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Abstract: Diabetes Mellitus is a systematic disease with complications in multi-organs, including decreased implant

osseointegration and a high failure rate of dental transplants. Accumulating evidence indicates that the signaling

pathway directly impacts the process of bone metabolism and inflammatory response implicated with dental implants

in diabetic patients. This review summarizes the recent advance in signaling pathways regulate osseointegration and

inflammatory response in dental transplantation, aiming to identify the potential therapeutic target to reduce the

dental transplant failure in diabetes patients, with emphasis on the surface characteristics of the implant,

inflammatory signaling, AMPK, PPARγ, WNT, ROS, and adiponectin signaling.

Abbreviations

T2DM: type 2 diabetes
NTs: nanotubes
H2O2: hydrogen peroxide
APN: adiponectin
ROS: reactive oxygen species
ALP: specific alkaline phosphatase
AGE: advanced glycation end products
PDLSCs: Periodontal ligament stem cells
SLA: acid-etched
HA: hydroxyapatite
Ch-GNPs: chitosan gold nanoparticle
LPS: lipopolysaccharide
RIP3: receptor interaction protein 3
MLKL: lineage kinase domain-like
AMPK: AMP-activated protein kinase

Introduction

Type 2 diabetes (T2DM) is a chronic metabolic disorder
featured by hyperglycemia and insulin resistance. With the
increase in life expectancy and changes towards a sedentary
lifestyle, the global prevalence of diabetes, particularly of
T2DM, has been increased steadily over the past decade
(Hasegawa et al., 2008). It is predicted that by 2040, the

number of diabetes patients worldwide will reach 632 million,
which will be 10% of the total population (Luo et al., 2015).
In general, both types I and II diabetes mellitus (DM)
encounter a high failure rate of dental transplants, especially
with poorly controlled hyperglycemic patients. Accumulating
evidence demonstrated that DM is associated with
periodontitis and decreased implant osseointegration
(McCracken et al., 2000; Oates et al., 2009; Chrcanovic et al.,
2016; Hashiguchi et al., 2014), reflected by loss of bone mass,
inhibition of bone mineralization and reduction of bone
turnover (Farr et al., 2014; Botero et al., 2012). Therefore,
elucidation of the molecular mechanism of hyperglycemia on
bone metabolism will provide guidance for better clinical
practice to stabilize the dental implants in diabetes patients.

Osseointegration is Impaired in Diabetes Patients and
Animal Models

Osseointegration is defined as a direct structural and functional
bone to implant connection without any interposition of a
connective tissue layer (Marx and Garg, 1998; Bryant and
Zarb, 1998). Osseointegration is essential to the long-term
stability of dental implants, and the success rate of implants
in healthy individuals is very high (about 95% to 100%)
(Cakarer et al., 2014). For those with healthy bone
metabolism, the process of osseointegration is normally
initiated and maintained once the titanium implants are
placed into the specific surgical loci (Fontanari et al., 2014).
However, diabetes patients had a higher failure rate of
orthopedic implants (Le et al., 2011; Moraschini et al., 2016;
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Oates et al., 2013; Annibali et al., 2016) mainly caused by
impaired bone regeneration and healing process at the
titanium-bone interface (Zou et al., 2012; Foretz et al., 2010).

The adverse impact of DM on osseointegration of dental
implants had been confirmed by a substantial number of
studies; however, the molecular mechanism behind impaired
bone healing in DM remains largely unknown. One study
pointed out that a hyperlipidemic environment impacted
the osteoblasts function during the osseous formation
process, reflected by suppressed differentiation, proliferation,
and bone-forming capacity of osteoblasts (Fiorellini and
Nevins, 2000). Eventually, these patients suffered from a
lower bone-to-implant contact ratio, which caused an
increased risk of implant failure during osseointegration
(Schlegel et al., 2013; Annibali et al., 2016). In particular,
despite the normal or even high bone mineral density level,
T2 DM patients displayed a surprisingly high risk of
fracture and implant failure (Leslie et al., 2012).

According to the epidemiological data, sex also seems to be
an interference factor for the prevalence of DM. In general, men
showed a slightly higher rate of DM than women, a
phenomenon that is believed to be associated with variation of
insulin sensitivity and regional fat distribution (Gale and
Gillespie, 2001; Glosel et al., 2010) Nevertheless, women tend
to have different and poor prognoses. DM women normally
showed a relatively higher incidence of complications, such as
coronary heart disease, than men (Huxley et al., 2006).
Therefore, the sex difference may also impact bone turnover
and thus the osseointegration in dental transplants.
Menopaused women showed a much rapid bone loss and a
higher prevalence of osteoporosis, which indicated that
estrogen exerted a protective role against bone turnover
(Compston, 2001). Such beneficial effects of estrogen may also
impact the growth of bone tissue during the osseointegration
process in dental transplants. Rather surprisingly, the limited
studies on the impact of sex on overall implant survival rates
showed marginal or even no differences between men and
women (Chrcanovic et al., 2016; French et al., 2015). To
improve health outcomes for both genders, future preclinical
studies need to be conducted, which will accurately reflect the
conditions of males and females.

Currently, animal studies had been generally utilized to
investigate the impact of hyperglycemia on bone metabolism
and osseointegration (King, 2012; Kanazawa et al., 2009;
Krakauer et al., 1995; Shu et al., 2012). Several animal
models had been proved to reflect the natural disease
progression of T2DM and metabolic changes in the bone
tissue, particularly, bone turnover, bone mineral density,
and bone micro-architecture (King et al., 2016). Abnormal
bone metabolism had been reported in DM rats, which
showed impaired bone maturation, sparse bone trabeculae
formation, as well as minimal growth of new bone
compared to normal rats (Lee et al., 2017).

In rats, hyperglycemia reduced bone formation, reflected
by alterations of bone formation marker, such as bone-specific
alkaline phosphatase (bALP osteocalcin) procollagen and type
1 N-terminal propeptide (Shu et al., 2012). Meanwhile,
hyperglycemia also inhibits bone resorption with elevated
serum osteoprotegerin (OPG) and C-terminal telopeptide of
collagen type I (Achemlal et al., 2005; Knudsen et al., 2003).

Hyperglycemia also contributes to the overall deterioration
of bone quality by interfering with the production of
advanced glycation end products (AGEs) (Vashishth, 2007;
Garnero et al., 2006). Accumulating evidence has shown
that AGE not only enhances the osteoclast-related bone
resorption (Miyata et al., 1997) also affects collagen
structure and the subsequent organic bone matrix quality
(Kume et al., 2005), which results in an overall deterioration
in bone quality. The detrimental effects of hyperglycemia on
osteoblast function has also been confirmed in primary
human osteoblasts (Kume et al., 2005).

Regarding bone mass, accumulating evidence suggests that
cortical bone is more profoundly affected in T2DM,
characterized by increased cortical porosity, while the minimal
impact was observed in the trabecular bone (Burghardt et al.,
2010). Such findings had also been confirmed in a diabetic
tibia dental transplant rat model, which showed a similar
preference for cortical bone reduction compared to trabecular
bone reduction around dental implants (Hasegawa et al.,
2008). The reduced bone turnover rate, combined with
alteration of cortical structures and organic matrix, leading to
an overall deterioration of bone quality and resilience.

Surface Characteristics Impact the Success of Dental
Implants in Diabetes

The features of implant surfaces were regarded as one of themost
influential factors for the success of dental implants (Ogle, 2015;
Smeets et al., 2016). Over the past decades, to improve both the
short and long term osseointegration of titanium implants in
diabetes patients, many studies have attempted to stimulate
osseointegration and to stabilize implants, normally via
promoting osteoblast adhesion and enhance new bone
formation, by modifying the titanium alloys (Henningsen et
al., 2018; Smeets et al., 2017; Kim et al., 2008; Liu et al., 2005).

Titanium and its alloys are widely used for orthopedic
implants due to their unique features: high corrosion
resistance, biocompatibility, and mechanical properties
(Tabata et al., 2019). However, implant failure, frequently
caused by improper osseointegration, is a serious
complication that requires repeated surgeries or even implant
removal (Chrcanovic et al., 2014). To tackle such clinical
challenges, researchers have explored potential ways to
modify the surface of the implants with new biomaterial
(Tabata et al., 2019; Ogle, 2015). Nowadays, as many as 1300
different combinations that vary in shape, dimension,
topography, surface material, and chemical features had been
reported (Junker et al., 2009; Ogle, 2015). Specifically, TiO2

nanotubes (NTs) fabricated on titanium implant surfaces by
electrochemical anodization has arisen extensive interest, with
the advantage of their excellent biological properties and
resemblance to bone collagen fibrils in dimensional scale
(Ottria et al., 2018). TiO2-NTs were recently shown to
activate bone cell viability in vitro, enhance implant
osseointegration, and prevent osteoclast genesis (Pellegrini et
al., 2018). In particular, TiO2-NTs may serve as an ideal
delivery vehicle for drugs, including antibacterial materials,
growth factors, and bioactive elements (Souza et al., 2019).
The resulting TiO2-NTs had been shown to exert anti-
bacterial functions as well as facilitating osseointegration
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(Li et al., 2018). Strikingly, TiO2-NTs could also be used as a
unique platform for enabling the slow release of therapeutic
agents in situ (Mi et al., 2017).

To improve the osseointegration in individuals suffering
from metabolic disorders, researchers had been explored
various surface modifications options (Chouirfa et al., 2019).
The sandblasted and acid-etched (SLA) surface
(microroughness of 2.5 mm) provides a moderately rough
structure that is supposed to be attractive for cell attachment.
The hydroxyapatite (HA)-coated surface (microroughness of
5.1 mm) might serve to create a very osteoconductive surface.
These surface modifications had been shown to improve
osseointegration in T2DM rats. In one study, osseointegration
around titanium implants with SLA surface and implants
with an HA-coated surface were compared with that of
machined surface (less than 0.8 mm). Indeed, a substantial
increase in the volume of new bone formation, bone-to-
implant contact, as well as increased surface roughness, were
observed in the 2 implant groups (SLA and HA) compared
with the machined surface implant group. The machined
implants, which had been extensively investigated in the past,
serves as a nice control for evaluating the modern implant
surfaces (Dasmah et al., 2014).

