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Despite the brilliant bioactive performance of tantalum as an orthopedic biomaterial verified through laboratory researches and
clinical practice in the past decades, scarce evidences about the essential mechanisms of how tantalum contributes to
osteogenesis were systematically discussed. Up to now, a few studies have uncovered preliminarily the biological mechanism of
tantalum in osteogenic differentiation and osteogenesis; it is of great necessity to map out the panorama through which
tantalum contributes to new bone formation. This minireview summarized current advances to demonstrate the probable
signaling pathways and underlying molecular cascades through which tantalum orchestrates osteogenesis, which mainly contain
Wnt/f3-catenin signaling pathway, BMP signaling pathway, TGF-f signaling pathway, and integrin signaling pathway. Limits of
subsistent studies and further work are also discussed, providing a novel vision for the study and application of tantalum.

1. Introduction

Tantalum (Ta), a refractory metal, was well-known for its
excellent biocompatibility, corrosion resistance, and bioac-
tivity, making Ta a desirable biomaterial for medical applica-
tions [1-4]. Since the introduction of trabecular metal (TM),
a novel porous Ta implant for acetabular cups, by Zimmer
(Warsaw, IN, USA) in the early 21st century, porous tanta-
lum implants have been widely applied in bone and joint
reconstruction surgery, with more than 800,000 TM used as
early as in 2012 [5-7].

Despite these inspiring advantages of Ta, orthopaedic
implants made of titanium (Ti) and its alloys are still the
prominent choice for orthopedists [8, 9]. As such, many
in vitro, in vivo, and clinical studies were carried out to com-
pare the biological performance of Ta and Ti, synergistically
demonstrating the better osteogenic property of tantalum with
higher expression of osteogenic indicators in Ta group [10-
12]. These osteogenic indicators included alkaline phospha-
tase (ALP), cellular mineralization, type I collagen (COL I),
osteocalcin (OCN), and osteopontin (OPN). The outstanding
osteogenic performance of Ta intrigued researchers and

induced them to explore the underlying mechanisms. Bone
regeneration was an intricate process that involves the activa-
tion or inhibition of multiple signaling pathways rather than
simple reflection [13, 14]. In recent years, it has been revealed
that Ta was associated with a great deal of classical osteogenic
signaling pathways, as summarized in Table 1, including the
Wnt/p-catenin signaling pathway [15], transforming growth
factor-beta (TGF-f) and bone morphogenic proteins (BMPs)
signaling pathway [16-19], mitogen-activated protein kinases
(MAPKSs) signaling pathway [20, 21], and integrin signaling
pathway [22, 23]. The higher expression of critical molecules
of the osteogenic signaling pathways in the Ta group, as com-
pared with the Ti group, demonstrated that Ta could exert an
active effect on multiple signaling pathways related to osteo-
genesis [24]. However, even though great progress was made
in the exploration of osteogenic mechanisms of Ta, no reviews
summarizing the advances were published yet. Much further
research remains to be done; therefore, it could assume great
significance to map out the panorama of the complex osteo-
genic mechanisms of Ta. In this review, we constructed a
panorama consisting of multiple osteogenic signaling path-
ways activated by Ta according to the published studies,
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TaBLE 1: Summary of critical molecules and signaling pathway activated by Ta in osteogenesis.

Studies Targeted molecules Signaling pathways Biological effect

Wauthle et al. [11], Kaivosoja et al. [25], Lu et al. BMP2, BMP3, BMP4, BMP/Smad/Runx Promote osteogenic differentiation

[26], Hefni et al. [27]
Shi et al. [16], Hefni et al. [27]
Sollazzo et al. [28], Shi et al. [16]

BMP5, BMP7
TGE-f2, TGF-$33
WISP3, f3-catenin

and osteogenesis
TGF-f/Smad/Runx
Wnt/S-catenin

Promote osteogenic differentiation
Promote osteogenesis
Promote osteogenic differentiation

Lu et al. [22], Zhu et al. [29] Integrin a5/f31, FAK Integrin/ERK1/2 and osteogenesis
Wang et al. [30], Sollazzo et al. [28] ROS, MAP3K2 MAPK Promote osteogenesis
Wu et al. [17], Shi et al. [16] OPG, RANKL OPG/RANKLRANK L romote osteogenesis and inhibit
osteoclastogenesis
Stiehler et al. [31] ATM, ATR p53 signaling Promote osteogenic differentiation
pathway
Kang et al. [32] LC3B, P62 Autophagy Promote proliferation

pointed out the limits of existing studies and outlined the
tuture work, providing a novel vision for the study and appli-
cation of tantalum.

2. Osteogenesis Signaling Pathways
Related to Ta

2.1. TGF-f3 Superfamily. TGF-f superfamily consists of
BMPs subgroup, TGF-fs, activin, osteoprotegerin (OPG),
receptor activator for nuclear factor-x B ligand (RANKL),
and receptor activator for nuclear factor-x B (RANK) [33,
34]. TGF-3 superfamily members could bind the transmem-
brane heteromeric receptor complex comprising two kinds of
receptors (type I and type II), thereby modifying intracellular
proteins and molecules, the classical small mothers against
decapentaplegic (Smad) complex pathway and MAPK cas-
cade, to regulate gene expression [35]. TGF-f superfamily
not only plays an important role in the intramembranous
and endochondral ossification during the embryonic period
but also orchestrates osteogenesis and osteolysis through
regulating osteoblast and osteoclast [17, 18, 36, 37].

