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ABSTRACT

Stem cell senescence is characterized by progressive functional dysfunction and secretory phenotypic changes
including decreased proliferation, dysfunction of osteogenic and angiogenic differentiation, increased secretion
of the senescence-associated secretory phenotype (SASP), which bring difficulties for bone repair. Rescuing or
delaying senescence of aged bone marrow mesenchymal stem cells (O-BMSCs) was considered as effective
strategy for bone regeneration in aging microenvironment. Magnesium (Mg) ion released from bioceramics was
reported to facilitate bone regeneration via enhancing osteogenesis and alleviating senescence. In this study,
Akermanite biocreamics (Akt) containing Mg ion as a model was demonstrated to promote osteogenesis and
angiogenesis effects of O-BMSCs by activating the MAPK signaling pathway in vitro. Moreover, the enhanced
osteogenesis effects might be attributed to enhanced Mg-containing Akt-mediated exosomal miR-196a-5p cargo
targeting Hoxa7 and activation of MAPK signaling pathway. Furthermore, the in vivo study confirmed that 3D-
printed porous Mg-containing Akt scaffolds effectively increased bone regeneration in cranial defects of aged
rats. The current results indicated that the exosomal-miR-196a-5p/Hoxa7/MAPK signaling axis might be the
potential mechanism underlying Akt-mediated osteogenesis. The exosome-meditaed therapy stimulated by the
released Mg ion contained in Akt biocreamics or other biomaterials might serve as a candidate strategy for bone

repair in aged individuals.

1. Introduction

Aging, an inevitable process characterized by reduced self-renewal
and multilineage differentiation and progressive functional declines,
leads to the occurrence of age-related diseases [1-3]. Generally, senes-
cence of bone marrow mesenchymal stem cells (BMSCs) exhibits the
properties of decreased proliferation, dysfunction of osteogenic and
angiogenic  differentiation, increased  secretion  of  the
senescence-associated secretory phenotype (SASP) and
pro-inflammatory factors, bringing great difficulties for bone regenera-
tion and repair in the elderly individuals [4-8]. Bone tissue engineering
including stem cells, growth factors and scaffolds has been acknowl-
edged as the ideal strategy in promoting senescent bone regeneration
[9-12]. However, stem cell therapies and growth factors have various
limitations, such as a lack of suitable sources of donor cells, adverse
immunological rejection, difficulty of controlled delivery and tumori-
genicity [13-16]. Recently, it was reported that the ions released from
biomaterials have the function of promoting proliferation and osteo-
genic differentiation of BMSCs to accelerate bone regeneration [17-19].
For example, strontium ion could rebalance bone marrow adipogenesis
and osteoblastogenesis in SAMP6 mice, a senescent murine model,
through NFATc/Maf and Wnt signaling [20]; The literature also
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indicated that the release of magnesium ion (Mg) contained in titanium
implants could promote rapid bone formation and the activation of
osteogenic signals in osteoporotic mice [21]. Therefore, it was of great
importance to develop and design a novel biomaterial scaffold con-
taining special chemical ions that could rescue the function of senescent
BMSCs and overcome the above obstacles to promote bone regeneration
under senescent status.

It was reported that Mg ion play essential roles in the process of bone
formation via promoting osteogenesis and angiogenesis [22-26]. Aker-
manite (CagMgSizO7) bioceramics (Akt) containing the ions of Ca, Mg
and Si have been proven to promote osteogenic differentiation, wound
healing, angiogenesis and osteochondral regeneration because of their
properties of slowly releasing these ions [27-30]. In addition,
Mg-containing Akt combined with other components to form biological
scaffolds could improve its positive biodegradability and bioactivity to
further promote bone repair. For example, previous literature has re-
ported that 3D-printed porous iron-based composites containing Akt
scaffold enhanced proliferation and osteogenic differentiation of BMSCs
to stimulate bone mineralization [31]. More importantly, Mg-containing
Akt exhibits a superior bone regenerative performance in the process of
the treatment of osteoporotic bone defect [32]. Our previous study also
indicated that Ti-6Al-4V implants coated by a nano-structured Akt
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could improve new bone formation and osseointegration of osteopo-
rosis, an age-related bone metabolic disease model [33]. Therefore, Akt
containing the special chemical ions of Mg was expected to promote
osteogenesis of O-BMSCs. However, its detailed effects and the potential
mechanisms remain to be systematically investigated in O-BMSCs with
complicated aging microenvironment.

In addition to the canonical signaling pathway, exosomes,
30-150nm extracellular vesicles, have recently emerged as novel me-
diators for their properties of rich contents, low immunogenicity and
safety through paracrine and autocrine functions [34-38], which regu-
late osteogenesis and angiogenesis through delivering their cargoes [39,
40]. For example, exosomes isolated from umbilical mesenchymal stem
cells promoted angiogenesis via the miR-21/NOTCH1/DLL4 signaling
axis to further accelerate bone repair [41]; BMSC-derived exosomes
derived from osteoinductive media combined with hierarchical meso-
porous bioactive glass (MBG) scaffold improve bone regeneration of
critical defects [42]. It is well recognized that the alternations of cell
culture microenvironment could modulate the exosomal cargoes of
producing cells, which would therefore further affect the biological
functions of targeted cells [43,44]. Exosomes derived from BMSCs
cultured in Sr-CS extracts have been observed to promote osteogenesis
and angiogenesis through delivering miR-146a that suppresses Smad4
and NF2 pathways [45]. However, whether Akt regulate osteogenesis
and angiogenesis in an aging microenvironment through modulating
exosome secretion has not been elucidated. In addition, the miRNAs
packaged into exosomes as signal regulators between cells and the
downstream mechanisms mediated by Akt-mediated exosomes
remained largely unknown.

Therefore, this study analyzed the impacts of Mg-containing Akt on
the osteogenesis and angiogenesis of O-BMSCs in vitro with p-tricalcium
phosphate ($-Ca3(PO4),, f-TCP) and calcium silicate (CS) bioceramic as
the control group. The previously reported MAPK signaling pathway
was explored to observe its roles in Mg-containing Akt-mediated
osteogenesis. Moreover, the biological functions of exosomes derived
from O-BMSCs stimulated by Mg-containing Akt were isolated and
investigated. In addition, exosomal miRNAs sequencing was performed
to screen the candidate exosomal miRNAs involved in Mg-containing
Akt-mediated osteogenesis and angiogenesis. The potential target
genes and downstream signaling pathways were predicted to further
clarify the detailed mechanisms. Moreover, 3D-printed Mg-containing
Akt scaffolds were prepared and implanted into aged rats’ calvarial
critical defects to further evaluate their pro-osteogenesis in vivo under
the senescent microenvironment.