The successful dental implant is not merely evaluated by
the volume of newly formed bone alone, but also determined
by the pattern of new bone formation and bone maturation
(Alenezi et al., 2018). In the T2DM rat model, the SLA and
HA treated group showed more extensive bone formation,
covering the flanks and even the crests of the thread, while
the machined surface group displayed isolated islets of
bones especially within the roots of the threads (Zou et al.,
2012; Wang et al., 2010). Moreover, the bone maturity level
to the whole length of the implants appeared to be in a
better condition in surface-modified groups. Indeed, a
substantial increase of bone-to-implant contact in the
medullary region was reported in the HA coating group
compared to the machined implants in T2DM rats
(Hasegawa et al., 2008; Alenezi et al., 2018).

In addition to the beneficial effects of the mechanical
surface modification, accumulating evidence indicates that
gold nanoparticle, such as chitosan gold nanoparticle (Ch-
GNPs), linked to genes with bioactive characteristics were
excellent tools for facilitating dental implants
osseointegration without provoking an immune response
(Pasparakis and Vandenabeele, 2015; Li et al., 2018; Tsuda
et al., 2012). In dental implant animal models, target
DNA can be conjugated with Ch-GNPs and delivered into
bone cells from titanium surfaces; by this pathway, the
bioactive molecules could exert modulation effect for
bone regeneration.

The stability of the bone implant is determined by the
healing process as well as the local environment of the
bone-interplant interface (Mathieu et al., 2014). Therefore,
several recent studies have been focusing on improving the
osseointegration under diabetes conditions by targeting the
micro-environment of the dental implant, including stem
cell sheet-implant complex (Yu et al., 2011) local insulin
infusion around titanium (Wang et al., 2011) and bioactive
material coating on titanium (Ma et al., 2014; Li et al.,
2015). Diabetes has been shown to exert adverse effects on

the micro-environment of bone metabolism, damages the
bone structure, and increases the risk of fracture (Gilbert
and Pratley, 2015). One study indicated that overproduction
of ROS, as observed in diabetes patients, contribute to the
osteoblast damage on titanium surface (Feng et al., 2013). In
clinical studies, insulin treatment of T2DM demonstrated
beneficial effects on the osseointegration. However, the
beneficial effects of insulin still need further validation in
studies including proper controls, for example, subjects
who have successful dental implants which develop diabetes
in the future.

Signaling Pathways Regulating the Dental Implants in
Diabetic Conditions

RIP3/caspase 8 signaling
Diabetes patients are more susceptible to infection with a
much higher periodontitis rate compared with the general
population. In general, apoptosis and necrosis are regulated
as the two major processes of cell death involved in the
regulation of periodontitis. More recently, necroptosis, a
newly discovered type of cell death, has been identified to be
involved in the pathology of periodontitis (Pasparakis and
Vandenabeele, 2015). Periodontal pathogens may rely on
necroptosis to acquire a constant supply of substrate for
bacteria growth. Meanwhile, the release of DAMPs may
activate the inflammatory response of the immune cells,
causing the breakdown of the periodontal tissue.
Necroptosis can also release the intracellular bacteria into
the extracellular microenvironment, which can facilitate
immunologic recognition and clearance (Li et al., 2018).

Necroptosis can be induced by various stimuli, including
lipopolysaccharide (LPS), the most extensively studied
mediators, Toll-like receptors as well as intracellular RNA
and DNA sensors. Necroptosis requires the activation/
phosphorylation of receptor interaction protein 3 (RIP3).
The process of necroptosis requires RIP3 phosphorylation,
and the downstream protein mixed lineage kinase domain-
like (MLKL) (Tsuda et al., 2012). RIP3-MLKL can induce
necroptosis under LPS stimulation, and it regulates the
immune response in which IL-1β participates through
NLRP3 (an inflammatory corpuscle) (Huang et al., 2009).
Caspase-8, known as the cysteine protease critical in the
regulation of cellular apoptosis, is inactivated in this stage
(Rayamajhi and Miao, 2014). RIP3 can directly strengthen
the inflammatory response through the production of
inflammatory cytokines when the caspase-8 activity remains
weak (Zou et al., 2012).

Recent findings indicate that RIP3/caspase-8-dependent
necroptosis promoted the LPS-induced periodontal
inflammatory microenvironment through enhancing
inflammation. Inhibiting RIP3/caspase-8 plays a protective
role in the biological characteristics of periodontal ligament
stem cells (PDLSCs) (Hao et al., 2013). The osteogenesis
differentiation ability of PDLSCs declined in necroptosis,
which is supposed to be regulated by the RIP3/caspase-8
signaling pathway. After necroptosis occurred, PDLSCs’
osteogenesis ability decreased significantly, while inhibition
of the RIP3/caspase-8 pathway partially recovered the
downward trend (Dinarello, 2011; Hao et al., 2013). In
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addition, inhibiting RIP3/caspase-8 can reduce the
inflammatory reaction and immune characteristics of
PDLSCs (Tsuda et al., 2012). Moreover, PDLSCs could form
new cementum, and inhibiting RIP3/caspase-8 raised
expectation of periodontal regeneration (Yan et al., 2018).
Thus, inhibiting necroptosis by targeting the RIP3/caspase-8
pathway might improve the osseointegration of the dental
transplant in diabetes patients. Given that apoptosis and
necroptosis can be converted to each other, and RIP3 is a
molecular “switch,” the combined inhibition of both
apoptosis and necroptosis might achieve better results for
dental transplant in diabetic conditions.

PPARγ signaling
Diabetes patients encounter decreased bone density and
increased risk of fracture combined with chronic
inflammatory response, PPARγ, a transcription factor which
belongs to the nuclear receptor family, is an important
modulator for glucose homeostasis and inflammatory
response in various tissues (Walton et al., 2015). In the
clinic, PPARγ agonist rosiglitazone and aleglitazar are
generally applied pharmaceuticals for glucose control in
diabetic patients (Lei et al., 2015; Dubois et al., 2017). The
application of PPARγ on dental transplant had been
proved to enhance osseointegration in diabetes rat models
and human cells (Lee et al., 2015; Lee et al., 2013). In
experimental diabetes rat models, PPARγ delivery
stimulated bone adherence on the surface of implants, as
determined by P and Ca deposition onto the target tissue.
PPARγ also facilitated the formation of new bone
trabecular and increase bone mineral density, as indicated
by elevated new bone formation biomarkers including
OPG, BMP-2, BMP-7, and osteocalcin. Moreover, PPARγ
inhibits peri-implantitis and alleviates the production of
inflammatory stimuli (IL-1β, TNF-α, and RANKL). In
summary, these studies pointed out that PPARγ activation
might increase the longevity of the dental implant by
improving the micro-environment of the regional implant
sites in DM patients.

The beneficial effects of PPARγ in dental transplant had
also been attributed to its role in improving diabetic
pathogenesis (Cock et al., 2004; Lei et al., 2015) by reducing
the inflammatory response and oxidative stress.
Diabetes induces chronic inflammation, which impacts the
biological performance of osteoblastic cells on implant
surfaces. PPARγ agonists, such as pioglitazone and
thiazolidinediones, had been used in the clinical practice for
the treatment of DM (Gandhi et al., 2014). It is believed
that PPARγ functions through the modulation of signaling
pathways involved in the insulin signaling and inflammatory
response, such as protein kinase B (AKT) and extracellular-
signal-regulated kinase (EKR) pathways (Banks et al., 2015).
Some studies pointed out that DM impairs osteoblastic
adhesion through the inhibition of AKT phosphorylation/
activation (Hie et al., 2011). Treating cells with PPARγ
agonists had been shown in many studies to activate p-
AMPK signaling as well as p-AKT signaling. The AKT
signal was considered to be involved in the regulation of
self-renewal and maintenance during tissue regeneration
(Sen et al., 2009). Therefore, the induction of regional

PPARγ gene expression may provide a suitable therapeutic
strategy for dental implants in DM.

Of note, despite the beneficial effects of PPARγ agonist
on the dental transplants, studies had also shown that
prolonged administration of thiazolidinediones had an
adverse impact on bone metabolism (Chen et al., 2015;
Schwartz and Sellmeyer, 2007; Adil et al., 2017). In adipose
tissue, inhibition of PPARγ signaling activated the
osteogenic process and enhance bone formation (Li et al.,
2011). In the bone marrow, suppression of PPARγ had also
been reported to stimulate osteogenesis (Smith et al., 2015;
Adil et al., 2017). In contrast, the administration of
rosiglitazone in rodents model stimulated the
osteoblastogenesis and enhanced osteocyte apoptosis, thus
disturb the microstructure of the bone (Mabilleau et al.,
2010; Takada et al., 2009). The PPARγ agonist induced
bone loss was considered to be mediated through the
activation of ERK and P38 pathways (Mieczkowska et al.,
2012). Therefore, caution should be taken regarding the
potential clinical application of PPARγ agonists to improve
the outcome of dental transplants. Further studies also need
to be performed to elucidate the molecular mechanism of
the PPARγ signaling through dental implants.

Adiponectin signaling
Adiponectin (APN), an adipose-derived adipokine with anti-
diabetic efficacies, directly contribute to the maintenance of
mitochondria homeostasis and cellular redox balance,
especially in pathological conditions (Liu et al., 2015; Lin
et al., 2014; Gan et al., 2015; Huang et al., 2014; Zorov
et al., 2014; Takada et al., 2009; Mieczkowska et al., 2012;
Pu et al., 2016). In T2DM, plasma APN concentrations were
substantially decreased (Yu et al., 2015; Kanazawa, 2012;
Khan et al., 2015). Given that diabetes induced
mitochondria malfunction and oxidative stress stimulated
the osteoblasts damage, APN functions to improve bone
metabolism by maintaining mitochondrial function. APN
also stimulated bone formation on titanium surface through
inhibiting the apoptosis of osteoblasts as well as improving
the function of osteoblast (Pu et al., 2016; Chen et al., 2015).
A previous study in a diabetic mouse model showed that
APN treatment alleviates ROS-caused DNA damage
and improves bone regeneration around the titanium (Khan
et al., 2015).