2.1.1. TGF-f3 Signaling Pathway. There are three conforma-
tions of TGF-fs, namely, TGF-f1, TGF-f32, and TGF-f33,
and there are two kinds of TGF-f receptors, namely, type I
and type II TGF-f3 receptor (TSRI or ALKS5, TBRII) [38]. In
the classical TGF-f signaling pathway, the TGF-fs firstly
interact with TGF-p receptor complex comprising two TSRIs
and two TpRIIs, and then, the TBRII phosphorylates the
TPRI, activating the receptor-activated Smads (R- Smads),
Smad2 and Smad3 successively [17]. Smad2/3 binds to the
common Smad (Co-Smad), Smad4, to form a complex and
move into the nucleus, and then the complex interacts with
other molecules to control gene expression. TGF-fs can also
act through the nonclassical TGF-f signaling pathway, also
known as non-Smad-dependent pathway, in which binding
of TGEF-fs with the receptor complex results in phosphoryla-
tion of TGF-f activation kinasel (TAK1), thereby activating
the MAP kinase kinase 3/6 (MKK3/6)/p38 signaling pathway,
or extracellular signal-regulated kinase (ERK) signaling path-
way [20, 39].

Shi et al. [16] cocultured human bone mesenchymal stem
cells (hBMSCs) on Ta and titanium (Ti) disc, respectively,
and observed higher expression of ALP and calcium nodules
in hBMSCs cultured on Ta disc. Meanwhile, the expression
of Smad3, a critical protein involved in the activation of the
TGF-f/Smads signaling pathway, was significantly higher
in the Ta group after 21 and 28 days of culturing. As shown
in Figure 1, Smad2/3 triggered by Ta interacts with Smad4
and translocates into the nucleus, thereby activating osteo-
genic genes such as Runt-related transcription factor 2
(Runx2) to promote osteogenesis. For further verification, a
pretreatment with a specific inhibitor of Smad3 (SIS3) was
applied to inhibit the TGF-3/Smad signaling pathway. Inter-
estingly, the productions of ALP and calcium nodules
reduced gradually with the increase of SIS3, which demon-
strated that Ta might stimulate osteogenesis through activat-
ing the TGF-B/Smad signaling pathway. Similarly, Hefni
et al. implanted porous tantalum trabecular metal (PTTM)
(Zimmer Biomet, USA) and Ti cylinders into bilateral man-
dibles of osteopenic patients [27], finding the up-regulation
of TGF-f33 and TGF-32 in the Ta group at mRNA level, as
compared to the Ti group. These results indicated synergisti-
cally that Ta could promote osteogenesis through the TGF-f3
signaling pathway [40-43].

2.1.2. BMP Signaling Pathway. BMPs account for the largest
subgroup of the TGF-f superfamily, and the BMP signaling
pathway is one of the most famous signaling pathways related
to osteogenesis [44]. The binding of BMPs with two homo-
meric type II receptors activates the type I receptor [45, 46],
thereby inducing the formation of the complex consisting of
specific R-Smad (Smad1/5/8) and the C-Smad (Smad4). The
formed complex is then translocated into the nucleus to regu-
late the activity of osteogenic genes [47].

Lu et al. [19] cocultured BMSCs derived from ovariecto-
mized rats (OVX-rBMSCs) with Ta and Ti, respectively, and
found better osteoinduction in the Ta group. The higher
expression of Smadl, Runx2, and BMP2 in the Ta group
was detected by RT-PCR and Western blot (WB), as com-
pared with that of Ti, indicating that Ta may trigger the
BMP2/Smad/Runx2 cascade [19]. As depicted in Figure 1,
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FI1GURE 1: The panorama of osteogenesis signaling pathways involving Ta. OPG: osteoprotegerin; RANKL: receptor activator for nuclear
factor-x B Ligand; RANK: receptor activator for nuclear factor-x B; FAK: focal adhesion kinase; PI3K: phosphatidylinositol 3-kinase; ERK:
extracellular signal regulated kinase; Smad: small mothers against decapentaplegic; TGF-f3: transforming growth factor-beta; BMP: bone
morphogenic proteins; MAPK: mitogen-activated protein kinase; GSK3: glycogen synthase kinase 3; APC: adenomatous polyposis coli;
Axin: axis inhibition protein; Runx2: runt-related transcription factor 2; ATM: ataxia telangiectasia mutated; ATR: ATM-Rad3-related;
LRP4/5/6: low density lipoprotein receptor-related proteins 4/5/6; DVL: disheveled; ROS: reactive oxygen species; mTOR: mammalian

target of replication.

BMP2 activated by Ta could induce the excitation of the tet-
rameric receptor complex and transduced the signals to the
intracellular Smad1/5/8 complex, which could get into the
nucleus and combine with Smad4 and then regulates the
transcription of Runx2. And in further research, both
down-regulation of BMP2 and Smadl and up-regulation of
BMP2 could lead to a corresponding change of down-
stream genes, Runx2 and ALP conformably, confirming the
activation of the BMP signaling pathway again. It is worth
noting that hBMSCs cultured on Ta exhibited enhanced oste-
ogenesis with higher expression of Smadl and Runx2 as
compared to those cultured on other stiff materials, such as
Ti, diamond-like carbon (DLC), and chromium [25]. In
addition, Hefni et al. [27] implanted PTTM into mandibles
of osteopenic patients to assess the osteoinductivity of Ta;
up-regulation of BMP4 was observed at 2 weeks after implan-
tation. And Bencharit et al. [10] reported better bone defects
repair, as well as higher expressions of BMP 3, 4, 5, 7 in the
Ta group than that of the Ti alloy group. Besides pure Ta
implants, Ta coating on polyetheretherketone (PEEK) by
plasma spray was also reported to enhance osteogenic prop-
erties of PEEK implants, with higher expression of BMP2 and
Runx2 gene than that of the noncoated PEEK group [19, 26].
These in vitro/vivo studies demonstrated the excellent osteo-
genic property of Ta and revealed that Ta might stimulate the
BMP signaling pathway to promote osteogenesis, especially
BMP2/Smadl/Runx2 cascade.

