.4660
https://doi.org/10.11569/wcjd.v24.i35.4660
https://doi.org/10.1007/s11914-015-0257-0
https://doi.org/10.1136/gutjnl-2014-307436
https://doi.org/10.1016/j.jaut.2019.03.002
https://doi.org/10.1016/j.jaut.2019.03.002
https://doi.org/10.3389/fimmu.2019.03141
https://doi.org/10.3760/cma.j.issn.0254-6450.2013.05.010
https://doi.org/10.3760/cma.j.issn.0254-6450.2013.05.010
https://doi.org/10.1186/s40168-018-0608-z
https://doi.org/10.1186/s40168-018-0608-z
https://doi.org/10.1038/s41586-019-1082-x

	Gut microbiota and calcium balance
	Introduction
	The GM and body calcium balance overview
	GM, SCFA, and calcium balance
	GM, calcitonin, and bone metabolism
	GM, estrogen, and bone metabolism
	GM, immunomodulation, and calcium balance
	GM, vitamin D, and calcium absorption
	GM, liver, and serum calcium

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