The molecular mechanism of the APN function in the
titanium implant is mainly associated with its function in
regulating bone metabolism. APN had been reported to be
actively involved in the reorganization of the micro-structure
of the bone matrix through stimulating the differentiation of
osteoblasts, inhibition of osteoclast activity and bone
resorption, as well as enhancing tissue repair by mobilization
of bone marrow-derived mesenchymal stem cells (Kanazawa,
2012; Bai et al., 2004; Chen et al., 2015; Yu et al., 2015).
Several signaling pathways had been identified to regulate
bone formation while AMP-activated protein kinase (AMPK)
signaling being the most extensively studied (Katsiki et al.,
2017; Yanai and Yoshida, 2019; Yang et al., 2013). Activation
of AMPK signaling further promoted the osseointegration via
inducing autophagy, mitochondrial formation and fission, as
well as stimulating the antioxidation process (Wu et al., 2014).
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AMPK is generally known as a conserved sensor of
cellular energy status, which is sensitive to the cellular energy
alteration (Yamauchi et al., 2014). AMPK signaling could
switch on the catabolism process in response to stress and
meanwhile switching off biosynthetic pathways to preserve
energy homeostasis (Okada-Iwabu et al., 2013). The function
of AMPK also included promoting mitochondrial
proliferation (Mieczkowska et al., 2012), mediating
mitochondrial fission in response to energy shortage
(Murphy et al., 2016) and eliminating the damaged
mitochondria through autophagy (Yoon et al., 2011). In
diabetic conditions, however, the AMPK level is substantially
inactivated, which contributes to the development of diabetic
complications (Chen and Zweier, 2014; Patti and Corvera,
2010). Such suppression of AMPK signaling contributes to
the mitochondrial dysfunction and defective cellular
antioxidant stress in osteoblasts, which ultimately caused
osteoblasts apoptosis and necrosis (Yoon et al., 2011).

APN, however, could effectively reverse diabetes induce
inhibition of APMK in osteoblasts at the titanium-bone
interface (TBI). APN could also alleviate the mitochondrial
damage and oxidative stress of osteoblasts, thus ameliorating
the diabetes-induced osteoblasts impairment, stimulated
osteoblasts proliferation, and promoted the osseointegration
of titanium.

In addition, APN has also been reported to promote the
osseointegration by modulating the inflammatory response
and angiogenesis. APN had been shown to be negatively
correlated with circulating MCP-1 levels (Yanai and
Yoshida, 2019). In addition, the cardiovascular-protection
effects of APN were also linked to its function of
alleviating inflammatory response and stimulating
angiogenesis (Katsiki et al., 2017). Likewise, the impact of
APN on the osseointegration of titanium in diabetes may
also involve the angiogenesis for tissue repair at the
implant bone interface. APN may function as an important
pharmaceutical target to improve the outcome of dental
implants in diabetic patients.

Recently, adiponectin has been delivered through various
routes into the dental implant loci to promote the
osseointegration of titanium implant and reduce implant
failure in diabetes. In a surgical menopause OVX rat model
that displayed faster bone loss and delayed bone healing,
adenovirus-mediated APN delivery into the dental implants’
area markedly enhanced the new bone formation and
accelerated the osseointegration surrounding the titanium
implants (Yin et al., 2019). In addition, adiponectin had also
been delivered through nanoparticles to the implant site. To
boost the APN expression, chemical compounds, small-
molecule agonists of APN receptors, such as AdipoRon or
microRNA antagonist of APN, had also been tested (Okada-
Iwabu et al., 2013; Yamauchi et al., 2014). It is likely that in
the near future, novel delivery pathways that could mediate
the slow and durable release of APN to the dental implant
site will be available to prevent dental implant failure in
diabetic patients.

ROS signaling
An abnormally high glucose level generates a large amount of
hydrogen peroxide (H2O2) and reactive oxygen species (ROS),

which subsequently stimulates oxidative stress in cells (Yang
et al., 2013). In diabetic patients, especially the uncontrolled
hyperglycemia patients, the excessive amount of ROS
adversely affects the biological function of osteoblasts on
titanium alloy surface, featured by impaired osteoblast
adhesion, decreased cell proliferation and osteoblastic
differentiation, as well as increased apoptosis. Interestingly,
the beneficial effects of PPARγ on osteoblast viability were
also attributed to the attenuation of pathological H2O2 and
NO production (Lee et al., 2015). The ROS induced
disruption of the cellular oxidant-anti-oxidant balance was
considered as the main cause of impaired titanium
osseointegration in DM (Murphy et al., 2016; Yoon et al.,
2011; Chen and Zweier, 2014; Patti and Corvera, 2010;
Zorov et al., 2014). Hyperglycemia-stimulated ROS had
been reported to be associated with various pathways, such
as activation of protein kinase C isoforms and enhancing
the formation of advanced glycation end-product.
Accumulating evidence proved that ROS induce severe
damage to cellular DNA, RNA, and protein, which further
results in the decrease in cell proliferation, differentiation,
and apoptosis (Bai et al., 2004; Xiao et al., 2015).

Dysfunction of mitochondria enhanced the ROS
production and directly impact the differentiation, function,
and survival of osteoclasts, osteoblasts and osteocytes (Jin et
al., 2014; Chen and Zweier, 2014; Gan et al., 2015; Gan et
al., 2014), especially in the diabetic conditions. In contrast,
inhibition of oxidative stress markedly improved bone
metabolism. Alpha-lipoic acid, a potent scavenger for some
ROS, prevented bone loss in various cell and animal models
(Cui et al., 2012). The protective effects of Alpha-lipoic acid
were attributed to its protection against ROS induced
oxidative stress and inflammation by restoring the
endogenous antioxidant defenses and mitigating
inflammation-induced cell death in osteoblasts (Kondo et
al., 2013). Moreover, in the H2O2-induced osteoblast injury
models, modulation of the mitochondrial function via
blockade of Drp1, the major regulator in mitochondrial
fission, suppressed ROS production and subsequently
restored oxidative stress-induced osteoblast dysfunction
(Gan et al., 2015). In summary, mitochondrial dysfunction
induced ROS production might be the main cause of the
impaired osteoblasts osseointegration on TBI.

Wnt signaling
Wnt ligands are a group of secreted proteins with a variety of
functions and expression patterns (MacDonald et al., 2009).
Wnt interacts with receptors that activate several intracellular,
canonical and non-canonical signaling pathways. The
characteristics of canonical Wnt signaling is the stabilization
of the β-catenin in the cytosol (Kulkarni et al., 2006). Wnt/β-
catenin pathways have been proven to control bone
formation and remodeling through promoting osteoblast
proliferation while inhibiting osteoclast activity (Zancan et al.,
2015; Wang et al., 2015). Studies in animal models also
confirmed that activation of Wnt signaling by strontium
significantly enhanced the deposition of extracellular matrix
and bone formation in vivo (Yang et al., 2011).

Given that Wnt signaling functions like a growth factor
for bone formation, it has been proposed that stimulation of
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WNT pathways may improve implant osseointegration. Peri-
implant tissues treated with liposomal Wnt3a showed a
significant up-regulation of collagen type I and ALP.
Moreover, Wnt3a treated sites exhibited more bone-to-implant
contact surface, with mineralized osteoid matrix in close
proximity to the implant surface, thus demonstrating that
transient exposure to WNT3a induces peri-implant cells to
rapidly commit to an osteogenic lineage (Popelut et al., 2010).

Accumulating evidence indicated that diabetes directly
suppressed Wnt/β-catenin signaling in osteoblast, which
subsequently impacts the proliferation, differentiation, and
osteogenesis capacity at the bone-implant interface during
the healing process. It is believed that the compromised
osseointegration and high failure rate of the titanium
implant in diabetes was considered at least partially due to
the impaired Wnt/β-catenin signaling (Ma et al., 2014).
Recent findings suggest the inactivation of the Wnt/β-
catenin signaling in osteoblast is associated with diabetes
induced oxidative stress and ROS overproduction (Ma et al.,
2018). According to these reports, control of Wnt signaling
appears to be a promising therapeutic approach to improve
implant osseointegration in the clinic.

However, Wnt signaling, as a potential inducer for
osteogenesis, has been challenged by some studies. One
study reported that up-regulation of Wnt/β-catenin
signaling, especially the canonical pathway alone, may not
be sufficient for bone matrix development despite its
beneficial effects in bone healing (Kim et al., 2007; de Boer
et al., 2004; Boland et al., 2004). Indeed, as reported in
LRP5 or β-catenin deficient cell and animal models,
depletion of any Wnt mediators could not induce the
complete interruption in osteoblastogenesis, indicating
the presence of a redundant and coordinate network of the
different Wnts (Hill et al., 2005; Chung et al., 2004).
Interestingly, Dkk1 and Dkk2, the inhibitors of WNT
canonical signaling, are essential for the complete
osteoblastic differentiation (Li et al., 2005; van der Horst et
al., 2005; Qiang et al., 2008; Heath et al., 2009). In
summary, Wnt signaling may exert very sophisticated effects
in the regulation of osteoblast differentiation under various
physiological situations (Zhang et al., 2008).

Concluding Remarks

Diabetes Mellitus is a systematic disease with complications in
multi-organs, including the high failure rate of dental
transplants. Signaling pathways directly impact the process
of bone metabolism and inflammatory response associated
with dental implants in diabetic patients. PPARγ, WNT,
ROS, and adiponectin signaling pathways have been
reported as the major pathways modulating the dental
transplant process through improving the general insulin
sensitivity, limiting inflammatory response, or stimulating
bone formation. In addition, those signaling molecules
might also improve the general diabetic conditions in these
patients. For example, PPARγ also involved in energy
metabolism and inflammatory response in adipose tissue,
liver, and skeletal muscle to improve glycemic control.
Therefore, these signaling molecules might serve as potential
therapeutic targets for implant in DM.

