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ABSTRACT

Background: Tissue engineering development has become a highlight in recent decades. One 
of the key areas of focus is producing mature bone tissue to overcome orthopedic problems, 
such as bone defects. Various cultures have been implemented on stem cells; some induce os-
teoblastic differentiation markers, while others have the opposite effect. Microgravity has been 
proven in several studies to inhibit the expression of osteogenic differentiation markers. Con-
versely, hypergravity is expected to have the opposite impact, supporting stem cells in the os-
teogenesis pathway.
Methods: A literature search was conducted using online databases including Sciencedirect, 
PubMed, and Proquest, covering the period from 2008 to 2022. This search considered only 
experimental studies published in English. The keywords used in this research were "hypergrav-
ity" and "mesenchymal stem cell." All acquired data were processed and analyzed according to 
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines (2020).
Results: Initially, 190 studies were collected from online databases based on relevant key-
words. After screening, 5 studies were included in the final analysis, focusing on hypergravity 
treatment and its effects on mesenchymal stem cells (MSCs).
Conclusion: Hypergravity shows a significant and strong impact on osteoblastic differentiation. 
This study revealed that a gravity force of 30G and a culture duration of 7 to 14 days are the 
most optimal combination for inducing osteoblastic differentiation in MSCs.

Keywords: Bone; Human and medicine; Hypergravity; Mesenchymal stem cell; Osteoblast; 
Osteogenic differentiation

INTRODUCTION

Tissue engineering development has become a 
highlight in recent decades. One of its key aims is 
producing mature bone tissue to overcome orthope-
dic problems, such as bone defects. When bone de-
fects occur, advanced tissue engineering solutions, 
like three-dimensional bone products that are safe 
and free of carcinogenic characteristics, can be de-

veloped to replace the damaged tissue and serve as 
new bone complements. In this context, there is a 
growing interest in how physical stimuli influence 
stem cells, prompting them to differentiate into oth-
er cells or grow three-dimensionally. This interest 
arose when scientists began to observe the impact 
of microgravity at a cellular level, coinciding with 
humanity's achievements in space exploration and 
access to real microgravity environments. In con-
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junction with microgravity research, paradoxical 
physical stimuli like hypergravity are also being 
investigated. Some studies show that both real and 
simulated microgravity inhibit the osteogenic dif-
ferentiation of mesenchymal stem cells (MSCs).1–9 
These studies also investigated the counterpart 
stimuli, examining whether hypergravity affects 
osteogenic differentiation. Our knowledge is still 
limited, as research is ongoing. However, some cur-
rent results support the hypothesis that hypergravity 
has a positive effect on osteogenic differentiation in 
MSCs.
 Mesenchymal stem cells have the poten-
tial to differentiate into a variety of specialized cell 
types. To guide their transformation into specific 
desired cells, appropriate tissue engineering tech-
niques must be employed. For instance, osteo-
blasts can be directly differentiated from MSCs 
through intramembranous ossification, a process 
of bone formation.10–12 Certain markers can detect 
the differentiation of MSCs into osteoblasts, but not 
into other specific cell types. Research has identi-
fied several such markers, including Core Bind-
ing Factor α1 (Cbfa1) also known as Runt-related 
transcription factor 2 (RUNX2), Alkaline Phos-
phatase (ALP), Bone Sialoprotein (BSP), Oste-
opontin  (OPN), Osteocalcin (OCN), β-Catenin, 
type 1 collagen (COL1A1), and Osterix (OSX). 
These markers may induce or support osteogenic 
differentiation, and increased expression of these 
markers can indicate that the osteogenic differ-
entiation process is occurring.8–11 The osteogenic 
differentiation process is also accompanied by the 
presence of calcium deposits, as evidenced by in-
creased levels of calcium in the extracellular ma-
trix.13

 Osteoblastogenesis has some stages, 
from MSC becoming a mature osteoblast to final-
ly becoming an osteocyte. Each stage may show 
different markers presence or different power of 
expression in the same markers. Huang et al. ex-
plained that ALP, BSP, and COL1A1 are early 
osteogenic differentiation markers, while Pentatri-
copeptide repeat (PPR) and OCN are late in pres-

ence.14 Zhang showed increased expression levels 
of Type 1 collagen and ALP during the transition 
from biopotential cells to pre-osteoblasts, with 
RUNX2 consistently expressed throughout these two 
stages. Miron and Zhang also demonstrated signifi-
cant expression of Type 1 collagen, ALP, RUNX2, 
and Osterix in the pre-osteoblast stage.14–16 This 
study aims to determine the extent to which hyper-
gravity affects osteogenesis, specifically the culture 
duration and gravity force needed to achieve opti-
mal results. Varying marker expression patterns 
also lead to a hypothesis about the ideal time and 
gravity force to combine with an osteogenic inducer 
for method optimization.

