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1  | BACKGROUND

Ageing is an inevitable process in the majority of organisms. Ageing 
is associated with the occurrence of a spectrum of diseases including 
Alzheimer's disease, osteoporosis, type II diabetes and cancer. The 
problems of ageing and its related healthcare and economic issues 
result in a heavy burden all around the world.1,2 Therefore, it is req‐
uisite to explore a novel strategy against ageing.

Stem cells are thought to demonstrate high potential in the field 
of anti‐ageing. During ageing, the decline in the self‐renewal and dif‐
ferentiation ability of stem cells and exhaustion of stem cells pool 
have been widely shown in various organs. Interference with age‐
ing‐driven dysregulation on self‐renewal and differentiation ability 
of stem cells by remodulation of intrinsic and extrinsic factors should 
be a solution in the development of anti‐ageing drugs.

Factors contributing to stem cell ageing are classified as sys‐
temic and micro‐environment including hormones, systemic in‐
flammation, host microbiome, local immune system and niche 
structure. Emerging studies suggest a close relationship between 
diversity, a constituent of host microbiota with the ageing pro‐
cess and ageing‐related diseases. For instance, skeletal mass, bone 

formation and bone growth are progressively declined with age, 
while modulation of gut microbiota by administration of antibiotics 
treatments in conventional mice or administration of specific‐gut 
microbiota in germ‐free mice results in a decrease and an increase 
bone mass and bone growth respectively. The molecular events un‐
derlying are commensal bacteria secreted short‐chain fatty acids 
to regulate the hormone for skeletal growth namely insulin‐like 
growth factor‐1.3 Another study also mentioned that disruption 
of microbiota interferes our normal circadian clock, consequently 
provoking metabolic disorders accompanied by exaggerating the 
ageing.4,5 In mammals, the change in diversity of gut microbiota has 
been linked to the different age groups. In general, elderly peoples 
result less Bacteroidetes in terms of quantity and quality and more 
Firmicutes compared with healthy middle‐aged people In southwest 
China cohort.6 In experimental models, host microbiota has asso‐
ciated with the lifespan of Drosophila. Studies demonstrated that 
modulation of gut microbiota in drosophila by antibiotic treatment 
or stool transplantation from old Drosophila to young Drosophila 
increases or decreases the lifespan of Dorosphila respectively.7 
However, how host microbiota affects the stem cell functions in 
term of ageing is still vague.
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Abstract
The tremendous importance of microbiota in microbial homoeostasis, alterations in 
metabolism and both innate and adaptive immune systems has been well established. 
A growing body of evidence support that dysbiosis or compositional changes in gut 
microbiota is linked to the ageing of stem cells in terms of dysregulations of me‐
tabolism, aberrant activation of the immune system as well as promoting epigenetic 
instability of stem cell. In this concise review, we elucidate recent emerging topics on 
microbiotic alterations and underlying mechanisms in stem cell ageing.
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In this Review, we describe the contributions of host microbiota 
in stem cell ageing through modulation of metabolism, epigenetic 
changes as well as the inflammatory responses by the host immune 
system. We also introduce the possible microbiota‐mediated signal‐
ling pathways in stem cell ageing.

1.1 | Host microbiome and metabolic changes in 
stem cell ageing

Ageing causes metabolic changes in stem cells. The metabolic 
changes in ageing stem cells contribute accumulation of mitochon‐
drial damage accompanied with the imbalance between glycolysis 
and oxidative phosphorylation(OXPHOS) and accumulation of reac‐
tive oxygen species (ROS) resulting in depletion of stem cells pool.8

Metabolic changes in stem cell niches are attributed to the mi‐
crobiota and its derived metabolites. A recent report has linked 
microbiota and haematopoietic stem cells(HSCs) differentiation via 
alteration of metabolic stress. The composition of gut microbiota is 
reconstituted by a high‐fat diet (HFD) in mice and alteration in gut 
microbiota leads to an increase the ratio of lymphoid cells to my‐
eloid cells, indicating ageing haematopoiesis.9,10 A similar phenom‐
enon also exhibits in the intestinal stem cells. Acetobacter pomorum, 
a commensal bacterium residing in Drosophila, regulates host meta‐
bolic homoeostasis through insulin/insulin‐like growth factor signal‐
ling, resulting in enrichment of basal intestinal stem cells numbers.11 
The possible mechanism for gut microbiota modulating host metab‐
olism activity is gut microbial metabolites.

One of the gut microbial metabolites is short‐chain fatty acid 
(SFCA) including acetate, butyrate and propionate.12 Under normal 
homoeostasis, a handful amount of SCFA improves the lifespan of 
the host. For example, Beta‐hydroxybutyrate (β‐HB) improves the 
lifespan of C elegans by suppressing histone deacetylase (HDAC) ac‐
tivity and activation of skinhead‐1(SKN‐1)/NF‐E2‐related factor (Nrf) 
pathway, subsequently facilitating the TCA cycle metabolism and 

ultimately increasing Forkhead box protein (FOXO) activity for stem 
cell proliferation.13 Nevertheless, under the conditions of “leaky” 
gut permeability caused by severe tissue damages and senescence, 
SFCA exerts their metabolic regulations on host stem cells through 
binding to G‐protein coupling receptors, subsequently suppressing 
insulin signalling and causing malfunctions of mitochondrial electron 
transport chain activity accompanied with the imbalance of NAD+/
NADH ratio and dysregulation of NAD‐dependent deacetylase sir‐
tuin‐1(SIRT1)/peroxisome proliferator activated receptor gamma co‐
activator 1 alpha(PGC1α) pathway.14,15 As a result, more damaged 
mitochondria results along with an accumulation of ROS and imbal‐
ance between glycolysis and OXPHOS, eventually erroneous differ‐
entiation and proliferation of stem cells and in turn depletion of stem 
cell.16 Evidence in support of this notion comes from old HSCs ex‐
pressed high OXPHOS levels as a result of dysfunctions in removing 
active mitochondria by impairing the autophagy process. This high 
levels of OXPHOS triggered the epigenetic modulations of old HSCs, 
subsequently promoted old HSCs undergoing myeloid differentiation 
and repressing the self‐renewal capacity (Figure 1)17. Moreover, aged 
Drosophila melanogaster exhibited stress caused‐ageing manifesta‐
tions such as loss of tissues homoeostasis, hyperproliferation of in‐
testinal stem cells as well as ageing‐associated intestinal dysplasia.18

Apart from SCFA‐triggered aberrant differentiation of stem cells 
and subsequent exhaustion of stem cells, SCFA also elicits their det‐
rimental effects on the differentiation capacity of stem cells. For 
example, in intestinal epithelial stem cells, butyrate impedes colonic 
epithelial stem and progenitor proliferation through activating stress 
signalling pathway for FOXO3.19 In line with butyrate, another SFCA 
propionate also demonstrates the inhibitory effect on the differen‐
tiation capacity of human chorion‐derived mesenchymal stem cells 
(sMSCs)20. Reducing the differentiation capacity of stem cells is 
a requisite hallmark of ageing. In human mammary epithelial cells 
(HMEC), old progenitors demonstrated the reduced tendency of dif‐
ferentiation from HMEC to myoepithelial cells owing to impairment 