Funding Statement: The authors received no specific funding
for this study.

Conflicts of Interest: Authors declare no conflicts of interest
in this study.

References

Achemlal L, Tellal S, Rkiouak F, Nouijai A, Bezza A, el Derouiche M,
Ghafir D, El Maghraoui A (2005). Bone metabolism in male
patients with type 2 diabetes. Clinical Rheumatology 24: 493–
496. DOI 10.1007/s10067-004-1070-9.

Adil M, Khan RA, Kalam A, Venkata SK, Kandhare AD, Ghosh P,
Sharma M (2017). Effect of anti-diabetic drugs on bone
metabolism: evidence from preclinical and clinical studies.
Pharmacological Reports 69: 1328–1340. DOI 10.1016/j.
pharep.2017.05.008.

Alenezi A, Chrcanovic B, Wennerberg A (2018). Effects of local drug
and chemical compound delivery on bone regeneration
around dental implants in animal models: a systematic
review and meta-analysis. International Journal of Oral &
Maxillofacial Implants 33: e1–e18. DOI 10.11607/jomi.6333.

Annibali S, Pranno N, Cristalli MP, La Monaca G, Polimeni A (2016).
Survival analysis of implant in patients with diabetes mellitus:
a systematic review. Implant Dentistry 25: 663–674. DOI
10.1097/ID.0000000000000478.

Bai XC, Lu D, Bai J, Zheng H, Ke ZY, Li XM, Luo SQ (2004).
Oxidative stress inhibits osteoblastic differentiation of bone
cells by ERK and NF-κB. Biochemical and Biophysical
Research Communications 314: 197–207. DOI 10.1016/j.
bbrc.2003.12.073.

Banks AS, McAllister FE, Camporez JP, Zushin PJ, JurczakMJ, Laznik-
Bogoslavski D, Shulman GI, Gygi SP, Spiegelman BM (2015).
An ERK/Cdk5 axis controls the diabetogenic actions of
PPARγ. Nature 517: 391–395. DOI 10.1038/nature13887.

Boland GM, Perkins G, Hall DJ, Tuan RS (2004). Wnt 3a promotes
proliferation and suppresses osteogenic differentiation of
adult human mesenchymal stem cells. Journal of Cellular
Biochemistry 93: 1210–1230. DOI 10.1002/jcb.20284.

Botero JE, Yepes FL, Roldán N, Castrillón CA, Hincapie JP, Ochoa
SP, Ospina CA, Becerra MA, Jaramillo A, Gutierrez SJ,
Contreras A (2012). Tooth and periodontal clinical
attachment loss are associated with hyperglycemia in
patients with diabetes. Journal of Periodontology 83: 1245–
1250. DOI 10.1902/jop.2012.110681.

Bryant SR, Zarb GA (1998). Osseointegration of oral implants in
older and younger adults. International Journal of Oral &
Maxillofacial Implants 13: 492–499.

Burghardt AJ, Issever AS, Schwartz AV, Davis KA, Masharani U,
Majumdar S, Link TM (2010). High-resolution peripheral
quantitative computed tomographic imaging of cortical and
trabecular bone microarchitecture in patients with type 2
diabetes mellitus. Journal of Clinical Endocrinology &
Metabolism 95: 5045–5055. DOI 10.1210/jc.2010-0226.

Cakarer S, Selvi F, Can T, Kirli I, Palancioglu A, Keskin B, Yaltirik M,
Keskin C (2014). Investigation of the risk factors associated
with the survival rate of dental implants. Implant Dentistry
23: 328–333.

Chen HH, Horng MH, Yeh SY, Lin IC, Yeh CJ, Muo CH, Sung FC,
Kao CH (2015). Glycemic control with Thiazolidinedione is
associated with fracture of T2DM patients. PLoS One 10:
e0135530. DOI 10.1371/journal.pone.0135530.

1514 XIAOMEI HAN et al.

http://dx.doi.org/10.1007/s10067-004-1070-9
http://dx.doi.org/10.1016/j.pharep.2017.05.008
http://dx.doi.org/10.1016/j.pharep.2017.05.008
http://dx.doi.org/10.11607/jomi.6333
http://dx.doi.org/10.1097/ID.0000000000000478
http://dx.doi.org/10.1016/j.bbrc.2003.12.073
http://dx.doi.org/10.1016/j.bbrc.2003.12.073
http://dx.doi.org/10.1038/nature13887
http://dx.doi.org/10.1002/jcb.20284
http://dx.doi.org/10.1902/jop.2012.110681
http://dx.doi.org/10.1210/jc.2010-0226
http://dx.doi.org/10.1371/journal.pone.0135530


Chen YR, Zweier JL (2014). Cardiac mitochondria and reactive
oxygen species generation. Circulation Research 114: 524–
537. DOI 10.1161/CIRCRESAHA.114.300559.

Chouirfa H, Bouloussa H, Migonney V, Falentin-Daudre C (2019).
Review of titanium surface modification techniques and
coatings for antibacterial applications. Acta Biomaterialia
83: 37–54. DOI 10.1016/j.actbio.2018.10.036.

Chrcanovic BR, Albrektsson T, Wennerberg A (2014). Diabetes and
oral implant failure: a systematic review. Journal of Dental
Research 93: 859–867. DOI 10.1177/0022034514538820.

Chrcanovic BR, Kisch J, Albrektsson T, Wennerberg A (2016).
Factors influencing early dental implant failures. Journal of
Dental Research 95: 995–1002. DOI 10.1177/
0022034516646098.

Chung YS, Baylink DJ, Srivastava AK, Amaar Y, Tapia B, Kasukawa
Y, Mohan S (2004). Effects of secreted frizzled-related protein
3 on osteoblasts in vitro. Journal of Bone and Mineral
Research 19: 1395–1402. DOI 10.1359/JBMR.040412.

Compston JE (2001). Sex steroids and bone. Physiological Reviews 81:
419–447. DOI 10.1152/physrev.2001.81.1.419.

Cock TA, Houten SM, Auwerx J (2004). Peroxisome proliferator-
activated receptor-gamma: too much of a good thing causes
harm. EMBO Reports 5: 142–147. DOI 10.1038/sj.
embor.7400082.

Cui J, Xiao Y, Shi YH, Wang B, Le GW (2012). Lipoic acid attenuates
high-fat-diet–induced oxidative stress and B-cell–related
immune depression. Nutrition 28: 275–280. DOI 10.1016/j.
nut.2011.10.016.

Dasmah A, Kashani H, Thor A, Rasmusson L (2014). Integration of
fluoridated implants in onlay autogenous bone grafts—An
experimental study in the rabbit tibia. Journal of Cranio-
Maxillofacial Surgery 42: 796–800. DOI 10.1016/j.
jcms.2013.11.014.

de Boer J, Siddappa R, Gaspar C, van Apeldoorn A, Fodde R, van
Blitterswijk C (2004). Wnt signaling inhibits osteogenic
differentiation of human mesenchymal stem cells. Bone 34:
818–826. DOI 10.1016/j.bone.2004.01.016.

Dinarello CA (2011). Interleukin-1 in the pathogenesis and treatment
of inflammatory diseases. Blood 117: 3720–3732. DOI
10.1182/blood-2010-07-273417.

Dubois V, Eeckhoute J, Lefebvre P, Staels B (2017). Distinct but
complementary contributions of PPAR isotypes to energy
homeostasis. Journal of Clinical Investigation 127: 1202–
1214. DOI 10.1172/JCI88894.

Farr JN, Drake MT, Amin S, Melton LJ, McCready LK, Khosla S
(2014). In vivo assessment of bone quality in
postmenopausal women with type 2 diabetes. Journal of
Bone and Mineral Research 29: 787–795. DOI 10.1002/
jbmr.2106.

Feng YF, Wang L, Zhang Y, Li X, Ma ZS, Zou JW, Lei W, Zhang ZY
(2013). Effect of reactive oxygen species overproduction on
osteogenesis of porous titanium implant in the present of
diabetes mellitus. Biomaterials 34: 2234–2243. DOI
10.1016/j.biomaterials.2012.12.023.

Fiorellini JP, Nevins ML (2000). Dental implant considerations in the
diabetic patient. Periodontology 23: 73–77. DOI 10.1034/
j.1600-0757.2000.2230106.x.

Fontanari LA, Pimentel Lopes De Oliveira GJ, Durigan Basso TL,
Marcantonio Junior E, Perez Orrico SR, Cezar Sampaio JE
(2014). The influence of different implant surfaces on
osseointegration in diabetes: a systematic review of the
literature. Minerva Stomatologica 63: 127–133.

Foretz M, Hébrard S, Leclerc J, Zarrinpashneh E, Soty M, Mithieux G,
Sakamoto K, Andreelli F, Viollet B (2010). Metformin
inhibits hepatic gluconeogenesis in mice independently of
the LKB1/AMPK pathway via a decrease in hepatic energy
state. Journal of Clinical Investigation 120: 2355–2369. DOI
10.1172/JCI40671.

French D, Larjava H, Ofec R (2015). Retrospective cohort study of
4591 Straumann implants in private practice setting, with
up to 10-year follow-up. Part 1: multivariate survival
analysis. Clinical Oral Implants Research 26: 1345–1354.
DOI 10.1111/clr.12463.

Gale EA, Gillespie KM (2001). Diabetes and gender. Diabetologia 44:
3–15. DOI 10.1007/s001250051573.

Gan X, Huang S, Liu Y, Yan SS, Yu H (2014). The potential role of
damage-associated molecular patterns derived from
mitochondria in osteocyte apoptosis and bone remodeling.
Bone 62: 67–68. DOI 10.1016/j.bone.2014.01.018.