MATERIAL AND METHODS

This paper systematically assesses the role of hy-
pergravity in the osteogenic differentiation of mes-
enchymal stem cells. Relevant studies were identi-
fied using three databases: PubMed, ScienceDirect, 
and Proquest. The keywords "hypergravity" and 
"mesenchymal stem cell" were used in the search. 
The literature search and study selection were 
performed according to the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines (2020).

Selection Criteria
This research included experimental studies pub-
lished in English between 2008 and 2022, focus-
ing on the effect of hypergravity on mesenchymal 
stem cells. Studies were required to contain the 
keywords "hypergravity" and "mesenchymal stem 
cell."  Abstracts relevant to hypergravity treatment 
and MSCs were reviewed.  Included studies exam-
ined osteogenic marker expression after hypergrav-
ity treatment compared to normal gravity.  Studies 
were excluded if they: (1) did not use MSCs as a 
sample or used MSCs in combination with other 
cell types; (2) involved failed MSC cultures or ex-
periments; (3) were not written in English or lacked 
an English translation; or (4) were published out-
side the research period of 2008 to 2022.
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Study Selection
The first step involved screening titles for relevance 
to the keywords and inclusion criteria. Articles that 
did not match all keywords were excluded. Next, 
abstracts of the selected titles were screened. Ab-
stracts that did not correlate with the keywords and 
inclusion criteria were also excluded. Full texts 
were obtained for the remaining articles, and rel-
evant results were extracted and used as data for 
this research.

RESULTS

The initial literature search yielded a total of 190 ar-
ticles. After removing one duplicate article sourced 
from both Proquest and PubMed, and two duplicate 
titles from ScienceDirect and PubMed, 187 unique 
articles remained. Of these, 181 were excluded based 

on irrelevant titles, leaving six articles for further 
screening. These six articles contained relevant sam-
ples and treatments and were reviewed comprehen-
sively. One study was excluded because it did not ex-
amine the osteogenic differentiation of MSCs, despite 
having relevant samples and treatments. Finally, five 
articles were included in this research. A summary of 
the study selection process can be seen in Figure 1.
 Of the five studies (Table 1), three used 
MSCs derived from mice or rats, while the remain-
ing two used human MSCs.  All studies treated the 
MSCs with hypergravity, with magnitudes ranging 
from 2G to 40G and durations varying from 48 hours 
to 2 weeks. One study compared the effects of hyper-
gravity with and without an osteogenic inducer and 
showed increased expression of osteogenic markers 
such as COL1A1, RUNX2 (Cbfa1), and ALPL in 
both conditions.

Figure 1. Flowchart for determining articles to be used from ScienceDirect, PubMed, and ProQuest, using the 
PRISMA 2020 guidelines.
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No. Author Year Sample Power Duration Result

1 Rocca et al.17 2015 Rat MSC 20G 2 days Gene transcription level
1. Significantly Upregulated RUNX2 (1.5-fold at 20G; 1.8-fold at 20G + BTNPs) and 

Ras homolog gene family member A (RHOA) (2.5-fold at 20G; 2.8-fold at 20G + 
BTNPs)

2. Significantly Enhanced COL1A1 (COL1A1 enhanced 1.5-fold only in the dou-
ble-stimulation 20G + BTNPs, other treatments are decreasing the transcription)

3. Significantly Enhanced Alkaline phosphatase gene (ALPL) (about 1.2-fold at 20G; 
1.6-fold at 20G + BTNPs)

Protein expression level
1. Increased expression of COL1 (1.3-fold at 20G; 1.5-fold at 20G+BTNPs)

2 Huang et al.4 2009 Rat MSC 2G 1 - 7 days 1. Increase expression of ALP, COL1A1, Cbfa1 in both samples with and without 
osteogenic inducer, although sample with inducer shows higher expression

2. The highest expression of those 3 proteins were in day 7
3 Prodanov et al.18 2015 Rat MSC 10G 1 - 7 days Hypergravity Only (7days) compared to ground control

1. β-Cat upregulated almost 3-fold 
2. RUNX2 upreguated almost 4-fold 
3. Osteocalcin upregulated almost 2-fold 

Hypergravity + Nanotextured Substrate (7 days) compared to ground control
1. β-Cat upregulated about 1.5-fold  
2. RUNX2 upregulated almost 2.5-fold  
3. Osteocalcin upregulated almost 3.5-fold  

