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Mesenchymal stem cells (MSCs) can self-renew and
maintain a multi-lineage differentiation potential. The
PI3K/Akt signalling pathway is an essential signalling
pathway of protein synthesis with complicated downstream
activity. This review attempted to explore whether and how
the PI3K/Akt signalling pathway influences MSCs. We
concluded that MSCs participate in the proliferation,
differentiation, mobilization, homing, senescence and
apoptosis of mesenchymal stem cells. Mesenchymal stem
cells (MSCs) can protect damaged cells through the PI3K/Akt
signalling pathway, making it potentially useful in
regenerative medicine and chronic diseases, such as
ischaemic heart disease, end-stage liver disease, and
ischemic stroke. The roles of the PI3K/Akt signalling
pathway in MSCs were partly revealed, and more studies
are needed. With further understanding of the detailed
mechanisms involved, we can treat disease accurately and
effectively.
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Introduction

Mesenchymal stem cells (MSCs) can be isolated from a variety
of tissues, including bone marrow, umbilical cord, adipose tissue,
endometrial polyps, and menses blood, among others [1].
Mesenchymal stem cells are stromal cells that have the ability to
self-renew and differentiate along different lineages, making
MSCs a possible treatment strategy for inflammatory bowel
disease, periodontal regeneration, myocardial ischaemia,
systemic lupus erythematosus, end-stage liver disease and
ischaemic stroke [2-5].

The phosphoinositide 3-kinase/protein kinase B (PI3K/Akt)
signalling pathway is an important signalling pathway of protein
synthesis in the body, playing a vital role in the proliferation,
differentiation and apoptosis of cancer cells [6-8]. Extensive
research has been carried out to explore the mechanisms of the
modulation of mesenchymal stem cells, whereas the
mechanisms of the PI3K/Akt signalling pathway in physiological
activity remain unclear.

This review focused on the PI3K/Akt signalling pathway in
mesenchymal stem cells to explore how the PI3K/Akt signalling
pathway influences the physiological activity of MSCs and to
predict its potential clinical use.

The PI3K/Akt Signalling Pathway

PI3K has a relative molecular mass of 110x103 in its P110
catalytic subunit and 85x103 in its P85 regulatory subunit. The
amino terminal of P85 contains a SH3 domain and a proline-rich
region, which can be combined with the SH3 domain, and its
carboxyl terminal contains 2 SH2 domains and 1 region of the
P110 binding domain. The P110 subunit of PI3K has homology
with protein kinase, which has both Ser/Thr kinase and
phosphatidylcholine kinase activity. According to the structural
characteristics of P110, the substrates of PI3K can be divided
into three subtypes: |, Il, and Ill. Type | is divided into | Aand | B
subclasses.

The | A subtypes include P110 a, P110 B, and P110 6, which
can form two dimers with p85; the | B subtypes include P110y,
which does not combine with p85, but combines with a joint
protein with a relative molecular mass of 101x103. This joint
protein can be mediated the activation of P110 by G protein’s
and y subunits [9].

Type PI3K is a PI3K-containing C2 domain; Type Ill PI3K is a
structurally homologous protein found in mammalian cells with
the VPS34 molecular structure of yeast. Akt, also known as
protein kinase B (PKB), is a serine/threonine protein kinase.
There are at least 3 members of the Akt family: Aktl1/PKBa,
Akt2/PKBB, and Akt3/PKBy. PI3K can be activated by G protein-
coupled receptors, protein tyrosine kinase receptors, and/or Ras
protein.

PI3K promotes the phosphorylation of phosphatidylinositol,
including 3-phosphatidylinositol (P1-3P), 3,4-two
phosphatidylinositol (PI-3, 4-P2), and phosphatidylinositol-3,4,5-
trisphosphate (PI(3, 4, 5)P3), by phosphorylating the 3 hydroxyls
of the phosphatidylinositol ring. A variety of grow factors
function through the PI3K/Akt signalling pathway [10-12].

Akt/PKB is an important downstream target kinase in the PI3K
signalling pathway. PI3K-activated 4-P2, PI-3 and PI-3, 4, 5-P3
combines with the PH region of Akt. This process not only leads
to the translocation of Akt from the cytoplasm to the cell
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membrane but also leads its structural changes, including
Ser473 and Thr308 phosphorylation. Phosphorylation of Ser473
or Thr308 sites is necessary for the activation of Akt.
Additionally, Akt activation is required for the involvement of
the phospholipid dependent protein kinase (PDK).