F I G U R E  1   The metabolic programming of quiescent stem cells and differentiated stem cells in terms of the balance between glycolysis 
and oxidative phosphorylation. The common paradigm is that quiescent stem cells in the niche of normal commensal bacteria tend to prefer 
glycolysis accompanied with activation of anti‐oxidizing systems. On the contrary, differentiated stem cells under the niche of dysbiosis 
prefer oxidative phosphorylation rather than glycolysis to promote irreversible proliferation and differentiation of stem cells
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of Hippo pathway transducers Yes‐associated protein (YAP) and 
transcriptional co‐activator with a PDZ‐binding domain (TAZ).21 In 
agreement with HMEC, dysfunctions of autophagy in bone marrow‐
derived mesenchymal stem cells result in accelerating ageing as ex‐
emplified by diminishing osteogenic differentiation and proliferation 
capacity, whereas autophagy activator rapamycin antagonizes the 
autophagy malfunction‐provoked senescence.22

Another type of microbial metabolites is endogenous ethanol. 
Bacterially derived ethanol is produced by Proteobacteria including 
Escherichia coli and other Enterobacteriaceae.23 The elevated endog‐
enous ethanol causes the inhibitory effects on proliferating stem 
cells and depletion of stem and progenitor cells in the human hip‐
pocampus.24 Besides, more ethanol accumulates in the gut resulting 
in the increase of gut permeability by disruption of epithelial tight 
junctions especially zone occludins.25 This allows the translocation 
of pathogenic bacteria and its endotoxins and ethanol exert more di‐
rectly destructive effects on tissues.25 As a consequence, depletion 
of stem cells pool occurs in order to compensate the damage tissues 
and accelerating ageing.

In Drosophila, the host microbiota also regulates the self‐renewal 
of stem cells in intestines for tissue regeneration. The possible mech‐
anism for host microbiota‐mediated tissue regeneration is releasing 
of uracil, which further activates G‐protein‐coupled receptors of in‐
testinal cells. Afterwards, ROS are released resulting in p38 and JNK 
signalling pathways activations and stimulate intestinal stem cells 
(ISC) proliferation.26 Interestingly, Janus‐faced of ROS has been re‐
ported in stem cell proliferation. Excessive activation of ROS stimula‐
tion can lead to activation of p38 and forkhead box protein signalling 
and eventually resulting aberrant stem cell differentiation.27 Taken 
together, an appropriate amount of ROS induces stem cell differen‐
tiation, but this process is under control by cellular homoeostasis to 
eliminate excessive ROS. Under ageing, the defects or delay of clear‐
ance of ROS, accumulation of ROS triggers the erroneous differen‐
tiation of stem cells and exhaustion of stem cells pool. In addition, 
quiescent haematopoietic stem cells with low levels of ROS accom‐
panied with high levels of glycolysis and resemble young, had the ca‐
pacity to eliminate excess ROS and ROS‐induced DNA damage, thus 
promoting the self‐renewal of stem cells and thwarting the aberrant 
proliferation and differentiation of stem cells, eventually maintaining 
the host in a younger condition.28,29Reconstructing microbiome pro‐
files restores the balance of ROS production in cellular level may pave 
the way for the development of anti‐ageing drugs. However, human 
gut contains more complex microbiome profiles; the role of human 
microbiota in ROS regulation still requires further investigations.

1.2 | Host microbiome and epigenetic alterations in 
stem cell ageing

A growing body of evidence showed that modulation of global 
DNA methylation has been linked to ageing in various stem cells 
such as HSCs and other tissues.30,31 Besides, muscle and haemat‐
opoietic stem cells exhibit the enhancement of histone repressive 
marks, such as histone H3 lysine 9 trimethylation (H3K9me3) and 

histone H3 lysine 27 trimethylation (H3K27me3) during the ageing 
process.32 Microbiota may exacerbate the ageing process by releas‐
ing more their metabolites butyrate in guts. Butyrate has known as 
an enhancer for H3K27me3 in vivo model.33 The possible under‐
lying mechanism for enhanced H3K27me3‐modulated epigenetic 
modulation is increasing H3K27me3‐producing enzymes polycomb 
repressive complexes 2, subsequently facilitating the loss in epige‐
netic marking as well as drift of H3K27me3, diminishing the genes in 
glycolysis along with a decline of energy and NADH to NAD+ratio, 
thereby the stem cells become more susceptible to ROS and propel 
itself from quiescent state into an active state for differentiation and 
proliferation.34 Consistently, repressing the H327Kme3 in both C el-
egans and D melanogaster exhibited anti‐ageing effects.35,36

Apart from histone modulation in gene expressions, microbiota 
also modulates host gene transcription by increasing specific tran‐
scription factors such as signal transducer and activator of transcrip‐
tion(STATs) and Interferon regulatory factors(IRFs) and facilitating 
their binding to target genes by opening nucleosome‐depleted cis‐
regulatory regions in intestinal epithelial cells.32,37 STATs is known 
as a regulator in myogenic differentiation for muscle tissues repair. 
Increased the expression of STATs transcriptional factors by micro‐
biota resulting in reducing the reservoir of muscle stem cells and as‐
sociated ageing diseases including Duchenne muscular dystrophy.38 
On the contrary, pharmacological inhibition of STAT abrogated age‐
ing triggered tissue loss by enhancing myogenic lineage progression 
and encouraging the muscle stem cell expansions.39Taken together, 
Ageing is linked to the regeneration capacity, function, self‐renewal 
of muscle stem cells. Overexpression and pharmacological inhibition 
of STAT‐signalling debilitate or boost the regenerative capacity of 
muscle stem cells respectively. Therefore, reconstruction of micro‐
biota compositions in the gut may yield an anti‐senescent effect on 
the host by decreasing the intrinsic transduction pathway such as 
STATs as well as establishing favourable niches for muscle stem cells.

Moreover, another enhanced transcriptional factor IRFs has 
been reported in promoting senescence and impairing self‐renewal 
and differentiation of stem cells and consequently shorting lifespan 
in vivo.40 In an opposite way, depletion of microbiota reduces the rel‐
ative methylation level of certain genes such as the toll‐like receptor 
4 gene, which is a gene associated with chronic inflammation in age‐
ing.41 Besides the responses of age‐associated genes STAT and IRFs 
are diminished in antibiotic‐treated mice.42 Collectively, microbiota 
involves in the regulation of age‐related gene expressions through 
facilitating transcription factors in the development of stem cells.