*Day 1 have no significant difference compared to ground control
4 Nakaji-Hirabayashi 

et al.19
2022 Human MSC 5G 14 days 1. Increasing of ALP (significant upregulated ALP is in the day 14)

2. Increasing of Ribonucleic Acid (RNA) expression of Receptor Activator of Nuclear 
Factor-κB-ligand (RANKL) (about 3x higher) and OPG (about 4x higher)

3. Decreasing of MSC markers of CD44 and CD105
4. Increasing of Calcium deposition (almost 4 times higher than sample control)

5 Lingens et al.20 2022 Human MSC 10G until 
40G

12 days Hypergravity enhance Ca+ content : 
10G increase 115% Ca+ content
20G increase 122% Ca+ content
30G increase 123% Ca+ content
40G increase 107% Ca+ content

Table 1. Results and summary of MSCs cultured under hypergravity (from online databases)
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DISCUSSION

Five relevant articles were included in this research. 
These studies utilized human and rat mesenchymal 
stem cells (MSCs). All MSCs were subjected to hy-
pergravity using centrifugation devices, with each 
study employing a different magnitude of gravity. 
One study compared the effects of hypergravity on 
MSCs with and without an osteogenic inducer. The 
outcomes were evaluated by assessing the expres-
sion of osteogenic differentiation markers.
 The initial steps in bone tissue engineer-
ing involve harvesting MSCs from various tis-
sues, such as bone marrow, umbilical cord, and 
endometrium. After harvesting, the MSCs are 
assessed for their potential to differentiate into os-
teoblasts by examining their expression of osteo-
genic differentiation markers.21-24 Osteogenic dif-
ferentiation is typically measured by assessing the 

expression of specific markers, such as RUNX2, 
ALP, BSP, OPN, OCN, β-catenin, COL1A1, and 
OSX.5,14,21,22 The results demonstrated increased 
expression of osteogenic markers and calcium 
deposition.  As noted by Graneli et al., RUNX2 
is a key transcription factor that acts as a master 
regulator of osteogenic differentiation.5,23,24 Other 
articles also said that there are early and late dif-
ferentiation markers. Huang et al. said that ALP, 
BSP, and Type 1 collagen are early osteogenic dif-
ferentiation markers, while PPR and OCN appear 
late.14 Wang et al. identified ALP as a marker for 
the early stages of differentiation.25 The study by 
Wan et al. showed that both ALP and OCN were 
strongly upregulated during the intermediate and 
late phases of differentiation.26 Based on the arti-
cles reviewed, RUNX2 remains a major marker of 
osteogenic differentiation. ALP, strongly upregu-
lated in early and intermediate differentiation, can 

Figure 2. Flowchart of osteogenic differentiation.
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be a marker for short-duration cultures due to its 
prominent presence in these stages. Conversely, 
OCN, consistently expressed in late differentia-
tion, may be a more suitable marker for long-du-
ration cultures. Although different markers were 
measured in almost all samples, each osteogenic 
marker showed positive expression.
 Figure 2 illustrates two pathways of os-
teogenic differentiation from MSCs: (1) intram-
embranous differentiation, where neural crest-de-
rived mesenchymal cells directly differentiate into 
osteoblasts, and (2) endochondral ossification, 
where mesenchymal cells first differentiate into 
cartilage, which is later replaced by bone.27,28,32 
The ability to directly create bone cells with con-
trollable shape and structure is a primary goal of 
bone tissue engineering, aiming to address vari-
ous orthopedic problems. 
 The differentiation of MSCs into mature 
osteoblasts occurs in three stages, a process that 
takes at least 21 days. In the first stage, pre-os-
teoblasts proliferate and express fibronectin, col-
lagen, Transforming Growth Factor-β (TGFβ) 
receptor 1, and OPN.  The second stage involves 
the initiation of cell differentiation and extracellu-
lar matrix maturation, marked by the presence of 
ALP and collagen. The final stage, matrix miner-
alization, occurs when OCN enriches the organic 
scaffold.5,33,34 Hypergravity enhanced both the ex-
pression of osteogenic markers and proliferation 
in stage 1 of osteoblast differentiation.35 Enhanced 
proliferation in the initial stage of osteoblast dif-
ferentiation may result in faster and more efficient 
bone tissue engineering.
 Studies have shown that between day 0 
and day 7, there is paradoxical activity between 
proliferation (stage 1) and matrix deposition 
(stage 2), followed by the beginning of matrix 
mineralization (stage 3) as proliferation ends.  A 
similar paradoxical relationship exists between 
stage 2 and stage 3, with matrix deposition end-
ing and matrix mineralization optimizing by 
day 21. This demonstrates that the differentia-
tion process does not proceed in a strictly lin-