Activated Akt regulates the cell cycle, mobilization and
apoptosis by further activating its downstream factors, such as
the Bcl-2 family, mTOR, E2F, glycogen synthesis enzyme 3
(GSK3), fork head transcription factor (FKHR) and S6 protein
kinase(S6PK) (Figure 1).
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Figure 1: PI3K signalling pathway.

The PI3K/Akt Signalling Pathway in the
Proliferation of MSCs

The self-renewal ability of mesenchymal stem cells, which is
considered a promising option for regenerative medicine and
tissue engineering, has aroused great interest. Several studies
have explored how the PI3K/Akt signalling pathway influences
mesenchymal stem cell proliferation.

Researchers 10 found that co-culture with the TM4 mouse
Sertoli cells, which can produce soluble factors that enhance the
growth of bone marrow-derived mesenchymal stromal cells
(BM-MSCs) without inhibiting multipotency, accelerated the
progress of BM-MSCs from the G1 to the S phase, and the
expression of phospho-Akt, mdm2, pho-CDC2, and cyclin D1
were markedly upregulated.

By adding LY294002, an PI3K/Akt inhibitor, the upregulation
was inhibited. Epithelial growth factor (EGF) stimulated the
proliferation of the BM-MSCs more significantly compared with
the other growth factors. The neutralization of EGF via a
blocking antibody dramatically limited the promoting growth
effect in BMMSCs.

These results suggest that TM4 cells provide a favorable in
vitro environment for BM-MSC growth by the involvement of the
GF/PI3K/Akt pathway. To explore whether nerve growth factor
(NGF) induced the angiogenesis of bone marrow mesenchymal
stem cells (MSCs) and the underlying mechanisms, Wen-xia
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Wang and colleagues [13] collected bone marrow MSCs and
treated them with NGF. The results showed that NGF (25, 50,
100 and 200 pg/L) promoted tube formation of MSCs. NGF (50
ug/L) significantly enhanced Akt phosphorylation.

Pre-treatment with the specific PI3K inhibitor LY294002 (10
mol/L) blocked NGF-stimulated Akt phosphorylation, tube
formation and angiogenesis. NGF (50 pg/L) markedly increased
the proliferation of MSCs.

The research indicated that NGF promoted the proliferation
of MSCs and activated the PI3K/Akt signaling pathway, which
may be responsible for the NGF induction of MSC angiogenesis.
To investigate the change in mRNA expression in rat MSCs after
low-level laser irradiation (LLLI) and to reveal the molecular
mechanisms, scientists [14] treated Rat MSCs with a laser and
used a cDNA microarray to analyse gene expression. Real-time
PCR confirmed that the expression levels of v-Akt murine
thymoma viral oncogene homologue 1 (Akt1), the cyclin D1 gene
(Cecndl) and the phosphatidylinositol 3-kinase catalytic alpha
polypeptide gene (Pik3ca), were upregulated after LLLI, whereas
those of protein tyrosine phosphatase non-receptor type 6
(Ptpn6) and serine/threonine kinase 17b (Stk17b) were
downregulated.

cDNA microarray analysis revealed that after LLLI, the
expression levels of various genes involved in cell proliferation,
apoptosis and the cell cycle were affected. Five genes, including
Aktl, Ptpn6, Stk17b, Ccndl and Pik3ca, were confirmed and the
PI13K/Akt/mTOR/elFAE pathway was identified as possibly playing
an important role in mediating the effects of LLLI on the
proliferation of MSCs. Jianfeng Xu and colleagues [15] found that
the proliferation of MSCs induced by high density lipoprotein
cholesterol in a time-and concentration dependent manner,
which was triggered with the phosphorylation of Akt and
ERK1/2.

The proliferation of MSCs was notably attenuated by the
specific inhibitor to the respective pathway. The study suggested
that high density lipoprotein protects mesenchymal stem cells
from oxidative stress-induced apoptosis via the activation of the
PI3K/Akt pathway and the suppression of reactive oxygen
species.

The PI3K/Akt signalling pathway also plays a role in the
proliferation of mesenchymal stem cells. Kuo-Shu Tsai and
colleagues [16] demonstrated that collagen | promotes the
proliferation and osteogenesis of hMSCs via the activation of the
ERK and Akt pathway. Zhao-jun Wang and colleagues [17]
elucidated that suitable treatment with lipopolysaccharides can
protect mesenchymal stem cells from oxidative stress-induced
apoptosis and promote the proliferation of MSCs through the
Toll-like receptor (TLR)-4 and PI3K/Akt signalling pathway. Seung-
Cheol Choi and colleagues found that pERK1/2 and pAkt levels
were upregulated in the FGF-2-or FGF-4-treated Sca-1+BMMSCs,
and this effect is attenuated by special inhibitors. The
upregulation of pERK1/2 and pAkt leads to the upregulation of
c-Jun in Sca-1+BMMSCs. These data suggested that FGF-2 and
FGF-4 promote the proliferation of Sca-1+BM-MSCs by the
activation of the ERK1/2 and PI3K-Akt signalling pathway (Figure
2).
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Figure 2: Proliferation.