2.1.3.  OPG/RANKL/RANK  Signaling Pathway. The
OPG/RANKL/RANK regulatory system is a coin orchestrat-
ing osteogenesis and osteolysis, and all of the three critical
molecules belong to the TGF-  superfamily [48]. The combi-
nation and interaction between RANKL and RANK could
induce osteoclastogenesis, while OPG competes with RANK
to bind RANKIL, thereby inhibiting the formation of osteo-
clasts and bone resorption [49]. As such, a low ratio of
RANKL/OPG is generally regarded as the mark of osteogen-
esis [50, 51]. Lu et al. [19] found that OVX-rBMSCs seeded
on the Ta sheets exhibited lower expression of RANKL and
higher expression of OPG than that of the Ti group at mRNA
level, indicating the osteogenesis potential of Ta through
OPG/RANKL/RANK signaling pathway. And Shi et al.
found that ym-scale tantalum powder could inhibit preos-
teoclast cell proliferation and differentiation remarkably, as
compared with Ti powder [16]. These studies revealed that
Ta has the potential to inhibit osteoclastogenesis and pro-
mote osteogenesis.

2.2. Wnt/B-Catenin Pathway. Wnt/f-catenin pathway is
involved in body development and growth, especially bone
metabolism [15, 52, 53]. Under normal conditions, the f3-
catenin connects with glycogen synthase kinase 35 (GSK3p),
adenomatous polyposis coli (APC), and axis inhibition protein
(Axin) to form a degradative complex, which is degraded
through the targeting effect of Axin to the proteasome. When



the Wnt ligands bind the transmembrane receptors, low-den-
sity lipoprotein receptor-related proteins 4/5/6 (LRP4/5/6)
and Frizzled, the sensitized LRP4/5/6 recruits Axin derived
from the degradative complex. The absence of Axin results
in the disassembly of the degradative complex under the influ-
ence of disheveled (DVL) and gives rise to the release and
accumulation of f-catenin in the cytoplasm. Accumulative
B-catenin gets into the nucleus and regulates transcription of
osteogenesis relevant genes [15].

Shi et al. [16] found that hBMSCs seeded on Ta discs
expressed a higher level of -catenin, as compared to Ti discs
with the same surface topography. Meanwhile, they also
found a higher expression of downstream genes of the Wnt/3
signaling pathway in the Ta group, including secreted phos-
phoprotein 1 (Sppl), alkaline phosphatase, liver/bone/kidney
(ALPL), Runx2, Axin2, and C-myc. However, it deserves
consideration that the upregulation was also observed in
the expression of Smad6 which was reported to compete with
Smad1/5/8 to suppress the formation of Smad4-Smad1/5/8
complex [21, 54]. Additionally, the change of genes expres-
sion of the osteoblast-like cell line (MG63) in response to
pm-scale tantalum powder was evaluated through DNA
microarrays, and the result suggested that Ta enhanced the
expression of Wntl signaling pathway protein 3 (WISP3)
which plays an important positive role in Wnt/[3-catenin sig-
naling pathway [28]. These studies synergistically demon-
strated that Ta may induce osteogenesis by triggering the
Wnt/f-catenin signaling pathway [16].

2.3. Integrin Signaling Pathway. Integrin, a transmembrane
adhesion protein, consists of /8 heterodimer and is respon-
sible for mediating the cell-matrix and cell-cell interaction
[23]. The binding of integrin and its ligands leads to the
phosphorylation of integrin and recruitment of focal adhe-
sion kinase (FAK) in the cytoplasm. Then, the FAKs activate
the phosphatidylinositol 3-kinase (PI3K) or ERK1/2 to regu-
late the downstream genes [55]. Integrin is also implicated
with osteogenesis; moreover, several integrins, such as integ-
rin av/B1, @231, and a5f31, have been reported to play a crit-
ical role in osteogenesis [23, 56-59].

As such, some researchers have tried to explore whether
Ta could promote osteogenesis through the integrin signaling
pathway. Lu et al. [22] found that mirror polished Ta
enhanced the expression of integrin a5, integrin 31, ERK1/2,
and Runx2 of rBMSCs at both protein and mRNA level, as
compared with that of Ti. And they also found that inhibition
of integrin a5, 31, and ERK 1/2 by siRNA resulted in down-
regulation of downstream genes and impaired osteogenesis;
overexpression of integrin a5 and f31 resulting from coding
sequence could promote osteogenesis, and this effect could
be subsequently counteracted by inhibition of ERK1/2. Analo-
gously, Ta coating on Ti was reported to be able to enhance the
expression of FAK which plays an important role in the integ-
rin signaling pathway [29]. Increased expressions of integrin
receptors, such as ITGAI, ITGA2, and ITGFGBI were also
observed in PTTM explanted from mandible of osteoporotic
patients at 2 and 4 weeks after implantation [27]. All of these
studies implied that Ta may promote osteogenesis through
the integrin/ERK1/2/Runx2 pathway, as delineated in Figure 1.
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2.4. Others. Besides the above-mentioned signaling pathways,
Ta was reported to promote osteogenic differentiation and
osteogenesis via some other mechanisms, such as the MAPK
signaling pathway mediated by oxidative stress [28, 30], acti-
vation of the angiogenic specific gene [10], and even autoph-
agy relevant mechanism [32].