ear fashion. In contrast, human pluripotent stem 
cells (hPSCs) treated with hypergravity, a newer 
method, differentiate from a mesenchymal-like 
cell to an osteocyte. Osteocalcin is highly ex-
pressed late in differentiation, while type I col-
lagen is highly expressed in the pre-osteoblast 
stage.33,34,36 The results demonstrate positive 
expression of osteogenic markers. However, 
the magnitude of marker expression can be in-
fluenced by several factors, including culture 
duration, gravity, the use of inducers, pre-cul-
ture conditions, and marker detection methods. 
While some factors, such as osteogenic inducers 
and potentially gravity, may significantly affect 
marker expression, one experiment showed sig-
nificant expression of osteogenic markers like 
RUNX2, type 1 collagen, and ALP even without 
the use of an inducer.
 The optimal gravity level for osteogen-
ic differentiation remains unclear. This study 
compared two samples exposed to the same 
gravity level with another sample exposed to a 
different level to determine the most effective 
magnitude for osteogenic differentiation.  Re-
garding calcium deposition, a gravity level be-
tween 20G and 30G appears most promising.  A 
comparison of 5G, 10G, 20G, and 40G on os-
teoblast cultures for post-translational collagen 
production revealed that 20G and 40G, after 72 
hours of culture, showed significant differences 
compared to stationary conditions.  Specifically, 
20G and 40G induced higher collagen accumu-
lation, increased ALP expression, and promoted 
proliferation compared to the stationary con-
trol. However, 40G showed greater effects for 
all three parameters compared to 20G.37 Further 
research has demonstrated that short-duration (3 
hours) hypergravity culture at 20G significantly 
upregulates Ras homolog gene family member 
A (RHOA), a marker of proliferating cells.17 
Research on adipose-derived stem cells treated 
with hypergravity (10G, 20G, 40G, and 60G) 
revealed that cell proliferation peaked at 40G 
(1.44 times higher than the ground control), fol-
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lowed by 60G (1.40 times higher), 20G (1.26 
times higher), and lastly 10G (1.13 times high-
er).35

 Figure 3 combines data from three stud-
ies investigating the impact of varying gravity 
levels on osteogenic differentiation markers. 
Two of the studies indicate that marker expres-
sion increases most at 40G. However,  calcium 
deposition was lowest at 40G compared to oth-
er gravity levels, with 30G showing the highest 
deposition.  While other gravity levels also tend 
to increase marker expression, the effect is not 
as pronounced as with 40G.20,35,37

 While hypergravity culture durations 
vary across studies, research suggests that spe-
cific durations may optimize osteogenic dif-
ferentiation. For example, seven days of hy-
pergravity culture at 2G and 10G significantly 
increased or optimized the expression of osteo-
genic markers (RUNX2, β-catenin, COL1A1, 
ALP, and OCN).4,18 Another study demonstrat-
ed that ALP expression reached its peak on day 
14 of culture under 5G gravity.19 Based on these 
data, it appears that the optimal culture dura-
tion may be between 7 and 14 days.  Two sam-
ples, cultured under different gravity levels (2G 
and 10G), showed optimal marker expression 
on day 7. This suggests that optimal expres-
sion may occur at a similar culture duration, 
regardless of the gravity level applied. How-

ever, further research is needed to confirm this 
hypothesis.

CONCLUSION

Mesenchymal stem cells possess the remarkable 
ability to differentiate into various cell types, 
depending on the treatment applied. Hyper-
gravity has a significant impact on osteogenic 
differentiation. While the precise parameters 
for optimizing this process remain to be fully 
elucidated, the results presented here suggest 
that a gravity level of 30G and a culture dura-
tion of 7 to 14 days may be optimal, with shorter 
durations being preferable. Optimizing gravity 
and culture duration could potentially reduce or 
eliminate the need for osteogenic inducers. In-
deed, hypergravity culture without inducers has 
been shown to enhance the expression of certain 
osteogenic differentiation markers.
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Figure 3. Impact of gravity on osteogenic differentiation. (A) Effect of hypergravity on cell proliferation in adi-
pose-derived stem cells (ADSCs). (B) Effect of hypergravity on (1) cell proliferation and (2) ALP expression in 
osteoblasts. (C) Effect of hypergravity on calcium deposition.