As discovered in several studies, the activation of PI3K/Akt
signalling pathway is widely involved in the proliferation of
MSCs.

The PI3K/Akt signalling Pathway in the
Differentiation of MSCs

In addition to their proliferative ability, mesenchymal stem
cells maintain a multi-lineage differentiation potential as well.
Human mesenchymal stem cells from bone marrow, adipose
tissue and skin exhibit differences in differentiation potential
[18]. Different factors lead to the adipocyte differentiation,
osteogenic differentiation, endothelial differentiation and neural
differentiation of mesenchymal stem cells involving the PI3K/Akt
signalling pathway.

Creatine appears to exert its inhibitory effects on
adipogenesis during early differentiation, but not late
differentiation, or proliferation stages through the inhibition of
the PI3K-Akt-peroxisome proliferator-activated receptor yPPARy
signalling pathway.

In an in vivo model, the administration of creatine to mice
resulted in a body mass increase without fat accumulation [19].
Shuang Zhang and colleagues [20] carried out experiments to
explore whether Wnt3A and all trans-retinoic acid (ATRA)
cooperate in MSC osteogenic differentiation.

ATRA and  Wnt3A  synergistically = promoted Akt
phosphorylation, enhancing b-catenin-dependent transcription
through GSK3b inhibition or direct b-catenin phosphorylation at
Ser552. This event was abolished by LY294002 pretreatment.

This result suggested that ATRA and Wnt3A at least partially
enhanced osteogenic differentiation by activating the PI3K/Akt/
GSK3b signalling pathway. Different factors may influence the
osteoblast differentiation of MSCs via the PI3K/Akt signalling
pathway. Natasha Baker and colleagues [21] incubated MSCs or
induced osteogenic differentiation.

They found that LY294002, Akt siRNA and methyl-B-
cyclodextrin inhibited MSC osteogenesis, while Cav-1 siRNA and
cholesterol oxidase, which displace Cav-1 from caveolae,
enhanced Akt signalling induced by osteogenic supplements.
They confirmed that PI3K/Akt signalling is an essential pathway
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for human MSC osteogenesis, and it is likely that the localization
of active Akt in non-caveolar and caveolar membrane rafts
positively and negatively contribute to osteogenesis,
respectively.

c-Cbl is a gene encoding a RING finger E3 ubiquitin ligase and
is a direct target of miR-216a. Downregulation of c-Cbl by short
hairpin RNAs can mimic the promotion effects of miR-216a and
significantly rescue the suppressive effects of dexamethasone on
osteogenesis. Pathway analysis showed that miR-216a regulates
osteogenic  differentiation  through the c-Cbl-mediated
(PI3K)/Akt pathway.

The recovery effects of miR-216a on the inhibition of
osteogenesis by dexamethasone were attenuated after blocking
the PI3K pathway. H Li and colleagues [22] demonstrated that
miR-216a rescues the dexamethasone suppression of
osteogenesis, promotes osteoblast differentiation and promotes
bone formation by regulating the c-Cbl-mediated PI3K/Akt
pathway.

Yanxiang Tong and colleagues [23] reported that mechano-
growth factor (MGF) further promoted the proliferation and
induced the osteogenic differentiation of rabbit mesenchymal
stem cells through the PI3K/Akt pathway. Autocrine fibroblast
growth factor 18 mediates the dexamethasone-induced
osteogenic differentiation of murine mesenchymal stem cells

through FGFR1/FGFR2-mediated ERK1/2-MAPKs and PI3K
signalling.
The mitogen-activated protein kinase (MAPK) and

phosphatidyl inositol-3-kinase (PI3K) pathway were activated in
MSCs cultured on poly (lactide-co-glycolide) (PLGA) substrates.

When these signalling pathways were inhibited, the
osteogenic differentiation was suppressed. These data
suggested that initial extracellular matrix deposition, subsequent
matrix remodelling, and corresponding integrin expression
profiles play synergistic roles in osteogenesis in MSCs cultured
on PLGA at least partially by engaging the MAPK and PI3K
signalling pathway [24].