Reactive oxygen species (ROS), also known as free radi-
cals, are small molecules derived from oxygen and are
involved with various biological processes, for instance, the
differentiation of BMSCs [60, 61]. Wang et al. [30] found that
primary osteoblasts of diabetic rabbits cultured on Ta-coated
Ti exhibited better osteogenesis performance and a lower
expression of ROS and p38, in comparison to pure Ti. With
the addition of ROS inhibitor (NAC) or p38 inhibitor
(SB203580), it was further confirmed that this difference was
attributed to excessive ROS derived from mitochondrial and
resultant overactivation of p38 in the Ti group, suggesting that
Ta enhanced osteogenesis through inhibiting the overexpres-
sion of ROS-mediated MAPK pathway. Similarly, Lu et al.
[19] also observed a lower level of ROS from OVX-rBMSCs
cultured on Ta than that of the Ti group. Sollazzo et al. [28]
reported that MAP3K2, a molecule in the upstream of the
MAPK pathway, was up-regulated in MG63 cocultured with
tantalum powder. These findings indicated that Ta may pro-
mote osteogenesis through the oxidative stress-mediated
MAPK pathway, as depicted in Figure 1.

Osteogenesis was coupled with the angiogenesis of a spe-
cific vessel subtype (CD31™Emcn™) [62-64]. When implanted
into the human mandible, PTTM enhanced significantly the
expressions of specific genes accounting for angiogenesis, as
compared to titanium alloy, implying that Ta may initiate
the coupling process of osteogenesis and angiogenesis [3]. It
was interesting that the Ta nanoparticles (Ta-NPs) could be
phagocytized by osteoblasts and improve the proliferation
ability of osteoblasts [32]. And the whole-genome expression
analysis (WGEA) of hBMSCs, cultured on ultrasmooth Ta
and Ti, showed that Ta deregulated the expression of
upstream genes of p53 signaling pathway, including ataxia tel-
angiectasia mutated (ATM) and ATM-Rad3-Related (ATR)
which play important roles in osteogenesis [31, 65]. Moreover,
it was also reported that Ta could inhibit the expression of
PI3K, an important component of mammalian target of repli-
cation (mTOR) signaling pathway, to participate in the regula-
tion of bone metabolism [31].

3. Summary and Personal Perspective

Porous Ta has been extensively applied as orthopaedic
implants due to its excellent biocompatibility, corrosion
resistance, and osteogenesis capacity. The focus of this review
is to sketch out an osteogenesis panorama of Ta on the basis
of current publications. At present, the underlying signaling
pathways through which Ta induced osteogenesis were pre-
liminarily discovered, such as Wnt/f3-catenin, BMP, TGF-f3,
and integrin signaling pathways. The integration of these
mechanisms would provide a novel insight into the study
and application of Ta as orthopedic implants. To our best
knowledge, this is the first review summarizing the mecha-
nisms of Ta in osteogenesis.
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It is well-known that the biological performance of ortho-
pedic implants mainly depends on the inherent properties and
surface topography (structures and morphologies) [66, 67];
the different surface topography of the implants may mask
the authentically intrinsic osteoinductivity [68]. Therefore, it
deserves consideration that studies exploring the underlying
mechanisms of Ta in osteogenesis usually employed materials
with a highly smooth surface or powders knowingly to elimi-
nate the influence of topography [69, 70].

There were complex cross-talking and interactions
throughout different signaling pathways, and the involved
pathways regulated each other positively or negatively. Simi-
larly, there was cross-talking in the signaling pathways trig-
gered by Ta. For example, osteogenic differentiation was
involved in different signaling pathways activated by Ta,
and f-catenin activated by Ta not only enhanced the tran-
scription of Runx2 but also induced the expression of Smad6
which was reported to be a negative feedback regulator of
BMP signaling pathway [54]. Ta may trigger the regulatory
loop of BMPs signaling in bone formation since BMP3 initi-
ated by Ta was able to activate Smad2/3, and this could
antagonize the osteogenic capacity of other BMPs by inhibit-
ing the formation of Smad1/5/8 complex [71].

Of course, we must acknowledge that there are some dis-
crepant reports. Chen et al. [72] demonstrated that Ta could
influence the biological performance of cells by producing
ROS, which was inconsistent with that of Wang et al. [30].
This may be attributed to the methods of manufacturing Ta
samples because bioactivity of biomaterial was associated
closely with manufacturing methods. The upregulation of
BMP2 was observed at 2 weeks after implantation of PTTM,
but downregulation was also observed at 4 weeks. This may
be because Ta regulated BMP2 expression by special spatial-
temporal rule. Some researchers propounded some latent fac-
tors accounting for the osteoinductive capacity of Ta. Miyaza
et al. reported that the deposition of bone-like mineralization
on the Ta surface was due to the presence of the Ta-OH struc-
ture [73]. Appropriate hydrophilicity and water contact angle
were also regarded as crucial factors for the bioactivities of Ta
[74]. It was also reported that the osteogenic property of Ta
may result from its distinct elastic modulus [75, 76], because
appropriate elastic modulus could conduct the osteogenic dif-
ferentiation by triggering the integrins [77].

Even though several studies illuminated the underlying
osteogenesis mechanisms of Ta applying some classical signal-
ing pathways, some limits are also worth pondering. First of
all, subsistent studies explored the signaling pathways trig-
gered by Ta just in preliminary, and some mechanisms were
not stated in detail; further in-depth researches for specific
mechanisms remain to be done. Secondly, there were no pub-
lications investigating whether Ta promotes osteogenesis
through other classical pathways associated with bone remold-
ing, such as insulin signaling pathway or NOTCH signaling
pathway, because there are complex cross-talking between
these signaling pathways [62, 78, 79].

In the future, studies about mechanisms of Ta on osteo-
genesis should be more comprehensive, in detail and in-
depth, and the influence of Ta on osteolysis deserves atten-
tion. It is of great significance to investigate the transducing

from the mechanical signal of Ta to biological signal, which
has been a hot topic in the field of biomaterials currently
[76, 80, 81]. There is still a long way to go to explore the
mechanisms clearly.

4. Conclusion

In recent years, our understanding of the osteogenic action of
Ta has remarkably advanced. Current evidence from pub-
lished studies revealed that Ta modulates osteogenesis through
regulation of the Wnt/f-catenin signaling pathway, BMP sig-
naling pathway, TGF-f signaling pathway, and integrin sig-
naling pathway. These studies give essential explanations to
the phenomenon that Ta induces osteogenesis.