Sudrajad, et al./ JOINTS (Journal Orthopaedi and Traumatology Surabaya) October 2024; 13(2): 75-83

https://creativecommons.org/licenses/by-nc-sa/4.0/


This is an open access article under the CC BY-NC-SA license Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License

82

REFERENCES

1. Ulbrich C, Wehland M, Pietsch J, Aleshche-
va G, Wise P, Van Loon J, et al. The impact of 
simulated and real microgravity on bone cells 
and mesenchymal stem cells. Biomed Res Int 
2014;2014:928507. 

2. Grimm D, Wehland M, Corydon TJ, Richter 
P, Prasad B, Bauer J, et al. The effects of mi-
crogravity on differentiation and cell growth 
in stem cells and cancer stem cells. Stem Cells 
Transl Med 2020;9(8):882-94.

3. Zayzafoon M, Gathings WE, McDonald JM. 
Modeled microgravity inhibits osteogenic dif-
ferentiation of human mesenchymal stem cells 
and increases adipogenesis. Endocrinology 
2004;145(5):2421-32.

4. Huang Y, Dai ZQ, Ling SK, Zhang HY, Wan 
YM, Li YH. Gravity, a regulation factor in the 
differentiation of rat bone marrow mesenchy-
mal stem cells. J Biomed Sci 2009;16(1):87.

5. Rutkovskiy A, Stensløkken K-O, Vaage IJ. Os-
teoblast differentiation at a glance. Med Sci 
Monit Basic Res 2016;22:95-106.

6. Chen Z, Luo Q, Lin C, Kuang D, Song G. Sim-
ulated microgravity inhibits osteogenic differ-
entiation of mesenchymal stem cells via de-
polymerizing F-actin to impede TAZ nuclear 
translocation. Sci Reports 2016;6:30322.

7. Dai ZQ, Wang R, Ling SK, Wan YM, Li YH. 
Simulated microgravity inhibits the proliferation 
and osteogenesis of rat bone marrow mesenchy-
mal stem cells. Cell Prolif 2007;40(5):671-84.

8. Liu L, Cheng Y, Wang J, Ding Z, Halim A, Luo 
Q, et al. Simulated microgravity suppresses os-
teogenic differentiation of mesenchymal stem 
cells by inhibiting oxidative phosphorylation. 
Int J Mol Sci 2020;21(24):9747.

9. Chen Z, Luo Q, Lin C, Song G. Simulated mi-
crogravity inhibits osteogenic differentiation 
of mesenchymal stem cells through down reg-
ulating the transcriptional co-activator TAZ. 
Biochem Biophys Res Commun 2015;468(1–
2):21–6. 

10. Henry JP and Bordoni B. Histology, Osteo-
blasts. StatPearls. 2023 [cited 2023 Nov 24]. 
Available from: https://www.ncbi.nlm.nih.gov/
books/NBK557792/

11. Mizoguchi T and Ono N. The diverse origin of 
bone-forming osteoblasts. J Bone Miner Res  
2021;36(8):1432–47.

12. Setiawati R, Rahardjo P. Bone development and 
growth. Osteogenesis and bone regeneration. 
IntechOpen 2019;10.

13. Shen C, Yang C, Xu S, Zhao H. Comparison 
of osteogenic differentiation capacity in mes-
enchymal stem cells derived from human am-
niotic membrane (AM), umbilical cord (UC), 

chorionic membrane (CM), and decidua (DC). 
Cell Biosci 2019;9(1):1–11.

14. Huang W, Yang S, Shao J, Li YP. Signaling 
and transcriptional regulation in osteoblast 
commitment and differentiation. Front Biosci 
2007;12(8):3068.

15. Zhang C. Transcriptional regulation of bone for-
mation by the osteoblast-specific transcription 
factor Osx. J Orthop Surg Res 2010;5(1):1–8.

16. Miron RJ and Zhang YF. Osteoinduction. J 
Dent Res 2012;91(8):736–44.

17. Rocca A, Marino A, Rocca V, Moscato S, de 
Vito G, Piazza V, et al. Barium titanate nanopar-
ticles and hypergravity stimulation improve dif-
ferentiation of mesenchymal stem cells into os-
teoblasts. Int J Nanomedicine  2015;10:433–45. 

18. Prodanov L, Van Loon JJWA, Te Riet J, Jansen 
JA, Walboomers XF. Substrate Nanotexture and 
Hypergravity Through Centrifugation Enhance 
Initial Osteoblastogenesis. Tissue Eng Part A 
2013;19(1-2):114-24.