Moreover, DNA damage is an important hallmark for the ageing 
of stem cells. In the quiescent state, DNA damage is eliminated im‐
mediately by a self‐protective system such as autophagy. However, 
when senescence and influences of tremendous DNA stress ex‐
ceed the removal capacity of stem cells, the DNA damage impedes 
the quiescence, self‐renewal, differentiation capacity of stem cells 
as well as exhaustion of stem cell pool through eliciting detrimen‐
tal modulations on stem cell niches and circulatory environment 
(dysregulations of age‐associated signalling pathways as discussed 
below). Besides, such regulations provoke epigenetic alterations in 
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DNA landscape of stem cells and further aggravate the senescence 
of stem cells by resulting in more DNA stress.43,44 Emerging data 
underpin the involvement of microbiota in DNA‐mediated‐senes‐
cence modulation. A facultative anaerobe E coli produces genotoxin 
colibactin, which is a bacterial toxin leading to DNA damage, and 
subsequently enhancement of senescent‐associated microRNA 
(miR‐20a‐5p) suppresses p53 degradation and resulting in growth 
arrest of colonic epithelial cells.45 Metabolites of microbiota also 
participate in the DNA damage during ageing. Secondary bile acid 
deoxycholate is one of the most common metabolites produced by 
microbiota. Due to limitations of liver elimination, deoxycholate is 
accumulated in the liver and triggers DNA damage in gastric cardia 
stem cells and resulting in cellular senescence.46,47 Not surprisingly, 
deoxycholate‐mediated senescent effects on HSCs are abrogated by 
administration of antibiotics mixture in obese mice, probably due to 
depletion of microbiota in guts.48

1.3 | Host microbiome and immune system 
responses in stem cell ageing

In addition to modulating host metabolism and epigenetic altera‐
tions, host microbiome also affects local immune system during 
ageing.49 Loss of tissues homoeostasis as a result of reducing differ‐
entiation and proliferation capacity of stem cells is a manifestation of 
senescence. To date, a growing body of evidence has demonstrated 

immune cells, especially on regulatory T cells tremendously contrib‐
ute to the tissues regeneration and stem cell niche. For instance, 
skin‐resident regulatory T cells recruit Notch ligand family mem‐
ber to elicit the differentiation and proliferation of hair follicle stem 
cells.50 Moreover, during the infection of Heligmosomoides pol‐
ygrus, type 1 interferons (IFN)‐stimulating immune cells modulate 
the intestinal stem niche and reactivate the development of intes‐
tinal crypt for maintaining the tissues homoeostasis after injury.51

Emerging evidence supported that the alterations in the diver‐
sity of gut microbiota are bidirectionally regulated by immune cells. 
For example, the changes in compositions of gut microbiota such as 
increasing proteobacteria and decreasing in Faecalibacterium pra‐
nusnitizii, both of them are associated with ageing‐associated inflam‐
matory diseases.52 Besides, natural killer T cells secrete IFN‐gamma 
dependent antimicrobial peptides to modulate the composition of 
gut microbiota by impeding the colonization of certain types of com‐
mensal bacteria.53 Intriguingly, 11 strains of commensal bacteria also 
regulate stimulations of IFN‐gamma dependent CD8 T cells yielding 
an anti‐cancer effect in the human intestine.54 Besides, microbiota 
metabolites such as SCFA (propionate, butyrate) also interfere with 
the balance between pro‐ and anti‐inflammatory mechanisms by 
modulations of regulatory T cells through forkhead box P3(FOXP3) 
signalling pathway.55

Under the tissue homoeostasis, intestinal stem cells self‐renewal 
and differentiation are tightly regulated by regulatory T cells and T 

F I G U R E  2   Control of intestinal stem cell homoeostasis through crosstalk between immune T cells and the intestinal commensal 
bacteria. In response to dysbiosis and increased gut permeability caused by ageing, T helper cells are activated to elicit the proliferation and 
differentiation of intestinal stem cells into Paneth cells and Tuft cells, accompanied with thwarting the functions of regulatory T cells which 
are responsible for promoting self‐renewal of intestinal stem cells. As a result, the intestinal stem cell pools are exhausted
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helper cells. Regulatory T cells stimulate Interleukin (IL), IL‐10 to pro‐
mote the self‐renewal of stem cell. Upon the infection of Parasitic 
helminths and Salmonella enteric, T helper cells 1 (its cytokines 
IFN‐gamma) and T helper cells 2 (its cytokines IL‐13) promote the 
differentiation of intestinal stem cells to Paneth cell and Tuft cell 
respectively for combating the invasion of pathogens (Figure 2).56,57 
However, overreactive inflammatory responses provoke the over‐
differentiation of stem intestinal stem cells to chemosensory cells, 
resulting in exhaustion of stem cell pool and accelerating senes‐
cence of the host. Consistently, an ageing‐associated decline of 
Bacteroides taxa triggers reductions of a low‐avidity mimotope to 
mimics islet‐specific glucose‐6‐phosphatase ‐catalytic‐subunit‐re‐
lated protein (IGRP 206‐214). This mimotope is capable to recruit 
diabetogenic CD8+ T cell and subsequently inhibits overreactive 
inflammatory antigen‐presenting cells and further inflammatory re‐
sponses.58 Apart from microbiota‐mediated dysfunctions of T cell 
homoeostasis in stem cells circuit, microbiota also influences T cell 
residence in secondary lymphoid organs and the proportion of res‐
idents T cells in secondary lymphoid organs increases with age.59 
Recent studies have demonstrated that T cells participate in tissues 
regeneration in a mouse. It is possible that dysbiosis in the gut over a 
long period of time, it triggers the accumulation of T cells in “leaky” 
sites and stimulation a plenty amount of pro‐inflammatory cytokines 
and resulting in aberrant differentiation of stem cells and depletion 
of the stem cells’ reservoir, eventually the exhaustion of stem cell 
pool causes accelerating senescence.

Microbiota not only regulates the immune cell homoeostasis 
but also beget the increasing the gut permeability during ageing. 
Concerning gut permeability, tight junction proteins such as occludin 
and claudin are vital markers in barriers functions in intestinal tissues.60 
Emerging evidence demonstrated that increasing gut permeability as 
expressed by diminishing the expressions of tight junction proteins, 
leading to more microbiota and their metabolites pass through the gut 
lumen, subsequently activation of immune responses such as mac‐
rophages, dendritic cells and T cells. Activated immune cells stimu‐
late several inflammatory cytokines such as tumour necrosis factor 
(TNF), IL‐10 and IL‐17 against ‘leaky’ gut microbiota.61 Afterwards, the 
pro‐inflammatory responses affect stem cell niches, self‐renewal, dif‐
ferentiation capacity of stem cells.62,63 For instance, Both TNF and 
bacterial metabolites lipopolysaccharide(LPS) have been reported in 
self‐renewal of hepatic stem cells for liver regeneration through acti‐
vation of Toll‐like receptor 4 and IL‐6 and TNF‐α.64 In the bone, both 
IL‐6, IL‐10 and TNF‐ α have shown a positively associated with the 
differentiation of bone marrow stem cells.65 In the skin grafts, IL‐17 
promotes the self‐renewal and differentiation of mesenchymal stem 
cells.66 In line with this hypothesis, alterations in gut microbiota at‐
tenuate the systemic and hepatic inflammation in obese and diabetic 
mice by restoring endogenous intestinotrophic proglucagon‐derived 
peptide‐dependent modulations of the gut permeability.67

Collectively, reconstruction of gut microbiota through the ad‐
ministration of probiotics restores the balance of microbiome in guts 
and ameliorates the gut permeability and preventing pathological ac‐
tivation of immune responses and its driven abnormal differentiation 

of stem cells in the recovery of hepatic functions.68 However, most 
of the publications for immune system‐mediated stem cell prolif‐
eration are under the condition from injury or diseases caused cell 
regeneration by stem cell. The effects of microbiota in normal condi‐
tions are poorly understood and require further investigations.