Conflicts of Interest

The authors have no competing interests.

Authors’ Contributions

Y Hu and P Lei conceived the original ideas of this manu-
script. H Qian, T Lei, and Z Ye executed the literature
retrieval in various databases. H Qian, Z Ye, and T Lei drafted
the original manuscript. H Qian and T Lei prepared the fig-
ure and table. Y Hu and P Lei reviewed the finished manu-
script and executed supervision throughout the process. All
authors have read and approved the manuscript. Hu Qian
and Ting Lei contributed equally to this work.

References

[1] Y. Guo, K. Xie, W. Jiang et al., “In vitro and in vivo study of
3D-printed porous tantalum scaffolds for repairing bone
defects,” Acs Biomaterials Science ¢ Engineering, vol. 5,
no. 2, pp. 1123-1133, 2018.

[2] D. Fraser, G. Mendonca, E. Sartori, P. Funkenbusch, C. Ercoli,
and L. Meirelles, “Bone response to porous tantalum implants
in a gap-healing model,” Clinical oral implants research,
vol. 30, 2019.

[3] Q. I A.N.WANG, H. U.I. ZHANG, Q.I.].I. A. LT et al., “Bio-
compatibility and osteogenic properties of porous tantalum,”
Experimental and therapeutic medicine, vol. 9, no. 3,
pp. 780-786, 2015.

[4] C.Yang,].Li, C. Zhu et al., “Advanced antibacterial activity of
biocompatible tantalum nanofilm via enhanced local innate
immunity,” Acta biomaterialia, vol. 89, pp. 403-418, 2019.

[5] J. Wegrzyn, K. R. Kaufman, A. D. Hanssen, and D. G. Lewal-
len, “Performance of porous tantalum vs. titanium cup in total
hip arthroplasty: randomized trial with minimum 10-year fol-
low-up,” The Journal of arthroplasty, vol. 30, no. 6, pp. 1008-
1013, 2015.

[6] G. A. Macheras, K. Kateros, S. D. Koutsostathis, G. Tsakotos,
S. Galanakos, and S. A. Papadakis, “The Trabecular Metal
Monoblock acetabular component in patients with high con-
genital hip dislocation,” The Journal of bone and joint surgery
British volume, vol. 92-B, no. 5, pp. 624-628, 2010.

[7] G.S. Matharu, A. Judge, D. W. Murray, and H. G. Pandit,
“Trabecular metal versus non-trabecular metal acetabular
components and the risk of re-revision following revision total



(10]

(11]

(12]

[13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

hip Arthroplasty,” The Journal of bone and joint surgery Amer-
ican volume, vol. 100, no. 13, pp. 1132-1140, 2018.

M. F. Kasparek, M. Topker, M. Lazar et al., “Dual-energy CT
and ceramic or titanium prostheses material reduce CT arti-
facts and provide superior image quality of total knee arthro-
plasty,” Knee surgery, sports traumatology, arthroscopy :
official journal of the ESSKA, vol. 27, no. 5, pp. 1552-1561,
2019.

C. Yoon, M. J. Chang, C. B. Chang, M. K. Song, J. H. Shin, and
S. B. Kang, “Medial tibial periprosthetic bone resorption and
its effect on clinical outcomes after total knee arthroplasty:
cobalt-chromium vs titanium implants,” The Journal of
arthroplasty, vol. 33, no. 9, pp. 2835-2842, 2018.

S. Bencharit, T. Morelli, S. Barros et al., “Comparing initial
wound healing and osteogenesis of porous tantalum trabecular
metal and titanium alloy materials,” The Journal of oral
implantology, vol. 45, no. 3, pp. 173-180, 2019.

R. Wauthle, J. van der Stok, S. Amin Yavari et al., “Additively
manufactured porous tantalum implants,” Acta biomaterialia,
vol. 14, pp. 217-225, 2015.

A. Bandyopadhyay, I. Mitra, A. Shivaram, N. Dasgupta, and
S. Bose, “Direct comparison of additively manufactured porous
titanium and tantalum implants towards in vivo osseointegra-
tion,” Additive Manufacturing, vol. 28, pp. 259-266, 2019.

L. F. Bonewald, “The amazing osteocyte,” Journal of Bone and
Mineral Research, vol. 26, no. 2, pp. 229-238, 2011.

T. Nakashima, M. Hayashi, T. Fukunaga et al., “Evidence for
osteocyte regulation of bone homeostasis through RANKL
expression,” Nature medicine, vol. 17, no. 10, pp. 1231-1234,
2011.

P. Duan and L. F. Bonewald, “The role of the wnt/f3-catenin
signaling pathway in formation and maintenance of bone
and teeth,” The international journal of biochemistry & cell
biology, vol. 77, no. Part A, pp. 23-29, 2016.

L.-Y. Shi, A. Wang, F.-Z. Zang, ]. X. Wang, X. W. Pan, and H. J.
Chen, “Tantalum-coated pedicle screws enhance implant inte-
gration,” Colloids and Surfaces B-Biointerfaces, vol. 160,
pp. 22-32, 2017.

M. Wu, G. Chen, and Y. P. Li, “TGF-f3 and BMP signaling in
osteoblast, skeletal development, and bone formation, homeo-
stasis and disease,” Bone research, vol. 4, no. 1, 2016.

G. Chen, C. Deng, and Y. P. Li, “TGF-f3 and BMP signaling in
osteoblast differentiation and bone formation,” International
journal of biological sciences, vol. 8, no. 2, pp. 272-288, 2012.
M. M. Ly, P.S. Wu, X. J. Guo, L. L. Yin, H. L. Cao, and D. Zou,
“Osteoinductive effects of tantalum and titanium on bone
mesenchymal stromal cells and bone formation in ovariecto-
mized rats,” European review for medical and pharmacological
sciences, vol. 22, no. 21, pp. 7087-7104, 2018.