19. Nakaji-Hirabayashi T, Matsumura K, Ishihara R, 
Ishiguro T, Nasu H, Kanno M, et al. Enhanced 
proliferation and differentiation of human mes-
enchymal stem cells in the gravity-controlled 
environment. Artif Organs 2022;46(9):1760–70.

20. Lingens LF, Ruhl T, Beier JP, Mende W, Freund 
G, Götzl R. The effect of hypergravity, hyper-
baric pressure, and hypoxia on osteogenic dif-
ferentiation of adipose stem cells. Tissue Cell 
2022;78:101886. 

21. Amarasekara DS, Kim S, Rho J. Regulation 
of Osteoblast Differentiation by Cytokine Net-
works. Int J Mol Sci 2021;22(6):2851.

22. Bruderer M, Richards R, Alini M, Mater MS-
EC, 2014  undefined. Role and regulation 
of RUNX2 in osteogenesis. Eur Cell Mater 
2014;28:269-86.

23. Deng Z-L, Sharff KA, Tang N, Song W-X, Luo 
J, Luo X, et al. Regulation of osteogenic dif-
ferentiation during skeletal development. Front 
Biosci 2008;13:2001-21.

24. Granéli C, Thorfve A, Ruetschi U, Brisby H, 
Thomsen P, Lindahl A, et al. Novel markers of 
osteogenic and adipogenic differentiation of hu-
man bone marrow stromal cells identified using 
a quantitative proteomics approach. Stem Cell 
Res 2014;12(1):153–65. 

25. Wang JJ, Ye F, Cheng LJ, Shi YJ, Bao J, Sun 
HQ, et al. Osteogenic differentiation of mesen-
chymal stem cells promoted by overexpression 
of connective tissue growth factor. J Zhejiang 
Univ Sci B 2009;10(5):355–67.

26. Wan HY, Shin RLY, Chen JCH, Assunção M, 
Wang D, Nilsson SK, et al. Dextran sulfate-am-
plified extracellular matrix deposition promotes 
osteogenic differentiation of mesenchymal stem 
cells. Acta Biomater 2022;140:163–77. 

Sudrajad, et al./ JOINTS (Journal Orthopaedi and Traumatology Surabaya) October 2024; 13(2): 75-83