Gan X, Huang S, Yu Q, Yu H, Yan SS (2015). Blockade of Drp1
rescues oxidative stress-induced osteoblast dysfunction.
Biochemical and Biophysical Research Communications 468:
719–725. DOI 10.1016/j.bbrc.2015.11.022.

Gandhi GR, Jothi G, Antony PJ, Balakrishna K, Paulraj MG,
Ignacimuthu S3, Stalin A4, Al-Dhabi NA (2014). Gallic
acid attenuates high-fat diet fed-streptozotocin-induced
insulin resistance via partial agonism of PPARγ in
experimental type 2 diabetic rats and enhances glucose
uptake through translocation and activation of GLUT4 in
PI3K/p-Akt signaling pathway. European Journal of
Pharmacology 745: 201–216. DOI 10.1016/j.
ejphar.2014.10.044.

Garnero P, Borel O, Gineyts E, Duboeuf F, Solberg H, Bouxsein ML,
Christiansen C, Delmas PD (2006). Extracellular post-
translational modifications of collagen are major determinants
of biomechanical properties of fetal bovine cortical bone. Bone
38: 300–309. DOI 10.1016/j.bone.2005.09.014.

Gilbert MP, Pratley RE (2015). The impact of diabetes and diabetes
medications on bone health. Endocrine Reviews 36: 194–
213. DOI 10.1210/er.2012-1042.

Glosel B, Kuchler U, Watzek G, Gruber R (2010). Review of dental
implant rat research models simulating osteoporosis or
diabetes. International Journal of Oral & Maxillo-Facial
Implants 25: 516–524.

Hao L, Li JL, Yue Y, Tian Y, Wang M, Loo WT, Cheung MN, Chow
LW, Liu Q, Yip AY, Ng EL (2013). Application of interleukin-
1 genes and proteins to monitor the status of chronic
periodontitis. International Journal of Biological Markers
28: 92–99. DOI 10.5301/JBM.5000013.

Hasegawa H, Ozawa S, Hashimoto K, Takeichi T, Ogawa T (2008).
Type 2 diabetes impairs implant osseointegration capacity
in rats. International Journal of Oral & Maxillo-Facial
Implants 23: 237–246.

Hashiguchi C, Kawamoto S, Kasai T, Nishi Y, Nagaoka E (2014).
Influence of an antidiabetic drug on biomechanical and
histological parameters around implants in type 2 diabetic
rats. Implant Dentistry 23: 264–269. DOI 10.1097/
ID.0000000000000021.

Heath DJ, Chantry AD, Buckle CH, Coulton L, Shaughnessy JD Jr,
Evans HR, Snowden JA, Stover DR, Vanderkerken K,
Croucher PI (2009). Inhibiting Dickkopf-1 (Dkk1) removes
suppression of bone formation and prevents the
development of osteolytic bone disease in multiple
myeloma. Journal of Bone and Mineral Research 24: 425–
436. DOI 10.1359/jbmr.081104.

MODULATING BONE METABOLISM AFTER DENTAL IMPLANT 1515

http://dx.doi.org/10.1161/CIRCRESAHA.114.300559
http://dx.doi.org/10.1016/j.actbio.2018.10.036
http://dx.doi.org/10.1177/0022034514538820
http://dx.doi.org/10.1177/0022034516646098
http://dx.doi.org/10.1177/0022034516646098
http://dx.doi.org/10.1359/JBMR.040412
http://dx.doi.org/10.1152/physrev.2001.81.1.419
http://dx.doi.org/10.1038/sj.embor.7400082
http://dx.doi.org/10.1038/sj.embor.7400082
http://dx.doi.org/10.1016/j.nut.2011.10.016
http://dx.doi.org/10.1016/j.nut.2011.10.016
http://dx.doi.org/10.1016/j.jcms.2013.11.014
http://dx.doi.org/10.1016/j.jcms.2013.11.014
http://dx.doi.org/10.1016/j.bone.2004.01.016
http://dx.doi.org/10.1182/blood-2010-07-273417
http://dx.doi.org/10.1172/JCI88894
http://dx.doi.org/10.1002/jbmr.2106
http://dx.doi.org/10.1002/jbmr.2106
http://dx.doi.org/10.1016/j.biomaterials.2012.12.023
http://dx.doi.org/10.1034/j.1600-0757.2000.2230106.x
http://dx.doi.org/10.1034/j.1600-0757.2000.2230106.x
http://dx.doi.org/10.1172/JCI40671
http://dx.doi.org/10.1111/clr.12463
http://dx.doi.org/10.1007/s001250051573
http://dx.doi.org/10.1016/j.bone.2014.01.018
http://dx.doi.org/10.1016/j.bbrc.2015.11.022
http://dx.doi.org/10.1016/j.ejphar.2014.10.044
http://dx.doi.org/10.1016/j.ejphar.2014.10.044
http://dx.doi.org/10.1016/j.bone.2005.09.014
http://dx.doi.org/10.1210/er.2012-1042
http://dx.doi.org/10.5301/JBM.5000013
http://dx.doi.org/10.1097/ID.0000000000000021
http://dx.doi.org/10.1097/ID.0000000000000021
http://dx.doi.org/10.1359/jbmr.081104


Henningsen A, Smeets R, Heuberger R, Jung OT, Hanken H, Heiland
M, Cacaci C, Precht C (2018). Changes in surface
characteristics of titanium and zirconia after surface
treatment with ultraviolet light or non-thermal plasma.
European Journal of Oral Sciences 126: 126–134. DOI
10.1111/eos.12400.

Hie M, Iitsuka N, Otsuka T, Tsukamoto I (2011). Insulin-dependent
diabetes mellitus decreases osteoblastogenesis associated with
the inhibition of Wnt signaling through increased expression
of Sost and Dkk1 and inhibition of Akt activation.
International Journal of Molecular Medicine 28: 455–462.

Hill TP, Später D, Taketo MM, Birchmeier W, Hartmann C (2005).
Canonical Wnt/β-catenin signaling prevents osteoblasts from
differentiating into chondrocytes. Developmental Cell 8: 727–
738. DOI 10.1016/j.devcel.2005.02.013.

Huang H, Jiang X, Dong Y, Zhang X, Ding N, Liu J, Hutchinson SZ,
Lu G, Zhang X (2014). Adiponectin alleviates genioglossal
mitochondrial dysfunction in rats exposed to intermittent
hypoxia. PLoS One 9: e109284. DOI 10.1371/journal.
pone.0109284.

Huang MT, Taxman DJ, Holley-Guthrie EA, Moore CB, Willingham
SB, Madden V, Parsons RK, Featherstone GL, Arnold RR,
O’Connor BP, Ting JP (2009). Critical role of apoptotic
speck protein containing a caspase recruitment domain
(ASC) and NLRP3 in causing necrosis and ASC speck
formation induced by Porphyromonas gingivalis in human
cells. Journal of Immunology 182: 2395–2404. DOI 10.4049/
jimmunol.0800909.

Huxley R, Barzi F, Woodward M (2006). Excess risk of fatal coronary
heart disease associated with diabetes in men and women:
meta-analysis of 37 prospective cohort studies. BMJ 332:
73–78. DOI 10.1136/bmj.38678.389583.7C.

Jin Z, Wei W, Yang M, Du Y, Wan Y (2014). Mitochondrial complex
I activity suppresses inflammation and enhances bone
resorption by shifting macrophage-osteoclast polarization.
Cell Metabolism 20: 483–498. DOI 10.1016/j.
cmet.2014.07.011.

Junker R, Dimakis A, ThoneickM, Jansen JA (2009). Effects of implant
surface coatings and composition on bone integration: a
systematic review. Clinical Oral Implants Research 20: 185–
206. DOI 10.1111/j.1600-0501.2009.01777.x.

Kanazawa I (2012). Adiponectin in metabolic bone disease. Current
Medicinal Chemistry 19: 5481–5492. DOI 10.2174/
092986712803833146.

Kanazawa I, Yamaguchi T, Yamamoto M, Yamauchi M, Kurioka S
(2009). Serum osteocalcin level is associated with glucose
metabolism and atherosclerosis parameters in type 2
diabetes mellitus. Journal of Clinical Endocrinology &
Metabolism 94: 45–49. DOI 10.1210/jc.2008-1455.

Katsiki N, Mantzoros C, Mikhailidis DP (2017). Adiponectin, lipids
and atherosclerosis. Current Opinion in Lipidology 28: 347–
354. DOI 10.1097/MOL.0000000000000431.

Khan MP, Singh AK, Joharapurkar AA, Yadav M, Shree S, Kumar H,
Gurjar A, Mishra JS, Tiwari MC, Nagar GK, Kumar S,
Ramachandran R, Sharan A, Jain MR, Trivedi AK, Maurya
R, Godbole MM, Gayen JR, Sanyal S, Chattopadhyay N
(2015). Pathophysiological mechanism of bone loss in type
2 diabetes involves inverse regulation of osteoblast function
by PGC-1α and skeletal muscle atrogenes: AdipoR1 as a
potential target for reversing diabetes-induced osteopenia.
Diabetes 64: 2609–2623. DOI 10.2337/db14-1611.

Kim JB, Leucht P, Lam K, Luppen C, Ten Berge D, Nusse R, Helms
JA (2007). Bone regeneration is regulated by wnt signaling.

Journal of Bone and Mineral Research 22: 1913–1923. DOI
10.1359/jbmr.070802.

Kim TI, Jang JH, Kim HW, Knowles JC, Ku Y (2008). Biomimetic
approach to dental implants. Current Pharmaceutical
Design 14: 2201–2211. DOI 10.2174/138161208785740171.

King AJ (2012). The use of animal models in diabetes research.
British Journal of Pharmacology 166: 877–894. DOI
10.1111/j.1476-5381.2012.01911.x.

King S, Klineberg I, Levinger I, Brennan-Speranza TC (2016). The
effect of hyperglycaemia on osseointegration: a review of
animal models of diabetes mellitus and titanium implant
placement. Archives of Osteoporosis 11: 29. DOI 10.1007/
s11657-016-0284-1.