2. Results and discussion
2.1. Characterization of materials

The prepared Akt, CS and B-TCP specimens were demonstrated by
FTIR and XRD analysis. The FTIR spectra of the Akt, CS and B-TCP
specimens were shown in Figs. SIA-C. The FTIR analysis of the $-TCP
sample demonstrated the stretching mode of PO4>~ which formed a
strong band observed at 1044 cm™!. The vibration peaks of P04~ were
observed at 552 cm ™!, and 610 cm ™. The FTIR analysis of the CS sample
demonstrated the tetrahedral symmetrical stretching vibration (Si=0)
and nonbridged oxygen stretching vibration (Si=0) were from 500 to
900 cm ™. The waves of anti-symmetric stretching vibration of Si=0=Si
bond in the SiO4 tetrahedra was from 900 to 1200 cm™!. The FTIR
spectra of the Akt sample obtained showed the O-Mg-O bending modes
at 485 cm 1. The Ca—O group has a band at 585 cm ™!, while the 0-Si-O
bands have occurred at 635 cm ™! and 681 cm ™~ !. The bandsat 849 cm ™,
931 cm ™! and 970 cm™! illustrate the Si=O stretching modes. The
symmetric stretching at 1007 cm™! was assigned to the Si=0=Si vi-
bration. From the diffraction peaks of XRD, the results confirm that the
prepared materials were B-TCP (JCPDS file No. 09-169), CS (JCPDS file
No. 43-1460) and Akt (JCPDS file No. 01-077), respectively

15

Bioactive Materials 33 (2024) 14-29

(Figs. SID-1F). The ICP-AES results of various diluted extracts were
provided in Figs. S1G-11. The results indicated that the Ca ion showed
no significant changes among various diluted extracts. The Si ion in CS
extracts was higher than that in Akt extracts, which might attribute to
the different rates in degradation, while Si ion was almost absent in
B-TCP extracts. The Mg ion was within the range of 0.8-3.2 mg/L in 1/
16-1/64 dilutions of Akt extracts, while Mg ion was absent in §-TCP and
CS extracts. In addition, surface pH values of various kinds of materials
were recorded. As illustrated in Fig. S1J, Akt (pH 9.15 + 0.12) generated
a higher pH value than those of calcium silicate (CS) (pH 8.45 + 0.12)
and B-TCP (pH 7.42 + 0.12). Then, the surface pH values of each ma-
terial were dropped to lowest point (8.57 + 0.13 for Akt; 7.70 & 0.11 for
CS; 7.35 + 0.16 for p-TCP) 1 day after the immersion. After that, the
surface pH values of these materials were gradually increased and
reached relatively stable value at 3-7 days. The SEM results demon-
strated that the 3D-printed $-TCP and Akt bioceramic scaffolds exhibited
porous structures connected by uniformly distributed pores of the same
size (Fig. S1K-1L). The changes in the ions content of Akt scaffolds were
presented in Fig. S1M-10. It was obvious that the content of the Ca, Mg,
and Si from Akt scaffolds increased with the increase in soaking time,
which indicated that the controlled release of these special ions with
degradation of scaffolds. These results demonstrated that the Akt or
B-TCP extracts or scaffolds were successfully prepared to conduct the
following experiments.

Recently, Mg has attracted growing attention due to its perfect
biocompatibility, biodegradability and low levels of toxicity in medical
research [46]. Previous studies shown that Mg2+ could increase osteo-
genic activity and decrease osteoclasts activity, consequently acceler-
ating bone formation [47,48]. Besides, Mg could prevent inflammation
and mediate autophagy to promote osteogenesis by interfering with
macrophage-derived exosomes [49]. In addition to the released Mg,
alkaline microenvironment pH (jie-pH) was also an important positive
factor for bone regeneration. The previous study has revealed that the
pH influenced by different materials was sufficient to affect osteoclast
behaviors independently of the released ions, which play important
roles at the early stage of bone defect regeneration [50]. In addition, Akt
was demonstrated to exhibit a durable ie-pH in osteoporotic bone defect
healing process that might lead to greater bone repair [32]. Therefore, in
addition to the anabolic effect of the released Mg, the weak alkaline
pe-pH provided by Akt was expected to show positive effects on osteo-
genic differentiation.

2.2. Akt extracts mediate proliferation and osteogenesis of O-BMSCs

The proliferation ability of O-BMSCs after treatment with gradient
concentrations of Akt and p-TCP extracts was compared using the CCK-8
assay. It was clear that the extracts could apparently promote the pro-
liferation of O-BMSCs from 1/8 to 1/32 dilution (Fig. 1A). Moreover, the
optimal pro-proliferation effect was observed at the 1/32 diluted con-
centration. The OD value of the Akt extract group showed significant
differences in comparison to the B-TCP extract and control group.
Therefore, the appropriate concentration was set at 1/32 dilution of
extracts to perform the following experiments (Fig. 1B).

The expression of osteogenesis-, angiogenesis- and senescence-
related genes of O-BMSCs cultured in the Akt and p-TCP extracts at
days 4, 7 and 10 were detected by qRT-PCR analysis. As shown in
Fig. 1C-G, the results demonstrated that Akt extracts could promote the
gene expression of Alp and Ocn in O-BMSCs compared to the medium
alone and B-TCP extracts at days 4. In addition, it was clear that Akt
extracts promoted osteogenesis-related gene expression including Alp,
Ocn and Runx2 at days 7. The results also demonstrated that Akt extracts
promoted osteogenesis-related gene expression including Alp, Col-1 and
Ocn at days 10. Moreover, the Akt extracts also upregulated the
expression of angiogenesis-related genes, including Ang-1 and Vegf
(Figs. S2A-2B) in O-BMSCs. The osteogenic differentiation and senes-
cence of O-BMSCs in different extract groups were further detected via
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Fig. 1. Akt extracts promote proliferation and osteogenesis of O-BMSCs. (A) CCK8 assay for the proliferation of O-BMSCs cultured in different concentrations of Akt
and B-TCP extracts. (B) The suitable concentration of 1/32 dilution of Akt and B-TCP extracts on cell proliferation of O-BMSCs. (C-J) qRT-PCR analysis of
osteogenesis-related genes Alp (C), Bmp-2 (D), Col-1 (E), Ocn (F), Runx2 (G) and senescence-related genes p53 (H), p21 (I) and p16 (J) cultured in 1/32 dilution of Akt
and B-TCP extracts at days 4, 7 and 10. (K-N) The ALP staining (K), SA-B-Gal staining (L) and immunofluorescence staining of osteogenesis-related proteins Bmp-2
(M) and Col-1 (N) for O-BMSCs cultured in 1/32 dilution of Akt and B-TCP extracts. cultured in 1/32 dilution of Akt and B-TCP extracts.. (*indicates significant
differences compared with medium; #indicates significant differences compared with B-TCP extracts, p < 0.05. Scale bar, 100 pm.)

ALP and SA-B-gal staining. As shown in Fig. 1K, ALP staining results
showed that Akt extracts induced higher ALP activity compared to the
medium alone and p-TCP extracts. ARS staining also showed that the
osteogenic differentiation was increased after treatment with Akt ex-
tracts (Fig. S2C). The SA-p-gal positive cells significantly decreased after
treatment with the Akt extracts when compared with those treated with
the B-TCP extracts or control medium (Fig. 1L). The expression of
osteogenic proteins, including Bmp-2 and Col-1, were increased when
treated with the Akt extracts, as detected by immunofluorescence
staining (Fig. IM-N).

To exclude the potential influence of released Si ion from the Akt, CS
was chosen as an additional control to investigate its effects in O-BMSCs
under the same concentration. As indicated in Fig. S3A, all the extracts
(1/32 dilution) could promote proliferation of O-BMSCs. Akt extract
induced higher proliferative capacity compared to CS or B-TCP extract.
ALP staining also demonstrated that Akt extract was more effective in
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promoting osteogenic differentiation compared to CS or p-TCP extract
(Fig. S3B). The trend of ALP staining in Y-BMSCs was similar to that in
O-BMSCs. In addition, the osteogenic-related genes including Alp, Bmp-
2, Col-1, Ocn and Runx2 were significantly increased after treatment
with Akt extracts compared to the cells treated by CS or p-TCP extract
(Figs. S3C-3G). In contrast, Akt extract downregulated the aging-related
genes including p53, p21 and p16 compared to CS extract though these
genes shown a certain degree of reduction after treatment with CS
extract (Figs. S3H-3J). The angiogenic-related genes including Ang-1
and Vegf in O-BMSCs were also significantly upregulated after treatment
with treatment with Akt extracts compared to the cells treated by CS or
B-TCP extracts (Figs. S4A-4B). The trend of angiogenesis potential was
also exhibited in Y-BMSCs (Figs. S4C-4D). In addition, the migration
was significantly increased in O-BMSCs and Y-BMSCs treated with Akt
extracts compared with those treated with CS or B-TCP extracts
(Figs. S4E-4F). Though the migration were all increased after treatment
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with every extracts. Hence, under the exclusion of interference from Si
ion, the above results demonstrated that the Mg-containing Akt extracts
could promote the proliferation, migration, osteogenic and angiogenic
differentiation and alleviated senescence-related phenotypes of O-
BMSCs.