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1155/2014/928507
https://doi.org/10.1155/2014/928507
https://doi.org/10.1155/2014/928507
https://doi.org/10.1155/2014/928507
https://doi.org/10.1155/2014/928507
https://doi.org/10.1002/sctm.20-0084
https://doi.org/10.1002/sctm.20-0084
https://doi.org/10.1002/sctm.20-0084
https://doi.org/10.1002/sctm.20-0084
https://doi.org/10.1210/en.2003-1156
https://doi.org/10.1210/en.2003-1156
https://doi.org/10.1210/en.2003-1156
https://doi.org/10.1210/en.2003-1156
https://doi.org/10.1186/1423-0127-16-87
https://doi.org/10.1186/1423-0127-16-87
https://doi.org/10.1186/1423-0127-16-87
https://doi.org/10.1186/1423-0127-16-87
https://doi.org/10.12659/msmbr.901142
https://doi.org/10.12659/msmbr.901142
https://doi.org/10.12659/msmbr.901142
https://doi.org/10.1038/srep30322
https://doi.org/10.1038/srep30322
https://doi.org/10.1038/srep30322
https://doi.org/10.1038/srep30322
https://doi.org/10.1038/srep30322
https://doi.org/10.1111/j.1365-2184.2007.00461.x
https://doi.org/10.1111/j.1365-2184.2007.00461.x
https://doi.org/10.1111/j.1365-2184.2007.00461.x
https://doi.org/10.1111/j.1365-2184.2007.00461.x
https://doi.org/10.3390/ijms21249747
https://doi.org/10.3390/ijms21249747
https://doi.org/10.3390/ijms21249747
https://doi.org/10.3390/ijms21249747
https://doi.org/10.3390/ijms21249747
https://doi.org/10.1016/j.bbrc.2015.11.006
https://doi.org/10.1016/j.bbrc.2015.11.006
https://doi.org/10.1016/j.bbrc.2015.11.006
https://doi.org/10.1016/j.bbrc.2015.11.006
https://doi.org/10.1016/j.bbrc.2015.11.006
https://doi.org/10.1016/j.bbrc.2015.11.006
https://www.ncbi.nlm.nih.gov/books/NBK557792/
https://www.ncbi.nlm.nih.gov/books/NBK557792/
https://www.ncbi.nlm.nih.gov/books/NBK557792/
https://www.ncbi.nlm.nih.gov/books/NBK557792/
https://doi.org/10.1002/jbmr.4410
https://doi.org/10.1002/jbmr.4410
https://doi.org/10.1002/jbmr.4410
http://dx.doi.org/10.5772/intechopen.73955
http://dx.doi.org/10.5772/intechopen.73955
http://dx.doi.org/10.5772/intechopen.73955
https://doi.org/10.1186/s13578-019-0281-3
https://doi.org/10.1186/s13578-019-0281-3
https://doi.org/10.1186/s13578-019-0281-3
https://doi.org/10.1186/s13578-019-0281-3
https://doi.org/10.1186/s13578-019-0281-3
https://doi.org/10.1186/s13578-019-0281-3
https://doi.org/10.2741/2296
https://doi.org/10.2741/2296
https://doi.org/10.2741/2296
https://doi.org/10.2741/2296
https://doi.org/10.1186/1749-799x-5-37
https://doi.org/10.1186/1749-799x-5-37
https://doi.org/10.1186/1749-799x-5-37
https://doi.org/10.1177/0022034511435260
https://doi.org/10.1177/0022034511435260
https://doi.org/10.2147/ijn.s76329
https://doi.org/10.2147/ijn.s76329
https://doi.org/10.2147/ijn.s76329
https://doi.org/10.2147/ijn.s76329
https://doi.org/10.2147/ijn.s76329
https://doi.org/10.1089/ten.tea.2012.0267
https://doi.org/10.1089/ten.tea.2012.0267
https://doi.org/10.1089/ten.tea.2012.0267
https://doi.org/10.1089/ten.tea.2012.0267
https://doi.org/10.1111/aor.14251
https://doi.org/10.1111/aor.14251
https://doi.org/10.1111/aor.14251
https://doi.org/10.1111/aor.14251
https://doi.org/10.1111/aor.14251
https://doi.org/10.1016/j.tice.2022.101886
https://doi.org/10.1016/j.tice.2022.101886
https://doi.org/10.1016/j.tice.2022.101886
https://doi.org/10.1016/j.tice.2022.101886
https://doi.org/10.1016/j.tice.2022.101886
https://doi.org/10.3390/ijms22062851
https://doi.org/10.3390/ijms22062851
https://doi.org/10.3390/ijms22062851
https://www.ecmjournal.org/papers/vol028/vol028a19.php
https://www.ecmjournal.org/papers/vol028/vol028a19.php
https://www.ecmjournal.org/papers/vol028/vol028a19.php
https://doi.org/10.2741/2819
https://doi.org/10.2741/2819
https://doi.org/10.2741/2819
https://doi.org/10.2741/2819
https://doi.org/10.1016/j.scr.2013.09.009
https://doi.org/10.1016/j.scr.2013.09.009
https://doi.org/10.1016/j.scr.2013.09.009
https://doi.org/10.1016/j.scr.2013.09.009
https://doi.org/10.1016/j.scr.2013.09.009
https://doi.org/10.1016/j.scr.2013.09.009
https://doi.org/10.1631/jzus.b0820252
https://doi.org/10.1631/jzus.b0820252
https://doi.org/10.1631/jzus.b0820252
https://doi.org/10.1631/jzus.b0820252
https://doi.org/10.1631/jzus.b0820252
https://doi.org/10.1016/j.actbio.2021.11.049
https://doi.org/10.1016/j.actbio.2021.11.049
https://doi.org/10.1016/j.actbio.2021.11.049
https://doi.org/10.1016/j.actbio.2021.11.049
https://doi.org/10.1016/j.actbio.2021.11.049


This is an open access article under the CC BY-NC-SA license Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License

83

27. Breeland G, Sinkler MA, Menezes RG. Embry-
ology, bone ossification. StatPearls. 2023[cited 
2023 Nov 24]; Available from: https://www.
ncbi.nlm.nih.gov/books/NBK539718/

28. Merimi M, El-Majzoub R, Lagneaux L, Mous-
sa Agha D, Bouhtit F, Meuleman N, et al. The 
therapeutic potential of mesenchymal stromal 
cells for regenerative medicine: Current knowl-
edge and future understandings. Front Cell Dev 
Biol 2021;9:661532. 

29. Halim A, Ariyanti AD, Luo Q, Song G. Recent 
progress in engineering mesenchymal stem 
cell differentiation. Stem Cell Rev Reports 
2020;16(4):661–74.

30. Liu H, Xia X, Li B. Mesenchymal stem cell ag-
ing: Mechanisms and influences on skeletal and 
non-skeletal tissues. Exp Biol Med (Maywood) 
2015;240(8):1099-106.