M. B. Greenblatt, J. H. Shim, and L. H. Glimcher, “Mitogen-
activated protein kinase pathways in osteoblasts,” Annual
review of cell and developmental biology, vol. 29, no. 1,
pp. 63-79, 2013.

A. Schindeler and D. G. Little, “Ras-MAPK signaling in osteo-
genic differentiation: friend or foe?,” Journal of Bone and Min-
eral Research, vol. 21, no. 9, pp. 1331-1338, 2006.

M. Lu, X. Zhuang, K. Tang et al., “Intrinsic surface effects of
tantalum and titanium on integrin a551/ ERK1/2 pathway-
mediated osteogenic differentiation in rat bone mesenchymal
stromal cells,” Cellular Physiology and Biochemistry, vol. 51,
no. 2, pp. 589-609, 2018.

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

BioMed Research International

P.J. Marie, E. Hay, and Z. Saidak, “Integrin and cadherin sig-
naling in bone: role and potential therapeutic targets,” Trends
in endocrinology and metabolism: TEM, vol. 25, no. 11,
pp. 567-575, 2014.

W. Zheng, X. Gu, X. Sun, Q. Wu, and H. Dan, “FAK mediates
BMP9-induced osteogenic differentiation via Wnt and MAPK
signaling pathway in synovial mesenchymal stem cells,” Artifi-
cial cells, nanomedicine, and biotechnology, vol. 47, no. 1,
pp. 2641-2649, 2019.

E. Kaivosoja, S. Myllymaa, Y. Takakubo et al., “Osteogenesis of
human mesenchymal stem cells on micro-patterned surfaces,”
Journal of biomaterials applications, vol. 27, no. 7, pp. 862-871,
2011.

T. Lu, J. Wen, S. Qian et al.,, “Enhanced osteointegration on
tantalum-implanted  polyetheretherketone surface with
bone-like elastic modulus,” Biomaterials, vol. 51, pp. 173-
183, 2015.

E. K. Hefni, S. Bencharit, S. J. Kim et al., “Transcriptomic pro-
filing of tantalum metal implant osseointegration in osteope-
nic patients,” BDJ open, vol. 4, no. 1, 2018.

V. Sollazzo, F. Pezzetti, L. Massari et al., “Evaluation of gene
expression in MG63 human osteoblastlike cells exposed to tan-
talum powder by microarray technology,” The International
journal of periodontics & restorative dentistry, vol. 31, no. 4,
2011.

Y. Zhu, Y. Gu, S. Qiao, L. Zhou, J. Shi, and H. Lai, “Bacterial
and mammalian cells adhesion to tantalum-decorated micro-
/nano-structured titanium,” Journal of biomedical materials
research Part A, vol. 105, no. 3, pp. 871-878, 2017.

L. Wang, X. Hu, X. Ma et al,, “Promotion of osteointegration
under diabetic conditions by tantalum coating- based surface
modification on 3-dimensional printed porous titanium
implants,” Colloids and surfaces B, Biointerfaces, vol. 148,
pp. 440-452, 2016.

C. Stiehler, C. Biinger, R. W. Overall et al., “Whole-genome
expression analysis of human mesenchymal stromal cells
exposed to ultrasmooth tantalum vs. titanium oxide surfaces,”
Cellular and Molecular Bioengineering, vol. 6, no. 2, pp. 199-
209, 2013.

C. Kang, L. Wei, B. Song et al., “Involvement of autophagy in
tantalum nanoparticle-induced osteoblast proliferation,”
International journal of nanomedicine, vol. Volume 12,
pp. 4323-4333, 2017.

Z. Zi, “Molecular Engineering of the TGF-f Signaling Path-
way,” Journal of molecular biology, vol. 431, no. 15,
pp. 2644-2654, 2019.

E. Batlle and J. Massague, “Transforming Growth Factor-f3
Signaling in Immunity and Cancer,” Immunity, vol. 50, no. 4,
pp. 924-940, 2019.

Y. Yuand X. H. Feng, “TGF-f3 signaling in cell fate control and
cancer,” Current opinion in cell biology, vol. 61, pp. 56-63,
2019.

J. L. Crane, L. Xian, and X. Cao, “Role of TGF-f3 signaling in
coupling bone remodeling,” Methods in molecular biology
(Clifton, NJ), vol. 1344, pp. 287-300, 2016.

Y. Tang, X. Wu, W. Lei et al., “TGF-1-induced migration of
bone mesenchymal stem cells couples bone resorption with
formation,” Nature medicine, vol. 15, no. 7, pp. 757-765, 2009.
X. H. Feng and R. Derynck, “Specificity and versatility in TGF-
B signaling through Smads,” Annual review of cell and develop-
mental biology, vol. 21, no. 1, pp. 659-693, 2005.



BioMed Research International

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

S. W. Lee, K. Y. Choi, J. Y. Cho et al., “TGF-beta2 stimulates
cranial suture closure through activation of the Erk-MAPK
pathway,” Journal of cellular biochemistry, vol. 98, no. 4,
pp. 981-991, 2006.

A. Di Luca, M. Klein-Gunnewiek, J. G. Vancso, C. A. van Blit-
terswijk, E. M. Benetti, and L. Moroni, “Covalent binding of
bone morphogenetic protein-2 and transforming growth Fac-
tor-f33 to 3D plotted scaffolds for osteochondral tissue regen-
eration,” Biotechnology journal, vol. 12, no. 12, 2017.

U. Ripamonti, R. M. Klar, R. Parak, C. Dickens, T. Dix-Peek,
and R. Duarte, “Tissue segregation restores the induction of
bone formation by the mammalian transforming growth fac-
tor-f33 in calvarial defects of the non-human primate Papio
ursinus,” Biomaterials, vol. 86, pp. 21-32, 2016.