Senescence would break the balance between mineralization and
resorption regulated by osteoblasts and osteoclasts, respectively, at the
cellular level, ultimately leading to aging-related osteoporosis [51-54].
Therefore, it is of great importance to rejuvenate the senescent BMSCs,
precursor cells of osteoblasts, in age-related bone diseases. Recently,
ceramic biomaterilas containing special chemical elements have
exhibited great potential in the field of bone repair [55-58]. Mg plays an
important role in promoting bone growth and regeneration [59-62]. For
instance, a recent study reported that Mg-ion-modified black
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phosphorus (BP) nanosheets could promote osteogenesis and angio-
genesis, further causing vascularized bone regeneration [63]. In addi-
tion, the 3D-printed Mg-doped B-TCP gyroid scaffold possessed a
satisfying bone defect repair capability by promoting osteogenesis and
angiogenesis [64]. Our previous study also demonstrated that Akt bio-
ceramics containing Mg promote osteogenesis and angiogenesis while
inhibiting osteoclast formation in the OVX-BMSC model through MAPK
signaling pathway [65]. In the our present study, we chosen p-TCP and
CS as control ceramic to exclude the interference of Ca and Si to further
investigate the effects of the Mg-containing Akt in aging microenvi-
ronment. Altogether, the study demonstrated that Akt bioceramics
containing Mg could promote the proliferation, migration, osteogenic
and angiogenic differentiation and alleviated senescence-related phe-
notypes of O-BMSCs. However, the regulated mechanism of Mg
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Fig. 2. MAPK pathway play a role in Akt-mediated osteogenesis of O-BMSCs. (A) Western blotting assay for key proteins expression of MAPK pathway for O-BMSCs
treated with B-TCP extracts, Akt extracts and inhibitors SP600125 (JNK), PD98059 (Erk) and SB202190 (p38). (B-D) The quantitative assay for the ratios of p-JNK/
JNK (B), p-Erk/Erk (C), p-p38/p38 (D). (E-L) gRT-PCR analysis of osteogenesis-related genes Alp (E), Bmp-2 (F), Col-1 (G), Ocn (H), Runx2 (I) and senescence-related
genes p53 (J), p21 (K) and p16 (L) cultured in Akt extracts with inhibitors SP600125, PD98059 and SB202190. (M—P) The ALP staining (M), SA-p-Gal staining (N)
and immunofluorescence staining of osteogenesis-related proteins Bmp-2 (O) and Col-1 (P) for O-BMSCs cultured in Akt extracts with inhibitors SP600125, PD98059
and SB202190. (*indicates significant differences compared with medium. &indicates significant differences compared with Akt extracts, p < 0.05. Scale bar,

100 pm.)
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containing Akt biomaterilas remain unclear.

2.3. MAPK pathway plays a role in Akt-mediated osteogenesis of O-
BMSCs

MAPK signaling is one of the essential pathways in the field of bone
tissue engineering, which prompted us to further explore these effects
and the potential mechanisms in O-BMSCs. To further examine whether
the previously reported MAPK pathway in OVX-BMSCs was also
responsible for Akt-mediated osteogenesis and angiogenesis in O-
BMSCs, the p-Erk, p-JNK, and p-p38 protein expressions were detected
after treatment with the Akt and B-TCP extracts. Also, the p38 inhibitor
(SB202190), Erk inhibitor (PD98059) and JNK inhibitor (SP600125)
were applied to further confirm the involvement of JNK, Erk and p38
pathways in Akt-mediated osteogenesis of O-BMSCs. The Western blot
results showed that the expressions of phosphorylate JNK and Erk and
p38 were significantly enhanced after treatment with the Akt extracts
and the B-TCP extracts (Fig. 2A-D). Enhanced p-JNK, p-Erk and p-p38
could be critically inhibited by SP600125, PD98059 and SB202190,
respectively. Also, the Western blot analysis also demonstrated a mutual

A

con-exo B-TCP-exo

Akt-exo
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inhibition between these inhibitors. For example, the JNK inhibitor
SP600125 could suppress the activation of p-Erk and p-p38. And the Erk
inhibitor PD98059 could decrease the expression of p-p38, while p38
inhibitor SB202190 also inhibited the expression of p-Erk. To further
confirm the involvement of JNK, Erk and p38 pathways in Akt-mediated
osteogenesis and angiogenesis, the signaling pathway inhibition assay
was then performed. The results clearly shown that the upregulated
expression of osteogenic-related genes including Alp, Bmp-2, Col-1, Ocn
and Runx2 (Fig. 2E-I) and angiogenic-related genes such as Ang-1 and
Vegf (Figs. SSA-5B) can be compromised by JNK, Erk and p38 inhibitors.
And the senescent-related genes p53, p21 and p16 displayed opposite
tendencies (Fig. 2J-L). Moreover, ALP staining results indicated that the
enhanced osteogenic ability was also partially inhibited by the pathway
inhibitors to some extent (Fig. 2M). ARS staining also demonstrated that
the osteogensis stimulated by Akt extract was compromised by these
pathway inhibitors (Fig. S5C). In contrast, SA-f-gal staining demon-
strated that the number of positive staining cells was increased after
treatment with the Akt extracts followed by the three inhibitors
(Fig. 2N). The expression of osteogenic proteins, including Bmp-2 and
Col-1, were also blocked by the three inhibitors, as revealed by cell
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Fig. 3. Characterization and internalization of exosomes. (A) TEM images of exosomes. Scale bar, 500 pm. (B) Western blotting assay for exosome markers CD81,
CD63 and Alix. (C) NTA analysis for particle size distribution of exosomes. (D) The internalization of Dil-labeled exosomes by O-BMSCs. Scale bar, 100 pm.
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immunofluorescence staining (Fig. 20, P). These results suggested that
the MAPK pathways might play an indispensable role in Akt-mediated
osteogenesis, angiogenesis, and senescence of O-BMSCs.

2.4. Akt-exo mediates osteogenesis of O-BMSCs

In addition to the conventional MAPK signaling pathways, recent
studies have demonstrated that paracrine mechanisms was also signifi-
cant for bone regeneration [66-68]. Mounting evidences have demon-
strated that exosomes as the upstream paracrine mediators of MAPK
signaling pathways between cells could deliver rich contents to mediate
different kinds of physiological and pathological conditions, including
bone tissue regeneration [69-73]. Hence, the exosome stimulated by Akt
or B-TCP extracts was isolated and purified to further explore its effect
on O-BMSCs.

As illustrated in Fig. 3A, TEM indicated that the exosomes were
50-150nm membrane-bound and cup-shaped vesicles. The exosomal-
specific markers including CD81, CD63 and Alix could be observed in
different exosomes (Fig. 3B). The size distribution of different exosomes
exhibited single bell-shapes and peaked at approximately 150nm
(Fig. 3C). Notably, the shape and diameter had no significant difference
between different exosomes, indicating that different extracts had no
influence on the production and isolation of exosomes. To examine the
internalization of different exosomes, the O-BMSCs were treated with
exosomes labeled with red fluorescent dye Dil for 12h. As shown in
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Fig. 3D, Dil-labeled exosomes were distributed near the nucleus of O-
BMSCs. Analysis demonstrated that the uptake of exosomes had no
different significance between groups (Fig. S6).