1.4 | Host microbiome and ageing‐associated 
developmental pathway

Host microbiome leads ageing‐associated development on stem 
cells through several pathways including Wnt, Notch, transforming 
growth factor beta(TGF‐ β), mitogen‐activated protein kinases (p38‐
MAPK) and JUN N‐terminal kinase(JNK) signalling pathways.

1.5 | Wnt signalling pathway

Activation of Wnt signalling pathway has been linked to the stem cell 
ageing in muscle stem cells (MuSCs) and HSC by promoting aberrant 
differentiation and impairing the interaction of stem cells with the 
microenvironment and eventually loss of self‐renewal activity and 
differential capacity of stem cells.69,70 Microbiota may exert the pro‐
ageing effect on stem cells through their metabolites and activation 
of Wnt signalling. Butyrate is one of most common metabolites from 
commensal bacteria in the gut. Butyrate promotes the expansion of 
cancer stem cells (CSCs) through accumulating Wnt‐signalling sub‐
strate β‐catenin and subsequently increasing expression of WNT 
reporter activity by its HDAC inhibitor characteristic.71 As shown 
in Table 1, the functions of SCFA in modulating various stem cells 
and the underlying mechanisms are summarized. The Besides, an‐
other bacterial metabolite, lactic acid, produced by Bifidobacterium 
and Lactobacillus spp Lactic acid targets G‐protein‐coupled recep‐
tor 81 on intestinal stem cells and promotes stem cells proliferation 
through Wnt‐3/ beta‐catenin signalling pathways. Consistently, 
administration of lactate ameliorated radiation‐ and chemotherapy‐ 
triggered intestinal damage which can be repaired by ISCs.72

Besides the impacts of microbial metabolite on the gut, another 
IFN, which is a product in the gut with the assistance of microbi‐
ota, activates β‐catenin activity and causes abnormal proliferation 
of intestinal epithelial cells as well as an increase in the expression 
of cellular senescence marker p21, and leading ageing‐associated 
diseases.83

1.6 | Notch and TGF‐beta signalling pathways

The Notch signalling pathway is a key regulator to control intestinal 
epithelium homoeostasis by modulation of self‐renewal rate of stem 
cell and differentiation rate of progenitor cells into various intestinal 
cell types such as paneth cells, goblet cells.84 Ageing has been recog‐
nized as a suppressor in Notch signalling pathway by diminishing the 
regenerative capacity of stem cells and subsequent recruitment of 
cyclin‐dependent kinase inhibitors such as p16, which is an activator 
in cellular senescence.85‐87 Microbiota may suppress Notch signal‐
ling pathway. In bone marrow mesenchymal stem cells (BMSCs), gut 



     |  4871TAN eT Al.

dysbiosis resulting from hypoxia causes induction of D‐galactose ac‐
cumulation and increasing the expressions of the p16 cellular level 
and leading senescence of BMSCs through Notch pathway.88

Apart from suppressing Notch signalling pathway, microbiota 
also influences the TGF‐β. TGF‐ β is an inducer of quiescence to 
maintain HSC pool and prevent exhaustion of HSC pool and maintain 
the niche of HSC.89 During ageing, the abundance of gut microbiome 
phylum Bacteroides decreases and diminishes the Bacteroides‐driven 
induction of TGF‐β through hindering the regulatory T cells differen‐
tiation.90 It is possible that a decline in TGF‐β expression contributes 
to the disruption of quiescence state of HSC and in turn aberrant 
differentiation of stem cells and ultimately resulting in erosions of 
HSC functions.

1.7 | p38‐MAPK signalling pathway

Ageing associated activation of p38‐MAPK and suppression of 
Fibroblast growth factor 1(FGF1) signalling pathways impair the self‐
renewal and regenerative capacity of stem cells such as MuSC.91 
Microbiota contributes to the proper control of stem cell activity 
through p38‐ MAPK pathways. In neural progenitor or radial glial 
cell, gut microbiota stimulates small molecules and they translocate 

to the brain and influencing the stage and region‐specific of the 
striatum, subsequently regulating TGF‐β and p38 pathway through 
sphingosine‐1‐phosphate to maintain brain stem cell development 
and functions.92,93

Another ageing‐associated phenotype, tissues degeneration has 
been shown regarding enhancement of proteobacteria. From the 
Italian and Chinese cohort, gut microbiome proteobacteria have been 
enriched in short‐living participants.94 The potent mechanism for 
proteobacteria hindering tissue regeneration is activation of trans‐
forming growth factor beta‐activated kinase 1 (TAK1)‐mitogen acti‐
vated protein kinase kinase (MKK)‐p38‐MAPK signalling pathway.95

1.8 | JUN N‐terminal kinase stress‐related 
signalling pathway

Ageing stem cells have been shown in an increase of JNK signalling, 
which promotes the aberrant proliferation and differentiation of in‐
testinal stem cells, and in turn hyperplasia of epithelial cell areas and 
increasing in gut permeability.96 In Drosophila, commensal bacteria 
inside the host control over renewal capacity of stem cell activity 
through activation of both JAK‐STAT (Janus kinase‐signal transduc‐
ers and activators of transcription) and JNK pathway in the context 

TA B L E  1   The functions of short chain fatty acid in modulating various stem cells and the underlying mechanisms

Type of short chain 
fatty acid Host Type of stem cells

Effects on 
stem cells Underlying mechanisms Reference

Beta‐hyroxybutyrate Caenorhabditis  
elegans

Not mentioned Profileration Activation of SKN‐1‐ Nrf‐FOXO 13

Propionate, butyrate Mice Intestinal stem cells Profileration Acitvation of Foxp3 55

Butyrate Mice Not mentioned Profileration Activation of IGF‐1 3

Butyrate Mice Intestinal stem cells Self‐renewal Acitvation of FOXO3 19

Propionate Human Mescenchymal stem cells Self‐renewal Acitvation of FFAR2‐PPARγ 20

Butyrate Human Cancer stem cells Self‐renewal Activation of Wnt‐signalling 71

Butyric acid Porcine Mesenchymal stem cells Profileration Acitvation of PPARγ‐CCAAT 
signalling

73

Indole‐3‐acetic acid Human Dental pulp stem cells Self‐renewal Activation of Akt‐Nrf‐HO‐1 pathway 74

Gelatin‐hydroxyphenyl 
propionic acid

Human Mesenchymal stem cells Profileration N/A 75

Butyrate Mice Colonic epithelial stem cells Self‐renewal Inhibition of the activity of histone 
deacetylases