Knudsen ST, Foss CH, Poulsen PL, Andersen NH, Mogensen CE,
Rasmussen LM (2003). Increased plasma concentrations of
osteoprotegerin in type 2 diabetic patients with
microvascular complications. European Journal of
Endocrinology 149: 39–42. DOI 10.1530/eje.0.1490039.

Kondo H, Takeuchi S, Togari A (2013). β-Adrenergic signaling
stimulates osteoclastogenesis via reactive oxygen species.
American Journal of Physiology—Endocrinology and
Metabolism 304: E507–E515. DOI 10.1152/ajpendo.00191.2012.

Krakauer JC, McKenna MJ, Buderer NF, Rao DS, Whitehouse FW,
Parfitt AM (1995). Bone loss and bone turnover in
diabetes. Diabetes 44: 775–782. DOI 10.2337/diab.44.7.775.

Kulkarni NH, Onyia JE, Zeng Q, Tian X, Liu M, Halladay DL, Frolik
CA, Engler T, Wei T, Kriauciunas A, Martin TJ, Sato M,
Bryant HU, Ma YL (2006). Orally bioavailable GSK-3α/β
dual inhibitor increases markers of cellular differentiation
in vitro and bone mass in vivo. Journal of Bone and
Mineral Research 21: 910–920. DOI 10.1359/jbmr.060316.

Kume S, Kato S, Yamagishi S, Inagaki Y, Ueda S, Arima N, Okawa T,
Kojiro M, Nagata K (2005). Advanced glycation end-
products attenuate human mesenchymal stem cells and
prevent cognate differentiation into adipose tissue, cartilage,
and bone. Journal of Bone and Mineral Research 20: 1647–
1658. DOI 10.1359/JBMR.050514.

Le NN, Rose MB, Levinson H, Klitzman B (2011). Implant healing in
experimental animal models of diabetes. Journal of Diabetes
Science and Technology 5: 605–618. DOI 10.1177/
193229681100500315.

Lee YH, Kim JS, Kim JE, Lee MH, Jeon JG, Park IS, Yi HK (2017).
Nanoparticle mediated PPARγ gene delivery on dental
implants improves osseointegration via mitochondrial
biogenesis in diabetes mellitus rat model. Nanomedicine:
Nanotechnology, Biology and Medicine 13: 1821–1832. DOI
10.1016/j.nano.2017.02.020.

Lee YH, Lee HY, Kim TG, Lee NH, Yu MK, Yi HK (2015). PPARγ
maintains homeostasis through autophagy regulation in
dental pulp. Journal of Dental Research 94: 729–737. DOI
10.1177/0022034515573833.

Lee YH, Kang YM, Heo MJ, Kim GE, Bhattarai G, Lee NH, Yu
MK, Yi HK (2013). The survival role of peroxisome
proliferator-activated receptor gamma induces odontoblast
differentiation against oxidative stress in human dental
pulp cells. Journal of Endodontics 39: 236–241. DOI
10.1016/j.joen.2012.11.006.

Lei L, Liu Q, Liu S, Huan Y, Sun S, Chen Z, Li L, Feng Z, Li Y, Shen Z
(2015). Antidiabetic potential of a novel dual-target activator
of glucokinase and peroxisome proliferator activated
receptor-gamma. Metabolism-clinical and Experimental 64:
1250–1261. DOI 10.1016/j.metabol.2015.06.014.

1516 XIAOMEI HAN et al.

http://dx.doi.org/10.1111/eos.12400
http://dx.doi.org/10.1016/j.devcel.2005.02.013
http://dx.doi.org/10.1371/journal.pone.0109284
http://dx.doi.org/10.1371/journal.pone.0109284
http://dx.doi.org/10.4049/jimmunol.0800909
http://dx.doi.org/10.4049/jimmunol.0800909
http://dx.doi.org/10.1136/bmj.38678.389583.7C
http://dx.doi.org/10.1016/j.cmet.2014.07.011
http://dx.doi.org/10.1016/j.cmet.2014.07.011
http://dx.doi.org/10.1111/j.1600-0501.2009.01777.x
http://dx.doi.org/10.2174/092986712803833146
http://dx.doi.org/10.2174/092986712803833146
http://dx.doi.org/10.1210/jc.2008-1455
http://dx.doi.org/10.1097/MOL.0000000000000431
http://dx.doi.org/10.2337/db14-1611
http://dx.doi.org/10.1359/jbmr.070802
http://dx.doi.org/10.2174/138161208785740171
http://dx.doi.org/10.1111/j.1476-5381.2012.01911.x
http://dx.doi.org/10.1007/s11657-016-0284-1
http://dx.doi.org/10.1007/s11657-016-0284-1
http://dx.doi.org/10.1530/eje.0.1490039
http://dx.doi.org/10.1152/ajpendo.00191.2012
http://dx.doi.org/10.2337/diab.44.7.775
http://dx.doi.org/10.1359/jbmr.060316
http://dx.doi.org/10.1359/JBMR.050514
http://dx.doi.org/10.1177/193229681100500315
http://dx.doi.org/10.1177/193229681100500315
http://dx.doi.org/10.1016/j.nano.2017.02.020
http://dx.doi.org/10.1177/0022034515573833
http://dx.doi.org/10.1016/j.joen.2012.11.006
http://dx.doi.org/10.1016/j.metabol.2015.06.014


Leslie WD, Rubin MR, Schwartz AV, Kanis JA (2012). Type 2
diabetes and bone. Journal of Bone and Mineral Research
27: 2231–2237. DOI 10.1002/jbmr.1759.

Li J, Ke X, Yan F, Lei L, Li H (2018). Necroptosis in the periodontal
homeostasis: signals emanating from dying cells. Oral
Diseases 24: 900–907. DOI 10.1111/odi.12722.

Li L, Xia Y, Wang Z, Cao X, Da Z, Guo G, Qian J, Liu X, Fan Y, Sun L,
Sang A, Gu Z (2011). Suppression of the PI3K-Akt pathway is
involved in the decreased adhesion and migration of bone
marrow-derived mesenchymal stem cells from non-obese
diabetic mice. Cell Biology International 35: 961–966. DOI
10.1042/CBI20100544.

Li X, Liu P, Liu W, Maye P, Zhang J, Zhang Y, Hurley M, Guo C,
Boskey A, Sun L, Harris SE, Rowe DW, Ke HZ, Wu D
(2005). Dkk2 has a role in terminal osteoblast
differentiation and mineralized matrix formation. Nature
Genetics 37: 945–952. DOI 10.1038/ng1614.

Li X, Ma XY, Feng YF, Ma ZS, Wang J, Ma TC, Qi W, Lei W, Wang L
(2015). Osseointegration of chitosan coated porous titanium alloy
implant by reactive oxygen species-mediated activation of the
PI3K/AKT pathway under diabetic conditions. Biomaterials 36:
44–54. DOI 10.1016/j.biomaterials.2014.09.012.

Lin Z, Wu F, Lin S, Pan X, Jin L, Lu T, Shi L, Wang Y, Xu A, Li X
(2014). Adiponectin protects against acetaminophen-
induced mitochondrial dysfunction and acute liver injury
by promoting autophagy in mice. Journal of Hepatology 61:
825–831. DOI 10.1016/j.jhep.2014.05.033.

Liu Y, Palanivel R, Rai E, Park M, Gabor TV, Scheid MP, Xu A,
Sweeney G (2015). Adiponectin stimulates autophagy and
reduces oxidative stress to enhance insulin sensitivity
during high-fat diet feeding in mice. Diabetes 64: 36–48.
DOI 10.2337/db14-0267.

Liu YM, de Groot K, Hunziker EB (2005). Cell-mediated protein
release from calcium-phosphate-coated titanium implants.
Journal of Control Release 101: 346–347.

Luo H, Pan W, Sloan F, Feinglos M, Wu B (2015). Forty-year trends
in tooth loss among American adults with and without
diabetes mellitus: an age-period-cohort analysis. Preventing
Chronic Disease 12: E211. DOI 10.5888/pcd12.150309.

Ma XY, Feng YF, Ma ZS, Li X, Wang J, Wang L, Lei W (2014). The
promotion of osseointegration under diabetic conditions
using chitosan/hydroxyapatite composite coating on porous
titanium surfaces. Biomaterials 35: 7259–7270. DOI
10.1016/j.biomaterials.2014.05.028.

Ma XY,Wen XX, Yang XJ, Zhou DP,WuQ, Feng YF, Ding HJ, Lei W,
Yu HL, Liu B, Xiang LB, Wang TS (2018). Ophiopogonin D
improves osseointegration of titanium alloy implants under
diabetic conditions by inhibition of ROS overproduction via
Wnt/beta-catenin signaling pathway. Biochimie 152: 31–42.
DOI 10.1016/j.biochi.2018.04.022.

Mabilleau G, Mieczkowska A, Edmonds ME (2010).
Thiazolidinediones induce osteocyte apoptosis and increase
sclerostin expression. Diabetic Medicine 27: 925–932. DOI
10.1111/j.1464-5491.2010.03048.x.

Marx RE, Garg AK (1998). Bone structure, metabolism, and physiology:
its impact on dental implantology. Implant Dentistry 7: 267–276.
DOI 10.1097/00008505-199807040-00004.

Mathieu V, Vayron R, Richard G, Lambert G, Naili S, Meningaud JP,
Haiat G (2014). Biomechanical determinants of the stability
of dental implants: influence of the bone-implant interface
properties. Journal of Biomechanics 47: 3–13. DOI 10.1016/
j.jbiomech.2013.09.021.

MacDonald BT, Tamai K, He X (2009). Wnt/beta-catenin signaling:
components, mechanisms, and diseases. Developmental Cell
17: 9–26. DOI 10.1016/j.devcel.2009.06.016.

McCracken M, Lemons JE, Rahemtulla F, Prince CW, Feldman D
(2000). Bone response to titanium alloy implants placed in
diabetic rats. International Journal of Oral & Maxillo-Facial
Implants 15: 345–354.