To further explore the effects of Akt-exo on O-BMSCs, proliferation
and osteogenic differentiation of O-BMSCs under different exosome
stimulation were evaluated. Firstly, the CCK-8 assay was performed to
compare the effect of gradient concentrations (50pg/ml, 100pg/ml,
150pg/ml, 200pg/ml) of different exosomes on the proliferative ability
of O-BMSCs. As shown in Fig. 4A, the results revealed that all types of
exosome, including con-exo, p-TCP-exo and Akt-exo, displayed promo-
tional effects from the concentration of 50pg/ml to 150pug/ml, and
150pg/ml exosomes induced the highest OD values, which indicated the
O-BMSCs exhibited the highest proliferative capacity at this concentra-
tion. Therefore, 150pg/ml was chosen in the following studies. It was
clear that Akt-exo could promote the proliferation of O-BMSCs at days 1,
3 and 5 compared to con-exo and p-TCP-exo at a concentration of 150
pg/ml (Fig. 4B). The qRT-PCR assay demonstrated that the expressions
of osteogenic genes, including Alp, Bmp-2, Col-1, Ocn and Runx2
(Fig. 4C-G), and angiogenic genes, Ang-1 and Vegf (Figs. S7A-7B), were
substantially upregulated by Akt-exo stimulation compared to con-exo
or B-TCP-exo. However, the expressions of aging-related genes
including p53, p21 and p16 (Fig. 4H-J) and pro-inflammatory factors
including IL-1p, IL-6 and Tnf-a (Figs. S7C-7E), were significantly
downregulated after treatment with Akt-exo compared to con-exo or
B-TCP-exo, although B-TCP-exo could also ameliorate the senescent
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phenotypes of O-BMSCs to some extent. In addition, Akt-exo markedly
promoted the osteogenic differentiation of O-BMSCs, while -TCP-exo
could also improve osteogenesis to a certain degree, as shown by the
results of the ALP staining (Fig. 4K). ARS staining also demonstrated that
Akt-exo significantly promote osteogenic differentiation (Fig. S7F).
Moreover, SA-p-gal staining manifested that compared with con-exo or
B-TCP-exo, Akt-exo decreased the positive staining cells, which meant
that Akt-exo delayed the aging process of O-BMSCs (Fig. 4L).
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Furthermore, cell immunofluorescence staining confirmed that the ex-
pressions of osteogenic-related proteins, Bmp-2 and Col-1, were signif-
icantly increased when treated with Akt-exo (Fig. 4M-N). Collectively,
the above results validated that Akt-exo could promote the proliferation
and osteogenic differentiation and ameliorate the senescent phenotypes
of O-BMSCs in vitro, which presented similar trends to Akt extracts.
Recently it has been suggested that exosomes play essential roles in
reversing some degenerative, age-related diseases, which was therefore
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recognized as the promising strategy for promoting bone regeneration
[74-76]. Previous study have demonstrated that the microenvironment
and culture medium might alter the functions of the cells by affecting the
secreted exosome cargo of host cells. For instance, the study indicated
that the angiogenic ability of HUVECs was noticeably upregulated by
Li-BGC, during which the transfer of exosomes derived from
Li-BGC-stimulated BMSCs was proposed as the key mechanism [77].
However, whether the paracrine functions of the exosome played
important roles in the process of Akt-mediated osteogenesis of O-BMSCs
was less studied. The isolated exosomes stimulated by Akt extracts in
this study alleviated senescence, enhanced proliferation and osteo-
genesis of O-BMSCs, which added to the proofs that Akt-mediated
osteogenesis was related to the exosomes secretion. In addition, there
is no difference in the production and exosomal uptake of exosomes
stimulated by different extracts. Hence, we speculated that the positive
promoting effects of Akt-exo on O-BMSCs might be attributed to the
special cargoes in exosomes that could transfer to recipient cells, which
eventually increased osteogenesis and angiogenesis. Of note, CS-exo was
not included in the present study. Based on the above results, we spec-
ulated that Akt-exo would exhibited greater potential in osteogenic and
angiogenic differentiation than CS-exo. To address this issue, the
detailed effects of CS-exo on O-BMSCs would be performed in the future
study.

2.5. Exosomal miR-196a-5p is involved in Akt-exo-mediated osteogenesis

Previous studies have demonstrated that miRNAs were abundant in
exosomes, which played important roles in various bone-related dis-
eases. For example, miR-5106 enriched in M2 macrophage-derived
exosomes induce osteogenic differentiation through targeting SIK2
and SIK3 [78]; ADSCs-Exo effectively regulate bone healing and main-
tain immune metabolism via miR-451a/MIF signaling axis [79]. Hence,
it is of great importance to clarify the miRNAs contained in exosomes
that regulate osteogenesis and reverse senescence of O-BMSCs in our
present study. In this study, to identify the candidate miRNAs involved
in Akt-exo-mediated osteogenesis and angiogenesis, the con-exo,
B-TCP-exo and Akt-exo were isolated and subjected to exosomal
miRNA sequencing (Figs. S8A-8C). As indicated in Fig. 5A, we first
intersected the differential genes of Akt-exo vs -TCP-exo and Akt-exo vs
con-exo to screen the candidate miRNAs. The detailed expression of the
11 filtered miRNAs were provided in Supplementary Table 2. After
reviewing the literature, miR-1306-5p, miR-143-5p, miR-296-3p,
miR-30c-2-3p, miR-322-3p, miR-351-3p, miR-365-5p, miR-493-3p and
miR-434-3p were seldom reported to be related to osteogenesis and
angiogensis of BMSCs. miR-139-5p was reported to repress osteogenesis
of BMSCs via targeting Wnt/p-Catenin Signaling Pathway [80,81]. In
addition, miR-139-5p inhibited tube formation, migration, proliferation,
and down-regulated the expression of angiogenesis-related genes in
HUVECs and ECFCs [82]. The study also demonstrated that senescent
osteoblast-derived exosome-mediated miR-139-5p could promot the
senescence and apoptosis and inhibit their proliferation and migration
of vascular endothelial cells [83]. Therefore, miR-139-5p was reported
to be negatively related to osteogenesis and angiogenesis. However,
miR-196a-5p was reported to own the differentiation potential of the
paraxial mesodermal cells into skeletal muscle lineage [84]. In addition,
the other study has indicated that the decrease in miRNA-196a-5p may
be important in steroid-induced osteonecrosis of the femoral head [85].
Therefore, miR-196a-5p was specifically selected to perform the
following experiments to investigate its effects on osteogenesis and
angiogenesis of O-BMSCs in this present study.