76

Poly‐3‐hydroxybu‐
tyrate

Rat Mescenchymal stem cells Profileration N/A 77

Acetate Human Multipotent adipose 
tissue‐derived stem

Profileration Inhibition of the activity of hor‐
mone‐sensitive lipase

15

Sodium butyrate Human Adipose tissue‐derived mes‐
enchymal stem cells

Self‐renewal Inhibition of the activity of histone 
deacetylases

78

Sodium butyrate Human Amniotic membrane‐derived 
mesenchymal stem cells

Self‐renewal Activation of ERK‐1 79

Butyrate Human Colonic epithelial stem cells Self‐renewal suppression of Kruppel‐type zinc‐
finger family transcription

80

Metformin‐butyrate Human Breast cancer stem cell Self‐renewal activation of AMPK 81

Butyric acid Human Adipose‐derived stem cells Profileration acitvation of PPARγ signalling 82
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of with or without invasive bacterial infection.97 Consistently, deple‐
tion of commensal bacteria such as dysbiosis in D melanogaster also 
results in JNK signalling activation and further leading to erroneous 
differentiation of ISCs during ageing.18

Collectively, microbiota regulates JNK pathway not only for self‐
renewal of epithelium cells, albeit very minor compared with under 
condition of invasive infections from other bacteria, but also rising 
the defensive responses against bacterial invasion. Furthermore, 
JNK pathway is indispensable for ISC regeneration. Commensal bac‐
teria such as dysbiosis in D melanogaster also results in JNK signalling 
activation and further leading to erroneous differentiation of ISCs 
during ageing.18 In Drosophila, dysregulation of JNK contributes 
to the accumulation of mis‐differentiated ISC daughter cells and in 
turns resulting in loss of tissue homoeostasis and ageing.98

2  | CONCLUSIONS AND FUTURE 
PERSPEC TIVES

The role of stem cells in ageing is repairing damaged tissues and re‐
generate specific tissues in order to maintain tissues homoeostasis. 
During ageing, dysregulation of metabolism, alterations in immune 
system, epigenetic modulations, erroneous regulation of extrinsic 
signalling pathways lead to the accumulation of stress responses and 
impairing the functions of stem cells.

Increasing evidence suggests that microbiota plays an import‐
ant role in stem cell ageing. In line with this hypothesis, dysbiosis in 
the gut triggers serious responses. Dysbiosis causes an increase in 
gut permeability and facilities the commensal metabolites, derived 
small molecules and stress responses entering the blood circula‐
tion system and delivering ‘leaky’ materials to the multiple tissues. 
Afterwards, metabolites influence on stem cells metabolism, activa‐
tion of pro‐inflammatory cytokines in the immune system as well as 
induction of DNA damage and aberrant methylation of histone mark 
in stem cell epigenetics.

During this process, the ‘leaky’ microbiota and their metabo‐
lites activate Notch, Wnt, TGF‐ β along with JNK pathways causing 
the erroneous differentiation of stem cells and overuse of stem 
cells thus resulting loss of tissue homoeostasis and ageing in the 
long‐term. At the same time, the host becomes susceptible to bac‐
teria or virus‐mediated tissues damages due to the increase in the 
gut permeability and subsequently more stem cells are required 
for tissues repairing and thus resulting in the positive feedback 
loop on exhaustion of stem cell pool and accelerating the ageing 
process.

Reconstruction of gut microbiota and in turn restoring gut 
permeability is a crucial strategy in dealing with the stem cell‐as‐
sociated ageing process. To date, faecal microbiota transplantation 
brings our attention to the reconstruction of gut microbiota. There 
is evidence that faecal microbiota transplantation improves the 
growth performance by reducing intestinal permeability in piglets 
and maintaining intestinal morphology.99 Since increasing intes‐
tinal permeability has been known in ageing‐associated diseases, 

restoring intestinal permeability by faecal microbiota transplanta‐
tion may be an effective and regenerative medicine strategy in stem 
cell development for aged. However, it remains to be investigated 
whether fecal microbiota transplantation from young donors to old 
receivers restores the self‐renewal, differentiation and regenerative 
capacity of stem cells in order to ameliorate the health span. In con‐
clusion, more investigations in the cross‐talk between microbiota 
and intestinal stem cells are required to pave the way for the de‐
velopment of therapeutic drugs in prolonging lifespan and tackling 
ageing‐associated diseases.

CONFLIC T OF INTERE S TS

The authors declare that they have no competing interests.

AUTHORS'  CONTRIBUTIONS

YT and SZ  performed the literature research, drafted the manuscript 
andmade the figure; JA, ZK and LZ revised the manuscript and di‐
rectedthe review to be more focused, (JC contributed equally tothis 
work); HM  made the table; ML, YT and SZ gave the final  approval for 
the article to be published.

ORCID

Shan Zhao  https://orcid.org/0000‐0002‐0886‐9152 

R E FE R E N C E S

 1. Shi L. Preparing for an "insured" old age: insurance purchase 
and self‐support in old age in rural China. J Cross Cult Gerontol. 
2018;33(2):183‐195.

 2. Haddad YK, Bergen G, Florence CS. Estimating the economic bur‐
den related to older adult falls by state. J Public Health Manag Pract. 
2018;25(2):E17‐E24.

 3. Yan J, Herzog JW, Tsang K, et al. Gut microbiota induce IGF‐1 and 
promote bone formation and growth. Proc Natl Acad Sci U S A. 
2016;113(47):E7554‐E7563.

 4. Thaiss CA, Levy M, Korem T, et al. Microbiota diurnal rhythmicity pro‐
grams host transcriptome oscillations. Cell. 2016;167(6):1495‐1510.
e12.

 5. Paschos GK, FitzGerald GA. Circadian clocks and metabolism:  
implications for microbiome and aging. Trends Genet. 2017;33(10): 
760‐769.

 6. Shen XI, Miao J, Wan Q, et al. Possible correlation between gut micro‐
biota and immunity among healthy middle‐aged and elderly people in 
southwest China. Gut Pathog. 2018;10:4.

 7. Clark R, Salazar A, Yamada R, et al. distinct shifts in microbiota com‐
position during drosophila aging impair intestinal function and drive 
mortality. Cell Rep. 2015;12(10):1656‐1667.

 8. Wanet A, Arnould T, Najimi M, Renard P. Connecting mitochondria, 
metabolism, and stem cell fate. Stem Cells Dev. 2015;24(17):1957‐1971.

 9. Chung SS, Park CY. Aging, hematopoiesis, and the myelodysplastic 
syndromes. Blood Adv. 2017;1(26):2572‐2578.

 10. Luo Y, Chen G‐L, Hannemann N, et al. Microbiota from obese mice 
regulate hematopoietic stem cell differentiation by altering the bone 
niche. Cell Metab. 2015;22(5):886‐894.

https://orcid.org/0000-0002-0886-9152
https://orcid.org/0000-0002-0886-9152


     |  4873TAN eT Al.

 11. Shin SC, Kim S‐H, You H, et al. Drosophila microbiome modulates 
host developmental and metabolic homeostasis via insulin signaling. 
Science. 2011;334(6056):670‐674.