In addition, the PI3K/Akt signalling pathway joins in the
progress of differentiation of human mesenchymal stem cells
into insulin-producing cells under the stimulation of fibronectin
or laminin [25].

By the activation of the PI3K/Akt and MAPK/ERK pathways
and the release of paracrine factors, the over-expression of
miR-126 promotes the differentiation of mesenchymal stem
cells to endothelial cells [26].

Salidroside induces mesenchymal stem cells’ differentiation
into hepatocytes by the ERK1/2 and PI3K signalling pathways in
vitro [27]. Furthermore, brain-derived neurotrophic factor
stimulates the neural differentiation of human umbilical cord
blood-derived mesenchymal stem cells with the involvement of
MAPK/ERK-dependent p35 upregulation and MAPK/ERK-
dependent and PI3K/Akt-dependent Bcl2 upregulation (Figure 3)
[28].
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Figure 3: Differentiation.

The PI3K/Akt Signalling Pathway in MSC
Mobilization and Homing

The PI3K-Akt signalling pathway regulates the biological
activities of cells, including the homing and mobilization of
MSCs. The chemotactic migration of mesenchymal stem cells
(MSCs) is fundamental for clinical use in cell-based therapies,
but the underlying mechanism remains unknown. Isabel
Mirones and colleagues [29] reported that dopamine induced in
vitro MPC migration through D2-class receptors and their
specific PI3K/Akt pathway. Aisi Zhu and colleagues [30]
demonstrate that miR-221 and miR-26b participate in regulating
the chemotactic response of MSCs towards HGF through the
activation of Akt and FAK. Weidong Bing and colleagues [31]
indicated that simvastatin improved the migration of BMSCs via
the PI3K/Akt pathway. Periostin expression in the human
periodontal ligament promoted the migration of hMSCs through
the avb3 integrin/FAK/PI3K/Akt pathway in vitro [32]. Wei Zhang
and colleagues [33] suggested that C—C chemokine receptor 7
(CCR7) and chemokine ligand 19 (CCL19) contributes to the
migration of BMSCs by upregulating matrix metalloproteinases-9
potentially via the PI3K/Akt pathway. The study performed by
Feng Gao and colleagues indicated that Hsp90a promotes MSC
migration via the PI3K/Akt and ERK signalling pathways (Figure
4) [34].

Figure 4: Mobilization and homing.
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Based on this research, we can safely draw the conclusion
that the activation and migration of MSCs is somehow achieved
through the PI3K/Akt signalling pathway.

The PI3K/Akt Signalling Pathway in MSC
Senescence and Apoptosis

Their self-renewal abilities and multi-lineage differentiation
potential have made mesenchymal stem cells the most popular
target in both scientific research and clinical treatment.
However, difficulties in the precise mobilization, senescence and
apoptosis of MSCs limit its utilization. The PI3K/Akt signalling
pathway is involved in the progress of mesenchymal stem cell
senescence and apoptosis.

lhn Han and colleagues [35] demonstrated that the
downregulation of the PI3K/Akt signalling pathway and the
activated c-jun NH2-terminal kinase participate in apoptosis
induction in PC-3 prostate cancer cells of umbilical cord tissue-
derived mesenchymal stem cells. Haifeng et al [36] showed that
leptin  and Neutrophil-Activating Peptide 2(NAP-2) act
synergistically to promote MSC senescence through the
enhancement of the PI3K/Akt signalling pathway in SLE patients.
Qiang Zhao and colleagues [37] reported that human telomerase
reverse transcriptase (hTERT) mediates the senescence of MSCs
through the PI3K/Akt signalling pathway. Jianfeng Xu and
colleagues [38] suggested that high-density lipoprotein improves
MSC proliferation through the MAPK/ERK1/2 and PI3K/Akt
pathway with scavenger receptor-B type | (SR-BI) (Figure 5).
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Figure 5: Senescence and apoptosis.

These studies showed that PI3K/Akt signalling pathway is
essential in MSC senescence. By activating the PI3K/Akt
signalling pathway, MSCs slow down their senescence and
apoptosis but improve their proliferation.

The PI3K/Akt Signalling Pathway in the
Protection Effect of MSCs

Since MSCs have a self-renewal ability and anti-apoptosis
ability, there is great interest in the protective effect of MSCs
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and the involvement of the PI3K/Akt signalling pathway in its
mechanism.