As seen in Fig. 5B, miR-196a-5p in Akt-exo showed a higher
expression than in §-TCP-exo and con-exo in O-BMSCs. In addition, in Y-
BMSCs, miR-196a-5p in Akt-exo showed similar trend compared to
B-TCP-exo and con-exo. The comparison between O-Akt-exo and Y-con-
exo was already close, although it showed statistically significant, which
indicate that Akt-exo exhibited positive rejuvenation of O-BMSCs to
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some extent (Fig. S8D). More notably, when compared to other groups,
the expression of miR-196a-5p in O-BMSCs was considerably elevated
following treatment with Akt-exo (Fig. 5C). To exclude the interference
of Akt extacts stimulation directly, the expression of miR-196a-5p in O-
BMSCs was compared after treatment with Akt-exo and Akt extacts
directly. The results indicated that the miR-196a-5p was significantly
increased after treatment with Akt-exo compared to that after treatment
with Akt extracts directly though the gene expression in O-BMSCs was
increased to some extent stimulated by Akt extracts (Fig. S8E). To
further investigate the function of exosomal miR-196a-5p on O-BMSCs,
the miR-196a-5p inhibitor was developed and transfected followed by
co-culturing with Akt extracts. qRT-PCR assay demonstrated that miR-
196a-5p was significantly downregulated after transfection with a
miR-196a-5p inhibitor followed by Akt extracts in O-BMSCs (Fig. S8F).
In addition, from Fig. S8G, it could be observed that the corresponding
isolated exosome (Akt+196a inhibitor-exo) showed a drastically
downregulated miR-196a-5p compared to those in exosomes transfected
with the inhibitor control (Akt-exo and Akt + NC-exo). Based on this, the
effect of different exosomes isolated from miR-196a-5p inhibitors or
inhibitor NC followed by Akt extracts was detected. qRT-PCR demon-
strated that the expression of osteogenic-related genes including Alp,
Bmp-2, Col-1, Runx2, and Ocn (Fig. 5D-H) and angiogenic-related genes
Ang-1 and Vegf (Figs. S8H-8I) was obviously downregulated after
treatment with Akt+196a inhibitor-exo. However, senescent-related
genes, including p53, p21 and p16, were typically upregulated in the
Akt+196a inhibitor-exo group (Fig. 5I-K). ALP staining results showed
that Akt+196a inhibitor-exo also inhibited osteogenic differentiation
ability of O-BMSCs (Fig. 5L). ARS staining also indicated that Akt+196a
inhibitor-exo inhibited osteogenesis of O-BMSCs (Fig. S8J). However,
SA-B-Gal-positive cells were drastically increased when the O-BMSCs
were stimulated by Akt+196a inhibitor-exo (Fig. 5M). Similarly, the
expression of osteogenic-related proteins, Bmp-2 and Col-1, was signif-
icantly decreased after cell culturing with Akt+196a inhibitor-exo, as
detected by cell immunofluorescence staining (Fig. 5N, O). Taken
together, the results demonstrated that miR-196a-5p inhibitors could
offset the promoting effect of Akt-exo on osteogenesis and angiogenesis,
which suggested that miR-196a-5p transferred through exosomes and
then contributed greatly to Akt-exo-mediated osteogenesis and angio-
genesis of O-BMSCs.

Previous study revealed that miR-196a-5p played important roles in
the development of the skeletal system via target genes, such as HOXC8,
located within the HOXC gene cluster proximal to MIR1I96A2, which
indicated the biological relevance of miR-196a-5p to bone morphology
[86]. Other study has demonstrated that miR-196a-5p overexpression in
wharton’s jelly umbilical cord stem cells could promote osteogenesis
and new bone regeneration in rat calvarial bone defects via Serpin
Family B Member 2 (SERPINB2) [87]. In addition, LOXL1-AS1 has been
found to sponge miR-196a-5p to mediate Hmga2 expression to regulate
osteogenic and adipocytic differentiation of BMSCs [88]. More impor-
tantly, the study has also demonstrated that exosomal miR-196a-5p
derived from C2C12 myoblasts could suppress osteoclast-like cell for-
mation and mitochondrial energy metabolism but enhance osteoblastic
differentiation in mouse cells, suggesting that it might be the potential
mechanism of muscle/bone interaction [89]. Altogether, based on the
literature review above, miR-196a-5p could promote osteogenesis
through the downstream target genes. In our present study, we proposed
that exosomal miR-196a-5p transport between cells played important
roles in the process of Akt-exo mediated osteogenesis and angiogenesis.
However, the potential mechanism of enchaned exosomal miR-196a-5p
still needed further elucidation.

2.6. Exosomal miR-196a-5p mediates osteogenesis via targeting Hoxa7
It is well recognized that miRNAs, non-coding RNAs, usually work by

inhibiting their target genes [90,91]. To explore the mechanism un-
derlying the osteogenic and angiogenic capability of miR-196a-5p,
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TargetScan, a target-predicting website, was used to predict the poten-
tial downstream targeted genes of miR-196a-5p. As shown in Fig. 6A, we
intersected the target genes related to osteogenesis and angiogenesis
through gene ontology (GO) analysis in KOBAS 3.0. Among these target
genes, Hoxa7 belonging to the HOX family of genes was focused. It was
reported that Hoxa7 was important regulators of cell fate and pattern
formation during embryogenesis and involved in stem cell differentia-
tion [92]. Previous study has demonstrated that down-regulation of
Hoxa7 is required for cell adhesion and migration on fibronectin using a
model in which HL-60 cells are induced to differentiate toward the
monocytic lineage with bone marrow stromal-like cells [93]. Also, the
study indicated reduction of Hoxa?7 as targets of miR-920 could promote
osteogenic differentiation of human bone mesenchymal stem cells in
osteoporosis population [94]. Of note, the expression of Hoxa7 was
significantly downregulated after treatment with Akt-exo (Fig. S9A). In
contrast, it was clear that the expression of Hoxa7 was increased after
Akt+196a inhibitor-exo stimulation (Fig. S9B). Moreover, Hoxa7 was
significantly downregulated after treatment with Akt extracts in
Y-BMSCs (Fig. S9C). In addition, other target genes including TGF-pR3,
IGF1 and PDGFRA were positively related to osteogenic and angiogenic
differentiation [95-97]. Therefore, Hoxa7 was considered as the most
potential target in osteogenic-related process, and hence selected for
further investigation.
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Based on the bioinformatics, the binding sites in the 3-UTR regions
of Hoxa7 were partially complementary with miR-196a-5p (Fig. 6B).
The luciferase assay demonstrated that miR-196a-5p mimic transfection
could significantly decrease the luciferase activity of Hoxa7-WT rather
than that of Hoxa7-MT (Fig. 6C). Hoxa7 was significantly increased after
Hoxa7 overexpression plasmids transfection (Fig. S9D). To further
clarify the regulatory mechanisms of miR-196a-5p through targeting
Hoxa7, we co-transfected the Hoxa7 overexpression plasmids with the
miR-196a-5p mimics to observe biological function. As presented in
Fig. 6D-H, the qRT-PCR results showed that the expression of osteogenic
genes including Alp, Bmp-2, Col-1, Ocn and Runx2 and angiogenesis
genes Ang-1 and Vegf (Figs. S9E-9F) was upregulated along with
elevated expression of miR-196a-5p, but the function was drastically
compromised when the O-BMSCs were co-transfected with Hoxa7
overexpression plasmids. Moreover, the overexpression of miR-196a-5p
could decrease the expression of senescence-related genes p53, p21 and
pl6, but was rescued by the Hoxa7 overexpression plasmids, which
displayed an opposite trend compared to osteogenic genes (Fig. 61-K). In
addition, ALP staining results also indicated that miR-196a-5p could
promote the osteogenic differentiation; however, the effect was weak-
ened after the cells had been co-transfected with Hoxa7 overexpression
plasmids (Fig. 6L). Conversely, SA-B-gal staining demonstrated that miR-
196a-5p could decrease the positive staining cells, while Hoxa7
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increased the positive staining cells (Fig. 6M). Moreover, cell immuno-
fluorescence staining further confirmed that the expression of
osteogenic-related proteins Bmp-2 and Col-1 was significantly increased
after the cells had been stimulated by miR-196a-5p mimics; however,
the promotional effects were attenuated when the cells were co-
transfected with Hoxa7 overexpression plasmids (Fig. 6N-O). Collec-
tively, all the above results indicated that miR-196a-5p directly targeted
Hoxa7 to regulate the osteogenic-, angiogenic- and senescent-related
phenotypes.