 12. Kasubuchi M, Hasegawa S, Hiramatsu T, Ichimura A, Kimura I. Dietary 
gut microbial metabolites, short‐chain fatty acids, and host metabolic 
regulation. Nutrients. 2015;7(4):2839‐2849.

 13. Edwards C, Canfield J, Copes N, Rehan M, Lipps D, Bradshaw PC. 
D‐beta‐hydroxybutyrate extends lifespan in C. elegans. Aging (Albany 
NY). 2014;6(8):621‐644.

 14. Cheng Z, Tseng Y, White MF. Insulin signaling meets mitochondria in 
metabolism. Trends Endocrinol Metab. 2010;21(10):589‐598.

 15. Jocken J, González Hernández MA, Hoebers N, et al. Short‐chain 
fatty acids differentially affect intracellular lipolysis in a human white 
adipocyte model. Front Endocrinol (Lausanne). 2017;8:372.

 16. Ermolaeva M, Neri F, Ori A, Rudolph KL. Cellular and epigenetic driv‐
ers of stem cell ageing. Nat Rev Mol Cell Biol. 2018;19(9):594‐610.

 17. Ho TT, Warr MR, Adelman ER, et al. Autophagy maintains the 
metabolism and function of young and old stem cells. Nature. 
2017;543(7644):205‐210.

 18. Guo L, Karpac J, Tran SL, Jasper H. PGRP‐SC2 promotes gut immune 
homeostasis to limit commensal dysbiosis and extend lifespan. Cell. 
2014;156(1–2):109‐122.

 19. Kaiko GE, Ryu SH, Koues OI, et al. The colonic crypt protects stem 
cells from microbiota‐derived metabolites. Cell. 2016;167(4):1137.

 20. Iván J, Major E, Sipos A, et al. The short‐chain fatty acid propionate 
inhibits adipogenic differentiation of human chorion‐derived mesen‐
chymal stem cells through the free fatty acid receptor 2. Stem Cells 
Dev. 2017;26(23):1724‐1733.

 21. Pelissier F, Garbe J, Ananthanarayanan B, et al. Age‐related dysfunc‐
tion in mechanotransduction impairs differentiation of human mam‐
mary epithelial progenitors. Cell Rep. 2014;7(6):1926‐1939.

 22. Ma Y, Qi M, An Y, et al. Autophagy controls mesenchymal stem cell 
properties and senescence during bone aging. Aging Cell. 2018;17(1).

 23. Zhu L, Baker SS, Gill C, et al. Characterization of gut microbiomes in 
nonalcoholic steatohepatitis (NASH) patients: a connection between 
endogenous alcohol and NASH. Hepatology. 2013;57(2):601‐609.

 24. Le Maitre TW, Dhanabalan G, Bogdanovic N, Alkass K, Druid 
H. Effects of alcohol abuse on proliferating cells, stem/progen‐
itor cells, and immature neurons in the adult human hippocampus. 
Neuropsychopharmacology. 2018;43(4):690‐699.

 25. Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates 
obesity and insulin resistance. Diabetes. 2007;56(7):1761‐1772.

 26. Lee WJ, Brey PT. How microbiomes influence metazoan develop‐
ment: insights from history and Drosophila modeling of gut‐microbe 
interactions. Annu Rev Cell Dev Biol. 2013;29:571‐592.

 27. Ito K, Hirao A, Arai F, et al. Reactive oxygen species act through p38 
MAPK to limit the lifespan of hematopoietic stem cells. Nat Med. 
2006;12(4):446‐451.

 28. Bakker ST, Passegue E. Resilient and resourceful: genome main‐
tenance strategies in hematopoietic stem cells. Exp Hematol. 
2013;41(11):915‐923.

 29. Adams PD, Jasper H, Rudolph KL. Aging‐induced stem cell mutations 
as drivers for disease and cancer. Cell Stem Cell. 2015;16(6):601‐612.

 30. Beerman I, Bock C, Garrison B, et al. Proliferation‐dependent alter‐
ations of the DNA methylation landscape underlie hematopoietic 
stem cell aging. Cell Stem Cell. 2013;12(4):413‐425.

 31. Yuan T, Jiao Y, de Jong S, Ophoff RA, Beck S, Teschendorff AE. An in‐
tegrative multi‐scale analysis of the dynamic DNA methylation land‐
scape in aging. PLoS Genet. 2015;11(2):e1004996.

 32. Schwörer S, Becker F, Feller C, et al. Epigenetic stress responses 
induce muscle stem‐cell ageing by Hoxa9 developmental signals. 
Nature. 2016;540(7633):428‐432.

 33. Liu Y, Upadhyaya B, Fardin‐Kia AR, Juenemann RM, Dey M. Dietary 
resistant starch type 4‐derived butyrate attenuates nuclear 

factor‐kappa‐B1 through modulation of histone H3 trimethylation at 
lysine 27. Food Funct. 2016;7(9):3772‐3781.

 34. Ma Z, Wang H, Cai Y, et al. Epigenetic drift of H3K27me3 in aging 
links glycolysis to healthy longevity in Drosophila. Elife. 2018;7.

 35. Ni Z, Ebata A, Alipanahiramandi E, Lee SS. Two SET domain contain‐
ing genes link epigenetic changes and aging in Caenorhabditis ele‐
gans. Aging Cell. 2012;11(2):315‐325.

 36. Siebold AP, Banerjee R, Tie F, Kiss DL, Moskowitz J, Harte PJ. Polycomb 
repressive complex 2 and trithorax modulate drosophila longevity 
and stress resistance. Proc Natl Acad Sci U S A. 2010;107(1):169‐174.

 37. Camp JG, Frank CL, Lickwar CR, et al. Microbiota modulate transcrip‐
tion in the intestinal epithelium without remodeling the accessible 
chromatin landscape. Genome Res. 2014;24(9):1504‐1516.

 38. Chazaud B, Mouchiroud G. Inflamm‐aging: STAT3 signaling pushes 
muscle stem cells off balance. Cell Stem Cell. 2014;15(4):401‐402.

 39. Tierney MT, Aydogdu T, Sala D, et al. STAT3 signaling con‐
trols satellite cell expansion and skeletal muscle repair. Nat Med. 
2014;20(10):1182‐1186.

 40. Yu Q, Katlinskaya Y, Carbone C, et al. DNA‐damage‐induced type I 
interferon promotes senescence and inhibits stem cell function. Cell 
Rep. 2015;11(5):785‐797.

 41. Takahashi K, Sugi Y, Nakano K, et al. Epigenetic control of the host 
gene by commensal bacteria in large intestinal epithelial cells. J Biol 
Chem. 2011;286(41):35755‐35762.

 42. Abt M, Osborne L, Monticelli L, et al. Commensal bacteria calibrate 
the activation threshold of innate antiviral immunity. Immunity. 
2012;37(1):158‐170.

 43. Behrens A, van Deursen JM, Rudolph KL, Schumacher B. Impact 
of genomic damage and ageing on stem cell function. Nat Cell Biol. 
2014;16(3):201‐207.