Mi B, XiongW, Xu N, Guan H, Fang Z, Liao H, Zhang Y, Gao B, Xiao
X, Fu J, Li F (2017). Strontium-loaded titania nanotube arrays
repress osteoclast differentiation through multiple signalling
pathways: in vitro and in vivo studies. Scientific Reports 7:
2328. DOI 10.1038/s41598-017-02491-9.

Mieczkowska A, Basle MF, Chappard D, Mabilleau G (2012).
Thiazolidinediones induce osteocyte apoptosis by a G
protein-coupled receptor 40-dependent mechanism. Journal
of Biological Chemistry 287: 23517–23526. DOI 10.1074/jbc.
M111.324814.

Miyata T, Notoya K, Yoshida K, Horie K, Maeda K, Kurokawa K,
Taketomi S (1997). Advanced glycation end products
enhance osteoclast-induced bone resorption in cultured
mouse unfractionated bone cells and in rats implanted
subcutaneously with devitalized bone particles. Journal of
the American Society of Nephrology 8: 260–270.

Moraschini V, Barboza ES, Peixoto GA (2016). The impact of diabetes
on dental implant failure: a systematic review and meta-
analysis. International Journal of Oral and Maxillofacial
Surgery 45: 1237–1245. DOI 10.1016/j.ijom.2016.05.019.

Murphy E, Ardehali H, Balaban RS, DiLisa F, Dorn GW, Kitsis RN,
Otsu K, Ping P, Rizzuto R, Sack MN, Wallace D, Youle RJ,
American Heart Association Council on Basic
Cardiovascular Sciences, Council on Clinical Cardiology,
and Council on Functional Genomics and Translational
Biology (2016). Mitochondrial function, biology, and role
in disease: a scientific statement from the American Heart
Association. Functional Genomics and Translational Biology
118: 1960–1991.

Oates TW, Dowell S, Robinson M, McMahan CA (2009). Glycemic
control and implant stabilization in type 2 diabetes
mellitus. Journal of Dental Research 88: 367–371. DOI
10.1177/0022034509334203.

Oates TW, Huynh-Ba G, Vargas A, Alexander P, Feine J (2013). A
critical review of diabetes, glycemic control, and dental
implant therapy. Clinical Oral Implants Research 24: 117–
127. DOI 10.1111/j.1600-0501.2011.02374.x.

Ogle OE (2015). Implant surface material, design, and
osseointegration. Dental Clinics 59: 505–520.

Okada-Iwabu M, Yamauchi T, Iwabu M, Honma T, Hamagami K,
Matsuda K, Yamaguchi M, Tanabe H, Kimura-Someya T,
Shirouzu M, Ogata H, Tokuyama K, Ueki K, Nagano T,
Tanaka A, Yokoyama S, Kadowaki T (2013). A small-
molecule AdipoR agonist for type 2 diabetes and short life
in obesity. Nature 503: 493–499. DOI 10.1038/nature12656.

Ottria L, Lauritano D, Andreasi Bassi M, Palmieri A, Candotto V,
Tagliabue A, Tettamanti L (2018). Mechanical, chemical
and biological aspects of titanium and titanium alloys in
implant dentistry. Journal of Biological Regulators &
Homeostatic Agents 32: 81–90.

Pasparakis M, Vandenabeele P (2015). Necroptosis and its role in
inflammation. Nature 517: 311–320. DOI 10.1038/
nature14191.

Patti ME, Corvera S (2010). The role of mitochondria in the
pathogenesis of type 2 diabetes. Endocrine Reviews 31: 364–
395. DOI 10.1210/er.2009-0027.

MODULATING BONE METABOLISM AFTER DENTAL IMPLANT 1517

http://dx.doi.org/10.1002/jbmr.1759
http://dx.doi.org/10.1111/odi.12722
http://dx.doi.org/10.1042/CBI20100544
http://dx.doi.org/10.1038/ng1614
http://dx.doi.org/10.1016/j.biomaterials.2014.09.012
http://dx.doi.org/10.1016/j.jhep.2014.05.033
http://dx.doi.org/10.2337/db14-0267
http://dx.doi.org/10.5888/pcd12.150309
http://dx.doi.org/10.1016/j.biomaterials.2014.05.028
http://dx.doi.org/10.1016/j.biochi.2018.04.022
http://dx.doi.org/10.1111/j.1464-5491.2010.03048.x
http://dx.doi.org/10.1097/00008505-199807040-00004
http://dx.doi.org/10.1016/j.jbiomech.2013.09.021
http://dx.doi.org/10.1016/j.jbiomech.2013.09.021
http://dx.doi.org/10.1016/j.devcel.2009.06.016
http://dx.doi.org/10.1038/s41598-017-02491-9
http://dx.doi.org/10.1074/jbc.M111.324814
http://dx.doi.org/10.1074/jbc.M111.324814
http://dx.doi.org/10.1016/j.ijom.2016.05.019
http://dx.doi.org/10.1177/0022034509334203
http://dx.doi.org/10.1111/j.1600-0501.2011.02374.x
http://dx.doi.org/10.1038/nature12656
http://dx.doi.org/10.1038/nature14191
http://dx.doi.org/10.1038/nature14191
http://dx.doi.org/10.1210/er.2009-0027


Pellegrini G, Francetti L, Barbaro B, Del Fabbro M (2018). Novel
surfaces and osseointegration in implant dentistry. Journal
of Investigative and Clinical Dentistry 9: e12349. DOI
10.1111/jicd.12349.

Popelut A, Rooker SM, Leucht P, Medio M, Brunski JB, Helms JA
(2010). The acceleration of implant osseointegration by
liposomal Wnt3a. Biomaterials 31: 9173–9181. DOI
10.1016/j.biomaterials.2010.08.045.

Pu Y, Wu H, Lu S, Hu H, Li D, Wu Y, Tang Z (2016). Adiponectin
promotes human jaw bone marrow stem cell osteogenesis.
Journal of Dental Research 95: 769–775. DOI 10.1177/
0022034516636853.

Qiang YW, Barlogie B, Rudikoff S, Shaughnessy JD Jr (2008). Dkk1-
induced inhibition of Wnt signaling in osteoblast
differentiation is an underlying mechanism of bone loss in
multiple myeloma. Bone 42: 669–680. DOI 10.1016/j.
bone.2007.12.006.

Rayamajhi M, Miao EA (2014). The RIP1-RIP3 complex initiates
mitochondrial fission to fuel NLRP3. Nature Immunology
15: 1100–1102. DOI 10.1038/ni.3030.

Schlegel KA, Prechtl C, Möst T, Seidl C, Lutz R, von Wilmowsky C
(2013). Osseointegration of SLActive implants in diabetic
pigs. Clinical Oral Implants Research 24: 128–134. DOI
10.1111/j.1600-0501.2011.02380.x.

Schwartz AV, Sellmeyer DE (2007). Thiazolidinedione therapy gets
complicated: is bone loss the price of improved insulin
resistance? Diabetes Care 30: 1670–1671. DOI 10.2337/
dc07-0554.

Sen B, Styner M, Xie Z, Case N, Rubin CT, Rubin J (2009). Mechanical
loading regulates NFATc1 and β-catenin signaling through a
GSK3β control node. Journal of Biological Chemistry 284:
34607–34617. DOI 10.1074/jbc.M109.039453.

Shu A, Yin MT, Stein E, Cremers S, Dworakowski E, Ives R, Rubin
MR (2012). Bone structure and turnover in type 2 diabetes
mellitus. Osteoporosis International 23: 635–641. DOI
10.1007/s00198-011-1595-0.

Smeets R, Stadlinger B, Schwarz F, Beck-Broichsitter B, Jung O,
Precht C, Kloss F, Gröbe A, Heiland M, Ebker T (2016).
Impact of dental implant surface modifications on
osseointegration. BioMed Research International 2016: 1–
16. DOI 10.1155/2016/6285620.

Smeets R, Precht C, Hahn M, Jung O, Hartjen P, Heiland M, Gröbe
A, Holthaus MG, Hanken H (2017). Biocompatibility and
osseointegration of titanium implants with a silver-doped
polysiloxane coating: an in vivo pig model. International
Journal of Oral & Maxillofacial Implants 32: 1338–1345.
DOI 10.11607/jomi.5533.

Smith SY, Samadfam R, Chouinard L, Awori M, Bénardeau A, Bauss
F, Guldberg RE, Sebokova E, Wright MB (2015). Effects of
pioglitazone and fenofibrate co-administration on bone
biomechanics and histomorphometry in ovariectomized
rats. Journal of Bone and Mineral Metabolism 33: 625–641.
DOI 10.1007/s00774-014-0632-4.

Souza JCM, Sordi MB, Kanazawa M, Ravindran S, Henriques B, Silva
FS, Aparicio C, Cooper LF (2019). Nano-scale modification of
titanium implant surfaces to enhance osseointegration. Acta
Biomaterialia 94: 112–131. DOI 10.1016/j.actbio.2019.05.045.

Tabata T, Petitt M, Fang-Hoover J, Pereira L (2019). Survey of
cellular immune responses to human cytomegalovirus
infection in the microenvironment of the uterine–placental
interface. Medical Microbiology and Immunology 208: 475–
485. DOI 10.1007/s00430-019-00613-w.

Takada I, Kouzmenko AP, Kato S (2009). Wnt and PPARγ signaling
in osteoblastogenesis and adipogenesis. Nature Reviews
Rheumatology 5: 442–447. DOI 10.1038/nrrheum.2009.137.

Tsuda H, Ning Z, Yamaguchi Y, Suzuki N (2012). Programmed cell
death and its possible relationship with periodontal disease.
Journal of Oral Science 54: 137–149. DOI 10.2334/
josnusd.54.137.

van der Horst G, van der Werf SM, Farih-Sips H, van Bezooijen RL,
Löwik CW, Karperien M (2005). Downregulation of Wnt
signaling by increased expression of Dickkopf-1 and -2 is a
prerequisite for late-stage osteoblast differentiation of
KS483 cells. Journal of Bone and Mineral Research 20:
1867–1877. DOI 10.1359/JBMR.050614.