Bioactive Materials 33 (2024) 14-29

2.7. Exosomal miR-196a-5p mediated osteogenesis through activating
Hoxa7/MAPK axis

To detect the potential downstream signaling pathway that might be
involved in osteogenesis and angiogenesis activated by HOXA7. Using
KOBAS 3.0, we performed Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis. Our previous results of the present study
demonstrated that Akt extracts could promote osteogenesis of O-BMSCs
via activating MAPK pathways. Previous study also showed that p38 and
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JNK as potential downstream signaling pathway of Hoxa” were involved MAPK signaling as the downstream pathway mediated by exosomes
in osteogenesis of human bone mesenchymal stem cells [94]. Therefore, exerts a crucial role in the development of multiple bone-related dis-
MAPK was selected (Fig. 7A) among these potential signaling pathways eases. Previous study indicated that the exosome derived from BMSCs
to further investigate the interaction of Hoxa7 and MAPK pathway and promote proliferation of osteoblasts to further ameliorate osteoporosis
clarify exosomal miR-196a-5p regulatory mechanism in O-BMSCs. via MAPK signaling pathway [98]. Also, exosomal miR-122-5p blocked

The Western blot assay showed that Akt-exo drastically decreased the development of osteonecrosis of the femoral head through promot-
the protein expression of Hoxa7, which might increase the expression of ing proliferation of osteoblasts via the RTK/Ras/MAPK signaling
p-p38, p-JNK, and p-Erk (Fig. 7B-F). In contrast, the protein expression pathway [99]. Exosomal miR-196a-5p stimulated by Akt in our present
of Hoxa7 was significantly increased after treatment with Akt+196a study mediate osteogenesis and rescue senescence by targeting Hoxa7
inhibitor-exo, and at the same time the protein expression of p-p38, p- and then activating MAPK signaling pathway, which was consistent with

JNK, and p-Erk was downregulated (Fig. 7G-K). The above results the previous results of Akt extracts.

suggested that Hoxa7 modulated the MAPK signaling pathway to

regulate Akt-exo-mediated osteogenesis. In addition, the results 2.8. Akt 3D-printed scaffold promotes bone regeneration of aged rats in
revealed that the protein expression of p-p38, p-JNK, and p-Erk was Vivo

upregulated when the cells were transfected with miR-196a-5p mimics;

however, the promoting effect was attenuated after co-transfecting with Unlike young individuals, senescent niches would increase the pro-
Hoxa7 overexpression plasmids (Fig. 7L-0O). Collectively, our results inflammatory factors secretion and osteoclast activity, which would
demonstrated that exosomal miR-196a-5p mediating Hoxa7/MAPK axis bring more difficulties for bone repair [100-102]. Recently, the multi-
might be an important regulatory mechanism underlying Akt-exo- functional scaffolds fabricated by 3D-printed technique was considered
mediated osteogenesis and angiogenesis. as an ideal strategy in bone tissue engineering due to their controlled
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Fig. 8. 3D-printed Akt scaffold promotes bone regeneration of aged rats. (A) Schematic diagram of the construction of Akt or $-TCP scaffold and implantation of
cranial defect model of aged rats. (B) Establishment of cranial defect model of aged rats. (C-F) Micro-CT analysis of bone formation at the defect sites (C, E) and its
quantification of bone volume/total volume (BV/TV) (D, F) after 2-month and 4-month operation. (G-I) Sequential fluorescent labeling after 2-month operation: (G)
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stained with VG. * indicates significant differences compared with §-TCP, p < 0.05.
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porosity and enhanced physical and chemical properties [103,104].
Previous study have demonstrated that 3D-printed porous Akt scaffolds
could facilitate bone ingrowth and regeneration [105]. Hence, in this
study, As shown in Fig. 8A and B, 3D-printed porous Akt or 3-TCP
scaffolds were prepared and implanted into the cranial defects of aged
SD rats to investigate their functions for osteogenesis in vivo.

As shown in Fig. 8C-F, micro-CT analysis demonstrated that
compared with B-TCP scaffolds, Akt scaffolds presented higher BV/TV
values at 2-month and 4-month, showing a preferable osteogenic
capability and new bone formation in Akt group. Of note, the 3D-print-
ing scaffolds were not fully degradation until 4-month. The previous
study indicated that the degradation of the materials was decreased with
the increase of Mg content with time [106]. The other study indicated
that Akt powders lost almost two third of its initial volume with the
release of Mg ion after 9 weeks implantation [32]. With the degradation
of implanted scaffolds, the released Mg ion may also significantly affect
the microenvironmental pH associated with greater new bone regener-
ation. Furthermore, the bone formation was evaluated by sequential
fluorescent labeling at week 2, 4 and 6. A rapid start to bone regener-
ation by Akt scaffolds was evident from the fact that higher bone
mineralization was seen in the Akt group at 2 weeks, while less bone
development was indicated in the p-TCP group during the same period.
Additionally, Akt dramatically increased the amount of new bone
growth at week 4 and 6 compared to the B-TCP group. More

B
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significantly, the mineral deposition rate for the Akt group was higher
than that in the B-TCP group at week 2-4 and 4-6 post-operation
(Fig. 8G-I). Additionally, the 2-month VG data showed that the Akt
scaffolds had greater new bone growth into their porosity, whereas the
B-TCP group had only a thin layer of new bone surrounding the material
(Fig. 8J). After 4-month implantation, both groups all had more new
bone formation in the porosity of the scaffolds compared to 2-month
(Fig. 8J), while the Akt group induced denser and thicker bone forma-
tion than p-TCP group. Taken together, the in vivo results demonstrated
that 3D-printed Akt scaffolds pronouncedly increased new bone for-
mation than f-TCP scaffolds.

The in vivo results displayed that the short-term repair effect either in
the Akt group or the B-TCP group was not satisfactory, which might be
attributed to the pro-inflammatory and osteoclastic microenvironments.
Hence, in the following studies, functional Akt scaffolds were developed
to decrease the influence of detrimental factors and accelerate bone
regeneration in an aging microenvironment. Secondary, due to the dif-
ficulty in degradation, the decalcified samples could not obtain to
perform the experiments including HE, Masson and other histological
staining. In view of this point, other methods including incorporation of
Akt powder into other scaffolds were employed to evaluate the effects of
Akt on bone regeneration in vivo in the future study. In addition, the
experiments about CS 3D printed scaffolds in vivo should be performed
in the following study.
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Fig. 9. Schematic diagram depicts the detailed mechanisms involved in Akt-mediated osteogenesis of O-BMSCs through exosomal miR-196a-5p.
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3. Conclusion

To sum up, the present study proved that Akt extracts exhibited
latent capacities for improving osteogenesis and suppressing the
senescence-related phenotype of O-BMSCs in vitro. These positive effects
might be attributed to the activation of MAPK, including JNK, Erk and
p38 signaling pathways. Moreover, Akt biocreamics indirectly facili-
tated the osteogenic capacity of O-BMSCs by secreting exosomal miR-
196a-5p transferred by Akt-exo inhibited the expression of Hoxa7 and
then activated the MAPK signaling pathway to accelerate bone regen-
eration. The exosomal-miR-196a-5p/Hoxa7/MAPK signaling axis might
be the potential mechanism of Akt-mediated osteogenesis of O-BMSCs,
providing a novel candidate strategy for bone repair in a senescent
microenvironment (Fig. 9). Also, the 3D-printed porous Akt scaffolds
containing Mg ions were considered as promising scaffolds for bone
regeneration in aged individuals.