U. Ripamonti and L. C. Roden, “Induction of bone formation
by transforming growth factor-beta2 in the non-human pri-
mate Papio ursinus and its modulation by skeletal muscle
responding stem cells,” Cell proliferation, vol. 43, no. 3,
pp. 207-218, 2010.

F. Debiais, M. Hott, A. M. Graulet, and P. J. Marie, “The effects
of fibroblast growth factor-2 on human neonatal calvaria oste-
oblastic cells are differentiation stage specific,” Journal of Bone
and Mineral Research, vol. 13, no. 4, pp. 645-654, 1998.

J. W. Lowery and V. Rosen, “Bone morphogenetic protein-
based therapeutic approaches,” Cold Spring Harbor perspec-
tives in biology, vol. 10, no. 4, 2018.

J. W. Lowery and V. Rosen, “The BMP Pathway and Its Inhib-
itors in the Skeleton,” Physiological reviews, vol. 98, no. 4,
pp. 2431-2452, 2018.

A. Oryan, S. Alidadi, A. Moshiri, and A. Bigham-Sadegh,
“Bone morphogenetic proteins: a powerful osteoinductive
compound with non-negligible side effects and limitations,”
BioFactors, vol. 40, no. 5, pp. 459-481, 2014.

Z. Zhou, J. Xie, D. Lee et al., “Neogenin regulation of BMP-
induced canonical Smad signaling and endochondral bone for-
mation,” Developmental cell, vol. 19, no. 1, pp. 90-102, 2010.

Y. Tanaka and T. Ohira, “Mechanisms and therapeutic targets
for bone damage in rheumatoid arthritis, in particular the
RANK-RANKL system,” Current opinion in pharmacology,
vol. 40, pp. 110-119, 2018.

S. Tanaka, “RANKL-Independent Osteoclastogenesis: A Long-
Standing Controversy,” Journal of Bone and Mineral Research,
vol. 32, no. 3, pp. 431-433, 2017.

B. Kovacs, E. Vajda, and E. E. Nagy, “Regulatory effects and
interactions of the Wnt and OPG-RANKL-RANK signaling
at the bone-cartilage interface in osteoarthritis,” International
journal of molecular sciences, vol. 20, no. 18, p. 4653, 2019.

M. V. Deligiorgi, M. I. Panayiotidis, J. Griniatsos, and D. T.
Trafalis, “Harnessing the versatile role of OPG in bone oncol-
ogy: counterbalancing RANKL and TRAIL signaling and
beyond,” Clinical & experimental metastasis, vol. 37, no. 1,
pp. 13-30, 2020.

M. A. Rudnicki and B. O. Williams, “Wnt signaling in bone
and muscle,” Bone, vol. 80, pp. 60-66, 2015.

M. Visweswaran, S. Pohl, F. Arfuso et al., “Multi-lineage differ-
entiation of mesenchymal stem cells - To Wnt, or not Wnt,”
The international journal of biochemistry ¢ cell biology,
vol. 68, pp. 139-147, 2015.

M. Kang, J. Bok, C. C. Deocaris, H. W. Park, and M. H. Kim,
“Hoxc8 represses BMP-induced expression of Smad6,” Mole-
cules and cells, vol. 29, no. 1, pp. 29-33, 2010.

[55]

[56]

(57]

(58]

(59]

(60]

[61]

[62]

[63]

[64]

[65]

(66]

(67]

(68]

(69]

(70]

M. Bachmann, S. Kukkurainen, V. P. Hytonen, and B. Wehrle-
Haller, “Cell Adhesion by Integrins,” Physiological reviews,
vol. 99, no. 4, pp- 1655-1699, 2019.

P. J. Marie, “Targeting integrins to promote bone formation
and repair,” Nature reviews Endocrinology, vol. 9, no. 5,
pp. 288-295, 2013.

Q. Chen, P. Shou, L. Zhang et al,, “An osteopontin-integrin
interaction plays a critical role in directing adipogenesis and
osteogenesis by mesenchymal stem cells,” Stem cells, vol. 32,
no. 2, pp. 327-337, 2014.

Y.-R. V. Shih, K.-F. Tseng, H.-Y. Lai, C.-H. Lin, and O. K. Lee,
“Matrix stiffness regulation of integrin-mediated mechano-
transduction during osteogenic differentiation of human mes-
enchymal stem cells,” Journal of bone and mineral research :
the official journal of the American Society for Bone and Min-
eral Research, vol. 26, no. 4, pp. 730-738, 2011.

O. Fromigué, J. Brun, C. Marty, S. Da Nascimento, P. Sonnet,
and P. J. Marie, “Peptide-based activation of alpha5 integrin
for promoting osteogenesis,” Journal of cellular biochemistry,
vol. 113, no. 9, pp. 3029-3038, 2012.

F. Atashi, A. Modarressi, and M. S. Pepper, “The role of reac-
tive oxygen species in mesenchymal stem cell adipogenic and
osteogenic differentiation: a review,” Stem cells and develop-
ment, vol. 24, no. 10, pp. 1150-1163, 2015.

G. S. Shadel and T. L. Horvath, “Mitochondrial ROS signaling
in organismal homeostasis,” Cell, vol. 163, no. 3, pp. 560-569,
2015.

S. K. Ramasamy, A. P. Kusumbe, L. Wang, and R. H. Adams,
“Endothelial Notch activity promotes angiogenesis and osteo-
genesis in bone,” Nature, vol. 507, no. 7492, pp. 376-380, 2014.

H. Xie, Z. Cui, L. Wang et al., “PDGF-BB secreted by preosteo-
clasts induces angiogenesis during coupling with osteogene-
sis,” Nature medicine, vol. 20, no. 11, pp. 1270-1278, 2014.