31. Moreno R. Mesenchymal stem cells and onco-
lytic viruses: joining forces against cancer. J 
Immunother Cancer 2021;9(8):1

32. Gilbert SF. Osteogenesis: The Development 
of Bones. Sunderland (MA): Sinauer Asso-
ciates. 2000 [cited 2023 Nov 24]; Available 
from: https://www.ncbi.nlm.nih.gov/books/
NBK10056/

33. Safadi FF, Barbe MF, Abdelmagid SM, Rico 
MC, Aswad RA, Litvin J, et al. Bone structure, 
development and bone biology. Bone Pathol 
2009;1–50.

34. Beck GR Jr, Zerler B, Moran E. Gene array 
analysis of osteoblast differentiation. Cell 
Growth Differ 2001;12(2):61-83.

35. Tavakolinejad A, Rabbani M, Janmaleki M. Ef-
fects of hypergravity on adipose-derived stem 
cell morphology, mechanical property and 
proliferation. Biochem Biophys Res Commun 
2015;464(2):473–9. 

36. Zhou P, Shi JM, Song JE, Han Y, Li HJ, Song 
YM, et al. Establishing a deeper understanding 
of the osteogenic differentiation of monolayer 
cultured human pluripotent stem cells using 
novel and detailed analyses. Stem Cell Res Ther 
2021;12(1):1–16.

37. Saito M, Soshi S, Fujii K. Effect of hyper- and 
microgravity on collagen post-translational con-
trols of MC3T3-E1 osteoblasts. J Bone Miner 
Res 2003;18(9):1695–705.

Sudrajad, et al./ JOINTS (Journal Orthopaedi and Traumatology Surabaya) October 2024; 13(2): 75-83

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://www.ncbi.nlm.nih.gov/books/NBK539718/
https://www.ncbi.nlm.nih.gov/books/NBK539718/
https://www.ncbi.nlm.nih.gov/books/NBK539718/
https://www.ncbi.nlm.nih.gov/books/NBK539718/
https://doi.org/10.3389/fcell.2021.661532
https://doi.org/10.3389/fcell.2021.661532
https://doi.org/10.3389/fcell.2021.661532
https://doi.org/10.3389/fcell.2021.661532
https://doi.org/10.3389/fcell.2021.661532
https://doi.org/10.3389/fcell.2021.661532
https://doi.org/10.1007/s12015-020-09979-4
https://doi.org/10.1007/s12015-020-09979-4
https://doi.org/10.1007/s12015-020-09979-4
https://doi.org/10.1007/s12015-020-09979-4
https://doi.org/10.1177/1535370215591828
https://doi.org/10.1177/1535370215591828
https://doi.org/10.1177/1535370215591828
https://doi.org/10.1136/jitc-2020-001684
https://doi.org/10.1136/jitc-2020-001684
https://doi.org/10.1136/jitc-2020-001684
https://www.ncbi.nlm.nih.gov/books/NBK10056/
https://www.ncbi.nlm.nih.gov/books/NBK10056/
https://www.ncbi.nlm.nih.gov/books/NBK10056/
https://www.ncbi.nlm.nih.gov/books/NBK10056/
https://www.ncbi.nlm.nih.gov/books/NBK10056/
http://dx.doi.org/10.1007/978-1-59745-347-9_1
http://dx.doi.org/10.1007/978-1-59745-347-9_1
http://dx.doi.org/10.1007/978-1-59745-347-9_1
http://dx.doi.org/10.1007/978-1-59745-347-9_1
https://pubmed.ncbi.nlm.nih.gov/11243467/
https://pubmed.ncbi.nlm.nih.gov/11243467/
https://doi.org/10.1016/j.bbrc.2015.06.160
https://doi.org/10.1016/j.bbrc.2015.06.160
https://doi.org/10.1016/j.bbrc.2015.06.160
https://doi.org/10.1016/j.bbrc.2015.06.160
https://doi.org/10.1016/j.bbrc.2015.06.160
https://doi.org/10.1186/s13287-020-02085-9
https://doi.org/10.1186/s13287-020-02085-9
https://doi.org/10.1186/s13287-020-02085-9
https://doi.org/10.1186/s13287-020-02085-9
https://doi.org/10.1186/s13287-020-02085-9
https://doi.org/10.1186/s13287-020-02085-9
https://doi.org/10.1359/jbmr.2003.18.9.1695
https://doi.org/10.1359/jbmr.2003.18.9.1695
https://doi.org/10.1359/jbmr.2003.18.9.1695
https://doi.org/10.1359/jbmr.2003.18.9.1695