4. Experimental section

Preparation of Akt, CS and f-TCP powders: Akt powders were syn-
thesized by a sol-gel process using tetraethyl orthosilicate ((C2Hs0)4Si,
TEOS), magnesium nitrate hexahydrate (Mg(NO3)2-6H20) and calcium
nitrate tetrahydrate (Ca(NOs)2-4H20) as raw materials [65]. Briefly,
The TEOS was mixed with ethanol and 2 M HNOg3 and hydrolyzed for 45
min under stirring. In continue, Mg(NO3)2-6H20 and Ca(NOs3)2-4H20
were added into the mixture, and were stirred for 5 h at room temper-
ature. Then, the obtained solution was maintained at a constant tem-
perature 75 °C for 24 h and dried at 120 °C for 48 h to obtain the dry gel.
The resultant gel was milled and sieved to 250-mesh, transferred into a
corundum crucible and sintered at 1200 °C for 3 h. Finally, to ensure the
preparation of nanoparticle powder, the resultant powder was milled for
10 h (rotational speed of 250 rpm, ball/powder ratio of 5/1). The CS and
B-TCP powders were synthesized by chemical precipitation method
[45]. For CS powders, 0.5 M Ca(NOs3),-4H,0 solution was dripped
wisely into the 0.5 M NaSiO3-9H»0 solution at room temperature under
rigorously stirring with Ca/Si molar ratio of 1.0. For p-TCP powders, 0.5
M Ca(NO3)2-4H20 aqueous solution was dripped into 0.5 M (NH4)2;HPO4
aqueous solution under rigorously stirring with the molar ratio of Ca/P
was set at 1.5. The pH value was maintained at approximately 8.0 using
ammonium hydroxide aqueous solution. After that, the above mixtures
were further stirred for 24 h, and then filtered and washed with
deionized water for three times. Finally, the obtained powders were
calcined at 800 °C for 2 h to obtain CS and p-TCP powders, respectively.

Preparation and characterization of extracts and scaffolds: The Akt and
p-TCP extracts were prepared using the following methods. Briefly, 1g of
Akt, CS or B-TCP powders were immersed in 5ml of a-MEM and shaken
at 37 °C in an incubator for 24 h. After centrifugation, the samples were
filtered using filters (Millipore, 0.22 pm) for sterilization. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES; Varian, USA)
was used to measure the concentrations of Ca, Mg, and Si in various
diluted Akt, CS or p-TCP samples(1/16, 1/32 and 1/64). In addition, for
evaluation of the degradation to confirm the effective release of special
ions, Akt scaffolds were soaked in Tris-HCL at 37 °Cfor 1,4, 7,10 and 14
days, respectively and the solution was collected at every point. The
element including Mg, Si, Ca concentrations of the scaffolds after
soaking for different time periods were measured by inductively coupled
plasma atomic emission spectroscopy (ICP-AES; Varian, USA). The
samples including Akt, CS and B-TCP were determined by fourier
transform infrared spectroscopy (FTIR, Bomen MB 100). X-ray diffrac-
tion (XRD; Rigaku D/max 2550VB/PC, Japan) was used to characterize
the phase composition of Akt, CS and $-TCP samples. For subsequent
animal experiments, Akt and p-TCP powders were 3D-printed as porous
scaffolds with a height of 3mm and a diameter of 5mm. Scanning elec-
tron microscopy (SEM, JEOL, Japan) was used to observe the structures
of 3D-printed scaffolds. The pe-pH variations of different material ex-
tracts in vitro were detected according to the following methods. In brief,
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the material powders were firstly immersed into an SBF solutionsn at
37 °C. After centrifugation, the pe-pH values were measured onto the
solid-liquid interface at the time points of 15min, 1d, 2d, 3d, 5d and 7d
using a pH-meter (Mettler Toledo, Columbus, OH, USA).

Cell culture: O-BMSCs of aged rats (18-month-old) were harvested
and cultured as reported previously [107]. Briefly, the bone marrow was
rinsed in 10cm? dishes with «-MEM medium after removing the ends of
the femur and tibia. The cells were subsequently cultured in a-MEM
medium that contained 10% fetal bovine serum (FBS) and 1% penicillin
and streptomycin. The O-BMSCs were passaged after achieving a
confluence of around 80-90%. The 2-4 passage O-BMSCs were used for
the ensuing tests. The Animal Research Committee of Shanghai Ninth
People’s Hospital, affiliated to Shanghai Jiao Tong University School of
Medicine, approved all these trials, including in vivo studies.

Cell proliferation: Akt and B-TCP extracts were diluted to gradient
concentration degrees (1/2, 1/4, 1/8, 1/16, 1/32, 1/64), and then the
optimal concentration of extract was filtered to perform the following
studies. The CS extracts were also chosen to culture O-BMSCs in similar
ways to exclude the potential influence of released Si ion from the Akt.
The Cell Counting Kit-8 assay (CCK-8; Dojindo, Japan) was used to
compare the proliferation capacity of O-BMSCs after treating them with
different concentrations of Akt and p-TCP extracts or exosomes. Firstly,
the cells at a density of 4 x 103 cells per well were seeded in 96-well
plates. Then, ELX Ultra microplate reader (BioTek, USA) was used to
measure the cells’ absorbance value at 450nm. Additionally, the optical
density (OD) was calculated to represent the capacity for cell
proliferation.

RNA isolation and qRT-PCR analysis: Real-time quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) system (Roche
LightCycler96, Basel, Switzerland) was applied to measure all the gene
expressions of mRNAs and miRNAs. For mRNA, total RNA was isolated
from O-BMSC:s after different treatments and different types of exosomes
using trizol reagent (Takara, Japan). The following mRNA analysis was
carried out by reverse transcription of the RNA into complementary
cDNA. For miRNA, the total miRNA underwent poly-A tailing and
reverse transcription using the miRNA 1st strand cDNA synthesis kit
(Accurate Biology, AG, China). Sangon Biotech (Shanghai, China)
created the upstream and downstream primers for mRNAs and miRNAs.
The real-time detection kit based on TB-Green was used to carry out the
real-time PCR. Relative expression levels of genes were calculated and
named to the housekeeping genes p-actin and U6 for mRNAs and miR-
NAs, respectively. All the primers are provided in Supplementary
Table 1.

ALP staining and ARS staining: O-BMSCs were cultured in a-MEM
medium with a 1/32 concentration of Akt, f-TCP and CS extracts or
various exosome types. After being fixed with 4% paraformaldehyde on
day 7, cells were dyed using a BCIP/NBT alkaline phosphatase color
development kit (Beyotime, Jiangsu, China) following the instructions
of manufacturer. ARS staining was also performed to observe the cal-
cium nodule of O-BMSCs after treatment with a 1/32 concentration of
Akt extracts or various exosome types. An inverted light microscope
(Leica DMI6000B, Solms, Germany) was then used to observe the ALP
staining and ARS staining.

SA-f-gal staining: O-BMSCs were cultured in a-MEM medium mixed
with 1/32 concentrations of Akt and B-TCP extracts or various exosome
types. Using an SA-gal staining kit from Beyotime (Jiangsu, China) to
carried out SA-p-Gal staining to observe positive staining cells. Briefly,
the cells were stained with an X-gal solution for 24h at 37 °C (no CO5)
after being fixed with 4% formaldehyde at room temperature for 20min.
An inverted light microscope (Leica DMI6000B, Solms, Germany) was
used to examine the positively stained cells.