A. P. Kusumbe, S. K. Ramasamy, and R. H. Adams, “Coupling
of angiogenesis and osteogenesis by a specific vessel subtype in
bone,” Nature, vol. 507, no. 7492, pp. 323-328, 2014.

N. Artigas, B. Gdmez, M. Cubillos-Rojas et al., “p53 inhibits
SP7/Osterix activity in the transcriptional program of osteo-
blast differentiation,” Cell death and differentiation, vol. 24,
no. 12, pp. 2022-2031, 2017.

R. Olivares-Navarrete, S. L. Hyzy, D. L. Hutton et al., “Direct
and indirect effects of microstructured titanium substrates on
the induction of mesenchymal stem cell differentiation
towards the osteoblast lineage,” Biomaterials, vol. 31, no. 10,
pp. 2728-2735, 2010.

R. M. Hoerth, M. R. Katunar, A. Gomez Sanchez et al., “A
comparative study of zirconium and titanium implants in
rat: osseointegration and bone material quality,” Journal of
materials science Materials in medicine, vol. 25, no. 2,
pp. 411-422, 2014.

S. Di Cio and J. E. Gautrot, “Cell sensing of physical properties
at the nanoscale: mechanisms and control of cell adhesion and
phenotype,” Acta biomaterialia, vol. 30, pp. 26-48, 2016.

L. Li, S. Yang, L. Xu et al., “Nanotopography on titanium pro-
motes osteogenesis via autophagy-mediated signaling between
YAP and f3-catenin,” Acta biomaterialia, vol. 96, pp. 674-685,
2019.

C.E. B. Moura, M. F. Queiroz Neto, J. K. F. S. Braz et al., “Effect
of plasma-nitrided titanium surfaces on the differentiation of

pre-osteoblastic cells,” Artificial organs, vol. 43, no. 8,
pp. 764-772, 2019.



(71]

(72]

(73]

(74]

(75]

[76]

(77]

(78]

(79]

(80]

(81]

Y. Matsumoto, F. Otsuka, J. Hino et al., “Bone morphogenetic
protein-3b (BMP-3b) inhibits osteoblast differentiation via
Smad2/3 pathway by counteracting Smad1/5/8 signaling,”
Molecular and Cellular Endocrinology, vol. 350, no. 1,
pp. 78-86, 2012

M. Chen, S. Hein, D. Q. S. Le et al., “Free radicals generated by
tantalum implants antagonize the cytotoxic effect of doxorubi-
cin,” International journal of pharmaceutics, vol. 448, no. 1,
pp. 214-220, 2013.

T. Miyazaki, H.-M. Kim, T. Kokubo, C. Ohtsuki, H. Kato, and
T. Nakamura, “Mechanism of bonelike apatite formation on
bioactive tantalum metal in a simulated body fluid,” Biomate-
rials, vol. 23, no. 3, pp. 827-832, 2002.

C. Park, Y. J. Seong, I. G. Kang et al., “Enhanced osseointegra-
tion ability of poly(lactic acid) via tantalum sputtering-based
plasma immersion ion implantation,” ACS applied materials
& interfaces, vol. 11, no. 11, pp. 10492-10504, 2019.

C. Chen, Y. Li, M. Zhang, X. Wang, C. Zhang, and H. Jing,
“Effect of laser processing parameters on mechanical proper-
ties of porous tantalum fabricated by laser multi-layer micro-
cladding,” Rapid Prototyping Journal, vol. 23, no. 4, pp. 758-
770, 2017.

D. Benayahu, Y. Wiesenfeld, and R. Sapir-Koren, “How is
mechanobiology involved in mesenchymal stem cell differenti-
ation toward the osteoblastic or adipogenic fate?,” Journal of
cellular physiology, vol. 234, no. 8, pp. 12133-12141, 2018.

M. Sun, G. Chi, J. Xu et al., “Extracellular matrix stiffness con-
trols osteogenic differentiation of mesenchymal stem cells
mediated by integrin «5,” Stem cell research & therapy, vol. 9,
no. 1, p. 52, 2018.

K. Fulzele, R. C. Riddle, D. J. DiGirolamo et al., “Insulin recep-
tor signaling in osteoblasts regulates postnatal bone acquisi-
tion and body composition,” Cell, vol. 142, no. 2, pp. 309-
319, 2010.

M. Ferron, J. Wei, T. Yoshizawa et al., “Insulin signaling in
osteoblasts integrates bone remodeling and energy metabo-
lism,” Cell, vol. 142, no. 2, pp. 296-308, 2010.

C. M. Brennan, K. F. Eichholz, and D. A. Hoey, “The effect of
pore size within fibrous scaffolds fabricated using melt electro-
writing on human bone marrow stem cell osteogenesis,” Bio-
medical materials, vol. 14, no. 6, p. 065016, 2019.

S. Zigon-Branc, M. Markovic, ]. Van Hoorick et al., “Impact of
hydrogel stiffness on differentiation of human adipose-derived
stem cell microspheroids,” Tissue Engineering Part A, vol. 25,
no. 19-20, pp. 1369-1380, 2019.

BioMed Research International



	From the Performance to the Essence: The Biological Mechanisms of How Tantalum Contributes to Osteogenesis
	1. Introduction
	2. Osteogenesis Signaling Pathways Related to Ta
	2.1. TGF-β Superfamily
	2.1.1. TGF-β Signaling Pathway
	2.1.2. BMP Signaling Pathway
	2.1.3. OPG/RANKL/RANK Signaling Pathway

	2.2. Wnt/β-Catenin Pathway
	2.3. Integrin Signaling Pathway
	2.4. Others

	3. Summary and Personal Perspective
	4. Conclusion
	Conflicts of Interest
	Authors’ Contributions