Vashishth D (2007). The role of the collagen matrix in skeletal
fragility. Current Osteoporosis Reports 5: 62–66. DOI
10.1007/s11914-007-0004-2.

Walton RG, Zhu B, Unal R, Spencer M, Sunkara M, Morris AJ,
Charnigo R, Katz WS, Daugherty A, Howatt DA, Kern PA,
Finlin BS (2015). Increasing adipocyte lipoprotein lipase
improves glucose metabolism in high fat diet-induced
obesity. Journal of Biological Chemistry 290: 11547–11556.
DOI 10.1074/jbc.M114.628487.

Wang B, Song Y, Wang F, Li D, Zhang H, Ma A, Huang N (2011).
Effects of local infiltration of insulin around titanium
implants in diabetic rats. British Journal of Oral and
Maxillofacial Surgery 49: 225–229. DOI 10.1016/j.
bjoms.2010.03.006.

Wang F, Song YL, Li CX, Li DH, Zhang HP, Ma AJ, Xi XQ, Zhang N,
Wang BG, Wang Y, Zhou W (2010). Sustained release of
insulin-like growth factor-1 from poly(lactide-co-glycolide)
microspheres improves osseointegration of dental implants
in type 2 diabetic rats. European Journal of Pharmacology
640: 226–232. DOI 10.1016/j.ejphar.2010.04.024.

Wang L, Zhang YG, Wang XM, Ma LF, Zhang YM (2015). Naringin
protects human adipose-derived mesenchymal stem cells
against hydrogen peroxide-induced inhibition of osteogenic
differentiation. Chemico-Biological Interactions 242: 255–
261. DOI 10.1016/j.cbi.2015.10.010.

Wu SB, Wu YT, Wu TP, Wei YH (2014). Role of AMPK-mediated
adaptive responses in human cells with mitochondrial
dysfunction to oxidative stress. Biochimica et Biophysica
Acta—General Subjects 1840: 1331–1344. DOI 10.1016/j.
bbagen.2013.10.034.

Xiao WL, Zhang DZ, Fan CH, Yu BJ (2015). Intermittent stretching
and osteogenic differentiation of bone marrow derived
mesenchymal stem cells via the p38MAPK-Osterix
signaling pathway. Cellular Physiology and Biochemistry 36:
1015–1025. DOI 10.1159/000430275.

Yamauchi T, Iwabu M, Okada-Iwabu M, Kadowaki T (2014).
Adiponectin receptors: a review of their structure, function and
how they work. Best Practice & Research Clinical Endocrinology
& Metabolism 28: 15–23. DOI 10.1016/j.beem.2013.09.003.

Yan B, Wei K, Hou L, Dai T, Gu Y, Qiu X, Chen J, Feng Y, Cheng H,
Yu Z, Zhang Y, Zhang H, Li D (2018). Receptor-Interacting
Protein 3/caspase-8 may regulate inflammatory response
and promote tissue regeneration in the periodontal
microenvironment. Medical Science Monitor 24: 5247–5257.
DOI 10.12659/MSM.909192.

Yanai H, Yoshida H (2019). Beneficial effects of adiponectin on glucose
and lipid metabolism and atherosclerotic progression:
mechanisms and perspectives. International Journal of
Molecular Sciences 20: E1190. DOI 10.3390/ijms20051190.

1518 XIAOMEI HAN et al.

http://dx.doi.org/10.1111/jicd.12349
http://dx.doi.org/10.1016/j.biomaterials.2010.08.045
http://dx.doi.org/10.1177/0022034516636853
http://dx.doi.org/10.1177/0022034516636853
http://dx.doi.org/10.1016/j.bone.2007.12.006
http://dx.doi.org/10.1016/j.bone.2007.12.006
http://dx.doi.org/10.1038/ni.3030
http://dx.doi.org/10.1111/j.1600-0501.2011.02380.x
http://dx.doi.org/10.2337/dc07-0554
http://dx.doi.org/10.2337/dc07-0554
http://dx.doi.org/10.1074/jbc.M109.039453
http://dx.doi.org/10.1007/s00198-011-1595-0
http://dx.doi.org/10.1155/2016/6285620
http://dx.doi.org/10.11607/jomi.5533
http://dx.doi.org/10.1007/s00774-014-0632-4
http://dx.doi.org/10.1016/j.actbio.2019.05.045
http://dx.doi.org/10.1007/s00430-019-00613-w
http://dx.doi.org/10.1038/nrrheum.2009.137
http://dx.doi.org/10.2334/josnusd.54.137
http://dx.doi.org/10.2334/josnusd.54.137
http://dx.doi.org/10.1359/JBMR.050614
http://dx.doi.org/10.1007/s11914-007-0004-2
http://dx.doi.org/10.1074/jbc.M114.628487
http://dx.doi.org/10.1016/j.bjoms.2010.03.006
http://dx.doi.org/10.1016/j.bjoms.2010.03.006
http://dx.doi.org/10.1016/j.ejphar.2010.04.024
http://dx.doi.org/10.1016/j.cbi.2015.10.010
http://dx.doi.org/10.1016/j.bbagen.2013.10.034
http://dx.doi.org/10.1016/j.bbagen.2013.10.034
http://dx.doi.org/10.1159/000430275
http://dx.doi.org/10.1016/j.beem.2013.09.003
http://dx.doi.org/10.12659/MSM.909192
http://dx.doi.org/10.3390/ijms20051190


Yang F, Yang D, Tu J, Zheng Q, Cai L, Wang L (2011). Strontium
enhances osteogenic differentiation of mesenchymal stem
cells and in vivo bone formation by activating Wnt/catenin
signaling. Stem Cells 29: 981–991. DOI 10.1002/stem.646.

Yang TK, Lee YH, Paudel U, Bhattarai G, Yun BS, Hwang PH, Yi HK
(2013). Davallialactone from mushroom reduced premature
senescence and inflammation on glucose oxidative stress in
human diploid fibroblast cells. Journal of Agricultural and
Food Chemistry 61: 7089–7095. DOI 10.1021/jf401691y.

Yin D, Komasa S, Yoshimine S, Sekino T, Okazaki J (2019). Effect of
mussel adhesive protein coating on osteogenesis in vitro and
osseointegration in vivo to alkali-treated titanium with
nanonetwork structures. International Journal of
Nanomedicine 14: 3831–3843. DOI 10.2147/IJN.S206313.

Yoon Y, Galloway CA, Jhun BS, Yu T (2011). Mitochondrial
dynamics in diabetes. Antioxidants & Redox Signaling 14:
439–457. DOI 10.1089/ars.2010.3286.

Yu L, Tu Q, Han Q, Zhang L, Sui L, Zheng L, Meng S, Tang Y, Xuan
D, Zhang J, Murray D, Shen Q, Cheng J, Kim SH, Dong LQ,
Valverde P, Cao X, Chen J (2015). Adiponectin regulates
bone marrow mesenchymal stem cell niche through a
unique signal transduction pathway: an approach for
treating bone disease in diabetes. Stem Cells 33: 240–252.
DOI 10.1002/stem.1844.

Yu M, Zhou W, Song Y, Yu F, Li D, Na S, Zou G, Zhai M, Xie C
(2011). Development of mesenchymal stem cell-implant

complexes by cultured cells sheet enhances osseointegration

in type 2 diabetic rat model. Bone 49: 387–394. DOI

10.1016/j.bone.2011.05.025.

Zancan I, Bellesso S, Costa R, Salvalaio M, Stroppiano M, Hammond
C, Argenton F, Filocamo M, Moro E (2015).

Glucocerebrosidase deficiency in zebrafish affects primary

bone ossification through increased oxidative stress and

reduced Wnt/β-catenin signaling. Human Molecular

Genetics 24: 1280–1294. DOI 10.1093/hmg/ddu538.

Zhang C, Cho K, Huang Y, Lyons JP, Zhou X, Sinha K, McCrea PD,
de Crombrugghe B (2008). Inhibition of Wnt signaling by the

osteoblast-specific transcription factor Osterix. Proceedings of

the National Academy of Sciences of the United States of

America 105: 6936–6941. DOI 10.1073/pnas.0710831105.

Zorov DB, Juhaszova M, Sollott SJ (2014). Mitochondrial reactive
oxygen species (ROS) and ROS-induced ROS release.

Physiological Reviews 94: 909–950. DOI 10.1152/

physrev.00026.2013.

Zou GK, Song YL, Zhou W, Yu M, Liang LH, Sun DC, Li DH, Deng
ZX, Zhu WZ (2012). Effects of local delivery of bFGF from

PLGA microspheres on osseointegration around implants

in diabetic rats. Oral Surgery, Oral Medicine, Oral

Pathology and Oral Radiology 114: 284–289. DOI 10.1016/j.

tripleo.2011.07.006.

MODULATING BONE METABOLISM AFTER DENTAL IMPLANT 1519

http://dx.doi.org/10.1002/stem.646
http://dx.doi.org/10.1021/jf401691y
http://dx.doi.org/10.2147/IJN.S206313
http://dx.doi.org/10.1089/ars.2010.3286
http://dx.doi.org/10.1002/stem.1844
http://dx.doi.org/10.1016/j.bone.2011.05.025
http://dx.doi.org/10.1093/hmg/ddu538
http://dx.doi.org/10.1073/pnas.0710831105
http://dx.doi.org/10.1152/physrev.00026.2013
http://dx.doi.org/10.1152/physrev.00026.2013
http://dx.doi.org/10.1016/j.tripleo.2011.07.006
http://dx.doi.org/10.1016/j.tripleo.2011.07.006

	The signaling pathway in modulating bone metabolism after dental implant in diabetes
	Abbreviations
	Introduction
	Osseointegration is Impaired in Diabetes Patients and Animal Models
	Surface Characteristics Impact the Success of Dental Implants in Diabetes
	Signaling Pathways Regulating the Dental Implants in Diabetic Conditions
	Concluding Remarks
	References