Immunofiluorescence: O-BMSCs were cultured in a medium containing
extract of Akt and B-TCP at a 1/32 concentration or various exosome
types. The cells were fixed with 4% paraformaldehyde, permeabilized
with 0.1% Triton X-100, and then blocked with 5% BSA for 1h, and the
samples were treated with primary Bmp-2 and Col-1 antibodies
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overnight at 4 °C. The samples were then purified with PBS and treated
with goat-anti-rabbit IgG tagged with Alexa Fluor® 594 for 1h, FITC-
phalloidin for 45min, and DAPI for 10min, respectively, in the dark.
The protein expressions of several treatment groups were compared
using confocal laser-scanning microscopy (CLSM; Leica, Germany).

Transwell assay: The migration capacity of O-BMSCs after treatment
with different material extracts was evaluated using Transwell cell
culture inserts (8 pm pore size; Corning/Costar, Corning, USA) in 24-
well plates. The O-BMSCs were seeded into the upper chamber in 300
pl of serum-free medium while the lower chamber contained 700 pl of
complete medium supplemented with 10% FBS and different material
extracts. After incubation at 37 °C for 24 h, the cells were fixed with 4%
paraformaldehyde for 20 min and stained with crystal violet for 30 min.
The cells in the upper chambers were removed and the migrated cells
were observed and photographed using an inverted light microscope
(Leica DMI6000B, Solms, Germany).

Western blot analysis: RIPA lysis buffer (Invitrogen, USA) containing
1mM phenylmethanesulfonyl fluoride (PMSF) was used to extract the
protein from cultured cells. The amount of protein was measured by the
PierceTM BCA Protein Assay kit from Thermo Scientific (USA). The
proteins were separated in an SDS-PAGE gel and then transferred to a
PVDF membrane (0.22 pm, Merck Millipore, USA), blocked with 5%
BSA, treated with primary antibodies at 4 °C for an overnight period,
and then incubated with a secondary goat anti-rabbit antibody that had
been (HRP)-conjugated at 37 °C for 1h. The enhanced chem-
iluminescence (ECL) substrate kit (Merck Millipore, USA) was then used
to identify the proteins, and Image J was used to quantify their
expression. The expression was compared to the internal reference value
(GAPDH).

Signaling pathway inhibition: SP600125, PD98059 and SB202190, as
the inhibitors of JNK, Erk and p38, respectively, were used in the me-
dium supplemented with Akt extracts to indicate the function of these
pathways in Akt-mediated osteogenesis. Briefly, O-BMSCs were treated
with the above three inhibitors and then stimulated with Akt extracts.
Western blot assay was used to measure the protein expression of p-Erk,
p-P38 and p-JNK. And the qRT-PCR, ALP staining, SA-B-gal staining and
immunofluorescence were also conducted as described above.

Isolation, characterization, and internalization of exosomes: The exo-
somes were derived from early-passaged O-BMSCs. In brief, the BMSCs
were cultured in o-MEM medium containing an optimal concentration of
Akt or B-TCP extracts with exosome-free FBS. The supernatants were
gathered and purified after 48h. To eliminate cells and cell debris, the
medium was centrifuged at 10000g for 30min at 4 °C and at 100000g for
90min to collect the exosome pellets. The amount of protein in the
gathered exosomes was detected using a BCA protein assay kit from
Thermo Scientific (USA). Western blot analysis was performed to find
the exosomal markers CD63, CD81, and Alix. A transmission electron
microscope (TEM; Hitachi, Japan) was used to observe the exosomes
morphology. The concentration and particle diameter of the separated
exosomes were detected by nanoparticle tracking analysis (NTA;
NanoSight NS300, Malvern, UK). To analyze the internalization of the
exosomes, the different exosomes were labeled with Dil (red fluorescent
dye) and then co-cultured with the O-BMSCs. The red fluorescent in-
tensity was determined using Image J to represent internalized
exosomes.

Exosomal miRNA sequencing and bioinformatic analyses: Exosomes
stimulated by Akt extracts or p-TCP extracts were isolated and purified
as previously described. The miRNAs in exosomes were extracted using
mirVana miRNA Isolation Kit (Ambion) according to the manufacturer’s
protocol. 1 pg total RNA of each sample was used for the miRNA library
construction using NEBNext Small RNA Library Prep Set for Illumina kit
(Cat. No. NEB#E7330S, NEB, USA) following the manufacturer’s rec-
ommendations. The exosomal miRNA sequencing and analysis were
conducted by OE Biotech Co., Ltd. (Shanghai, China). After the signifi-
cance analysis, differentially expressed genes were selected according to
certain criteria (p-value <0.05 and fold change >2). Potential target
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genes of miRNAs were predicted by databases (TargetScan) and un-
derwent gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses by KOBAS 3.0.

Transfection of miRNA mimics or inhibitors and mRNA overexpression
plasmids: The specific miR-196a-5p inhibitors or mimics and HOXA7
overexpression plasmids were transfected to further investigate their
function in the process of Akt-mediated osteogenesis. The O-BMSCs
were treated with the Lipofectamine RNAIMAX transfection reagent
carrying the miRNA inhibitor and a negative control. After 6-8 h, the
cultured medium was replaced with a-MEM medium containing Akt
extracts and exosome-free FBS. After another 48h, the exosomes were
collected and purified as described above. In addition, the O-BMSCs
were also simultaneously transfected with HOXA7 overexpression
plasmids and miR-196a-5p mimics/mimics NC. The functional assays,
including qRT-PCR, ALP staining, SA-B-gal staining, and immunofluo-
rescence, were performed as described above.

Luciferase assay: HEK-293T cells were used to perform the dual-
luciferase reporter assay. Firstly, plasmids containing different se-
quences, including Hoxa7 3' UTR WT and Hoxa7 3' UTR MT, miR-196a-
5p mimics, and NC, were engineered and constructed. After transfecting
with different plasmids, Luciferase Assay Kit (GENE, Shanghai, China)
was applied to detect the firefly luciferase activities and Renilla lucif-
erase activities. The ratios of firefly luciferase activities to Renilla
luciferase activities were recorded to reflect the relative luciferase
activity.

Construction of a calvarial defect model: After anesthesia, old rats (18
months) were used to establish an animal model of critical calvarial
defects. Bilateral defects of 5mm diameter were created in the
calvarium. The old rats were separated into two groups to implant the
Akt and B-TCP scaffolds, randomly. After implantation for 2 and 4
months, the calvarial bones of the rats were donated and fixed with 4%
paraformaldehyde to perform the following experiments.

Micro-CT: The formation of new bone was evaluated using micro-
computed tomography (micro-CT; PerkinElmer Quantum GX, USA)
within the defect region. The parameters of the micro-CT were set as
follows: 90 kV, 88 pA and 50 pm voxel size. Analyze 12.0 (PerkinElmer)
was used to measure and assess the morphology of the cranial bone. To
value the new bone formation in the defect area, the rate of new bone
volume to tissue volume (BV/TV) was counted.

Sequential fluorescent labeling and VG staining: Tetracycline (TE, 25
mg/kg), alizarin red (AL, 30 mg/kg) and calcein (CA, 20mg/kg) were
intraperitoneally injected into the rats at 2-, 4- and 6- week scaffold
implantation, and the specimens were obtained and observed at week 8
using the trichromatic sequential fluorescent labeling. CLSM (Leica,
Germany) was used to evaluate the fluorescent intensity of these spec-
imens. The intensity of fluorescence-marked images was assessed to
indicate bone formation and mineralization at different time points after
the operation. VG staining was performed to examine new bone for-
mation under CLSM (Leica, Germany).

Statistics analysis: All data in this study were presented as mean +
standard deviation (SD). Student’s t-test was conducted in SPSS 17.0
software (SPSS Inc., USA). p < 0.05 were considered statistically
significant.
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