 44. Beerman I, Seita J, Inlay MA, Weissman IL, Rossi DJ. Quiescent he‐
matopoietic stem cells accumulate DNA damage during aging that 
is repaired upon entry into cell cycle. Cell Stem Cell. 2014;15(1): 
37‐50.

 45. Cuevas‐Ramos G, Petit CR, Marcq I, Boury M, Oswald E, Nougayrede 
JP. Escherichia coli induces DNA damage in vivo and triggers ge‐
nomic instability in mammalian cells. Proc Natl Acad Sci U S A. 
2010;107(25):11537‐11542.

 46. Ridlon JM, Kang DJ, Hylemon PB. Bile salt biotransformations by 
human intestinal bacteria. J Lipid Res. 2006;47(2):241‐259.

 47. Quante M, Bhagat G, Abrams JA, et al. Bile acid and inflammation 
activate gastric cardia stem cells in a mouse model of Barrett‐like 
metaplasia. Cancer Cell. 2012;21(1):36‐51.

 48. Yoshimoto S, Loo TM, Atarashi K, et al. Obesity‐induced gut microbial 
metabolite promotes liver cancer through senescence secretome. 
Nature. 2013;499(7456):97‐101.

 49. Cucchiara S, Stronati L, Aloi M. Interactions between intestinal mi‐
crobiota and innate immune system in pediatric inflammatory bowel 
disease. J Clin Gastroenterol. 2012;46(Suppl):S64‐66.

 50. Ali N, Zirak B, Rodriguez RS, et al. Regulatory T cells in skin facili‐
tate epithelial stem cell differentiation. Cell. 2017;169(6):1119‐1129. 
e11.

 51. Nusse YM, Savage AK, Marangoni P, et al. Parasitic helminths in‐
duce fetal‐like reversion in the intestinal stem cell niche. Nature. 
2018;559(7712):109‐113.

 52. Biagi E, Nylund L, Candela M, et al. Through ageing, and beyond: gut 
microbiota and inflammatory status in seniors and centenarians. PLoS 
ONE. 2010;5(5):e10667.

 53. Dowds CM, Blumberg RS, Zeissig S. Control of intestinal homeostasis 
through crosstalk between natural killer T cells and the intestinal mi‐
crobiota. Clin Immunol. 2015;159(2):128‐133.

 54. Tanoue T, Morita S, Plichta DR, et al. A defined commensal con‐
sortium elicits CD8 T cells and anti‐cancer immunity. Nature. 
2019;565(7741):600‐605.



4874  |     TAN eT Al.

 55. Arpaia N, Campbell C, Fan X, et al. Metabolites produced by com‐
mensal bacteria promote peripheral regulatory T‐cell generation. 
Nature. 2013;504(7480):451‐455.

 56. Haber AL, Biton M, Rogel N, et al. A single‐cell survey of the small 
intestinal epithelium. Nature. 2017;551(7680):333‐339.

 57. Biton M, Haber AL, Rogel N, et al. Cell cytokines modulate intestinal 
stem cell renewal and differentiation. Cell. 2018;175(5):1307‐1320. 
e22.

 58. Hebbandi Nanjundappa R, Ronchi F, Wang J, et al. A gut microbial 
mimic that hijacks diabetogenic autoreactivity to suppress colitis. 
Cell. 2017;171(3):655‐667.e17.

 59. Durand A, Audemard‐Verger A, Guichard V, et al. Profiling the lym‐
phoid‐resident T cell pool reveals modulation by age and microbiota. 
Nat Commun. 2018;9(1):68.

 60. Braniste V, Al‐Asmakh M, Kowal C, et al. The gut microbiota in‐
fluences blood‐brain barrier permeability in mice. Sci Transl Med. 
2014;6(263):263ra158.

 61. Thevaranjan N, Puchta A, Schulz C, et al. Microbial dysbiosis pro‐
motes intestinal permeability, systemic inflammation, and macro‐
phage dysfunction. Cell Host Microbe. 2017;21(4):455‐466.e4.

 62. Riva A, Patel V, Kurioka A, et al. Mucosa‐associated invariant T cells 
link intestinal immunity with antibacterial immune defects in alco‐
holic liver disease. Gut. 2018;67(5):918‐930.

 63. Eirin A, Zhu X‐Y, Puranik AS, et al. Mesenchymal stem cell‐derived 
extracellular vesicles attenuate kidney inflammation. Kidney Int. 
2017;92(1):114‐124.

 64. Seki E, Tsutsui H, Iimuro Y, et al. Contribution of Toll‐like receptor/
myeloid differentiation factor 88 signaling to murine liver regenera‐
tion. Hepatology. 2005;41(3):443‐450.

 65. Zhang Z, Xie Y, Pan H, Huang L, Zheng X. Influence of patterned 
titanium coatings on polarization of macrophage and osteo‐
genic differentiation of bone marrow stem cells. J Biomater Appl. 
2018;32(7):977‐986.

 66. Ma T, Wang X, Jiao YA, et al. Interleukin 17 (IL‐17)‐induced mesen‐
chymal stem cells prolong the survival of allogeneic skin grafts. Ann 
Transplant. 2018;23:615‐621.

 67. Cani PD, Possemiers S, Van de Wiele T, et al. Changes in gut mi‐
crobiota control inflammation in obese mice through a mechanism 
involving GLP‐2‐driven improvement of gut permeability. Gut. 
2009;58(8):1091‐1103.

 68. Rayes N, Pilarski T, Stockmann M, Bengmark S, Neuhaus P, Seehofer 
D. Effect of pre‐ and probiotics on liver regeneration after re‐
section: a randomised, double‐blind pilot study. Benef Microbes. 
2012;3(3):237‐244.

 69. Brack AS, Conboy MJ, Roy S, et al. Increased Wnt signaling during 
aging alters muscle stem cell fate and increases fibrosis. Science. 
2007;317(5839):807‐810.

 70. Florian M, Dörr K, Niebel A, et al. Cdc42 activity regulates he‐
matopoietic stem cell aging and rejuvenation. Cell Stem Cell. 
2012;10(5):520‐530.

 71. Debeb BG, Lacerda L, Xu W, et al. Histone deacetylase inhib‐
itors stimulate dedifferentiation of human breast cancer cells 
through WNT/beta‐catenin signaling. Stem Cells. 2012;30(11): 
2366‐2377.

 72. Lee Y‐S, Kim T‐Y, Kim Y, et al. Lactate accelerates intestinal 
stem‐cell‐mediated epithelial development. Cell Host Microbe. 
2018;24(6):833‐846.e6.

 73. Tugnoli B, Bernardini C, Forni M, Piva A, Stahl CH, Grilli E. Butyric 
acid induces spontaneous adipocytic differentiation of porcine bone 
marrow‐derived mesenchymal stem cells. Vitro Cell Dev Biol Anim. 
2019;55(1):17‐24.