Previous studies have shown that DI-3-n-Butylphthalide could
protect rat bone marrow stem cells against apoptosis due to
antioxidative properties and modulation of the PI3K/Akt
pathway [39] Meihui Chen and colleagues [40] investigate the
effects of carvedilol against hydrogen peroxide (H,0,)-induced
bone marrow-derived mesenchymal stem cells (BMSCs) death,
which imitate the microenvironment surrounding transplanted
cells in the injured spinal cord in vitro. Carvedilol significantly
reduced H,0;,-induced reactive oxygen species production,
apoptosis and subsequent cell death. LY294002, the PI3K
inhibitor, blocked the protective effects and upregulation of Akt
phosphorylation of carvedilol. The result suggested that
carvedilol’s cooperation with BMSCs could be utilized in the
treatment of spinal cord injury by improving cell survival and
oxidative stress microenvironments through the PI3K/Akt
signalling pathway.

Myocardial infarction is a common disease in which the
myocardial cells lack blood and oxygen. A study elucidated that
rosuvastatin may improve the survival of engrafted adipose-
derived mesenchymal stem cells after transplantation into
infarcted hearts through the PI3K/Akt and MEK/ERK1/2
signalling pathway [41]. Ghrelin improves the efficacy of
mesenchymal stem cell-based therapy for cardiac ischaemic
disease through the PI3K/Akt pathway as well [42]. The
overexpression of phosphoinositide-3-kinase class Il alpha
promotes mesenchymal stem cell survival in the infarcted
myocardium [43]. The activation of PKC, downstream of PI3k,
improves the retention, survival and differentiation of
transplanted MSCs in the myocardia, which means a better
clinical effect in treatment with myocardial ischaemia [44]. Denis
Angoulvant and colleagues [45] demonstrated that
mesenchymal stem cells (MSC) or their conditioned media MSC-
CM added at the onset of reperfusion can protect the
myocardium from ischaemia/reperfusion injury by the paracrine
activation of the PI3K pathway.

The PI3K/Akt signalling pathway takes part in physiological
activities, protecting tissues and cells against oxidative damage.
MSCs might protect PC12 cells and neurons from ethanol-
induced oxidative damage at least partly by means of the
upregulation of PI3K/Akt and the modulation of ERK1/2
activation [46]. Both heat shock protein 90 and lovastatin
protect mesenchymal stem cells from hypoxia-and serum
deprivation-induced apoptosis by the activation of PI3K/Akt and
ERK1/2 [34].

If the tumour microenvironment exhibits chronic
inflammation, MSCs will detect the tumour tissue around the
damage, and endogenous bone marrow MSCs, adipose MSCs or
intravenous infusion of MSCs will migrate to the tumour site.
Thus, MSCs can be used as vectors for tumour gene therapy to
efficiently deliver tumour-treated genes or drugs to tumour sites
[47]. MSCs serve as anti-tumour gene carriers that can inhibit
tumour activity after transplantation into the body (Figure 6)
[48-50].
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MSCs can protect the damaged cells in the human body
through the PI3K/Akt signalling pathway; thus, MSCs might be a
potential treatment in the clinical therapy of chronic diseases.
MSCs might protect normal cells in patient with cancer by
carrying tumour treated genes or drugs to kill cancers cells
accurately.

Future Prospects

In conclusion, the migration and homing of MSCs are
influenced by biochemical factors, which then further activate
the PI3K/Akt signalling pathway to achieve a biological effect.
The PI3K/Akt signalling pathway plays an important role in
proliferation, differentiation, mobilization, homing, senescence
and apoptosis. Additionally, MSCs can protect tissues and cells
from damage via PI3K/Akt.

Although part of the mechanism has been revealed, the
complete mechanism of how the PI3K/Akt signalling pathway
and its downstream activity influence the physiological process
of MSCs remains unclear. Further studies should explore the
deeper mechanism of the role of the PI3K/Akt signalling
pathway. With a deeper understanding of this mechanism in the
future, we might be able to more efficiently grow mesenchymal
stem cells and precisely regulate the differentiation of MSCs. We
may be able to guide homing and delay senescence and
apoptosis.

Mesenchymal stem cells have great therapeutic potential for
many diseases, such as ischaemic heart disease, end-stage liver
disease, and ischaemic stroke. However, the precise effect of the
PI3K/Akt signalling pathway requires further exploration.

With further understanding of the detailed mechanism, we
can treat disease accurately and effectively. A more
comprehensive understanding of the PI3K/Akt signalling
pathway would facilitate its use in both laboratory research and
clinical practice.
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