 74. Kim D, Kim H, Kim K, Roh S. The protective effect of indole‐3‐acetic 
acid (IAA) on H2O2‐damaged human dental pulp stem cells is medi‐
ated by the akt pathway and involves increased expression of the 
transcription factor nuclear factor‐erythroid 2‐related factor 2 (Nrf2) 

and Its downstream target heme oxygenase 1 (HO‐1). Oxid Med Cell 
Longev. 2017;2017:8639485.

 75. Lee Y, Balikov D, Lee J, et al. Forming gelatin hydrogels‐directed an‐
giogenic differentiation and activity of patient‐derived human mes‐
enchymal stem cells. Int J Mol Sci. 2017;18(8):1705

 76. Verma MS, Fink MJ, Salmon GL, et al. A Common mechanism links 
activities of butyrate in the colon. ACS Chem Biol. 2018;13(5):1291‐ 
1298.

 77. Ozer H, Bozkurt H, Bozkurt G, Demirbilek M. Regenerative poten‐
tial of chitosan‐coated poly‐3‐hydroxybutyrate conduits seeded 
with mesenchymal stem cells in a rat sciatic nerve injury model. Int J 
Neurosci. 2018;128(9):828‐834.

 78. Jang S, Jeong HS. Histone deacetylase inhibition‐mediated neuro‐
nal differentiation via the Wnt signaling pathway in human adipose 
tissue‐derived mesenchymal stem cells. Neurosci Lett. 2018;668:24‐ 
30.

 79. Fan X, Li L, Ye Z, Zhou Y, Tan WS. Regulation of osteogenesis of 
human amniotic mesenchymal stem cells by sodium butyrate. Cell Biol 
Int. 2018;42(4):457‐469.

 80. Ocadiz‐Ruiz R, Photenhauer AL, Hayes MM, Ding L, Fearon ER, 
Merchant JL. ZBP‐89 function in colonic stem cells and during butyr‐
ate‐induced senescence. Oncotarget. 2017;8(55):94330‐94344.

 81. Lee K‐M, Lee M, Lee J, et al. Enhanced anti‐tumor activity and cytotoxic 
effect on cancer stem cell population of metformin‐butyrate compared 
with metformin HCl in breast cancer. Oncotarget. 2016;7(25):38500‐ 
38512.

 82. Wang Y, Zhang L, Yu J, et al. A co‐drug of butyric acid derived from 
fermentation metabolites of the human skin microbiome stimulates 
adipogenic differentiation of adipose‐derived stem cells: implications 
in tissue augmentation. J Invest Dermatol. 2017;137(1):46‐56.

 83. Katlinskaya YV, Katlinski KV, Lasri A, et al. Type I interferons control 
proliferation and function of the intestinal epithelium. Mol Cell Biol. 
2016;36(7):1124‐1135.

 84. Chen K‐Y, Srinivasan T, Tung K‐L, et al. A Notch positive feedback in 
the intestinal stem cell niche is essential for stem cell self‐renewal. 
Mol Syst Biol. 2017;13(4):927.

 85. Cherbuy C, Honvo‐Houeto E, Bruneau A, et al. Microbiota matures 
colonic epithelium through a coordinated induction of cell cycle‐re‐
lated proteins in gnotobiotic rat. Am J Physiol Gastrointest Liver Physiol. 
2010;299(2):G348‐357.

 86. Chen J, Tschudy‐Seney B, Ma X, Zern MA, Liu P, Duan Y. Salvianolic 
acid B enhances hepatic differentiation of human embryonic stem 
cells through upregulation of WNT pathway and inhibition of notch 
pathway. Stem Cells Dev. 2018;27(4):252‐261.

 87. Zhang W, Huang C, Sun A, et al. Hydrogen alleviates cellular se‐
nescence via regulation of ROS/p53/p21 pathway in bone mar‐
row‐derived mesenchymal stem cells in vivo. Biomed Pharmacother. 
2018;106:1126‐1134.

 88. Xing J, Ying Y, Mao C, et al. Hypoxia induces senescence of bone mar‐
row mesenchymal stem cells via altered gut microbiota. Nat Commun. 
2018;9(1):2020.

 89. Passegue E, Wagers AJ, Giuriato S, Anderson WC, Weissman IL. 
Global analysis of proliferation and cell cycle gene expression in the 
regulation of hematopoietic stem and progenitor cell fates. J Exp Med. 
2005;202(11):1599‐1611.

 90. Round JL, Mazmanian SK. Inducible foxp3+ regulatory T‐cell devel‐
opment by a commensal bacterium of the intestinal microbiota. Proc 
Natl Acad Sci U S A. 2010;107(27):12204‐12209.

 91. Bernet JD, Doles JD, Hall JK, Kelly Tanaka K, Carter TA, Olwin 
BB. p38 MAPK signaling underlies a cell‐autonomous loss of 
stem cell self‐renewal in skeletal muscle of aged mice. Nat Med. 
2014;20(3):265‐271.

 92. Ma S, Santhosh D, Kumar TP, Huang Z. A brain‐region‐specific 
neural pathway regulating germinal matrix angiogenesis. Dev Cell. 
2017;41(4):pp. 366‐381 e364.



     |  4875TAN eT Al.

 93. Heijtz RD, Wang S, Anuar F, et al. Normal gut microbiota modu‐
lates brain development and behavior. Proc Natl Acad Sci U S A. 
2011;108(7):3047‐3052.

 94. Kong F, Deng F, Li Y, Zhao J. Identification of gut microbiome sig‐
natures associated with longevity provides a promising modulation 
target for healthy aging. Gut Microbes. 2019;10(2):210–215.

 95. Arnold CP, Merryman MS, Harris‐Arnold A, et al. Pathogenic shifts in 
endogenous microbiota impede tissue regeneration via distinct acti‐
vation of TAK1/MKK/p38. Elife. 2016;5.

 96. Resnik‐Docampo M, Koehler CL, Clark RI, et al. Tricellular junctions 
regulate intestinal stem cell behaviour to maintain homeostasis. Nat 
Cell Biol. 2017;19(1):52‐59.

 97. Buchon N, Broderick NA, Chakrabarti S, Lemaitre B. Invasive and in‐
digenous microbiota impact intestinal stem cell activity through mul‐
tiple pathways in Drosophila. Genes Dev. 2009;23(19):2333‐2344.

 98. Biteau B, Hochmuth CE, Jasper H. JNK activity in somatic stem cells 
causes loss of tissue homeostasis in the aging Drosophila gut. Cell 
Stem Cell. 2008;3(4):442‐455.

 99. Cheng S, Ma X, Geng S, et al. Fecal microbiota transplantation ben‐
eficially regulates intestinal mucosal autophagy and alleviates gut  
barrier injury. mSystems. 2018;3(5).

How to cite this article: Tan Y, Wei Z, Chen J, et al. Save your 
gut save your age: The role of the microbiome in stem cell 
ageing. J Cell Mol Med. 2019;23:4866–4875. https ://doi.org/ 
10.1111/jcmm.14373 

https://doi.org/10.1111/jcmm.14373
https://doi.org/10.1111/jcmm.14373

