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Abstract

Titanium implants are widely used on an increasing number of patients in orthopedic and dental
medicine. Despite the good survival rates of these implants, failures that lead to important socio-
economic consequences still exist. Recently, research aimed at improving implant fixation, a
process called osseointegration, has focused on a new, inovative field: systemic delivery of
drugs. Following implant fixation, patients receive systemic drugs that could either impair or
enhance osseointegration; these drugs include anabolic and anti-catabolic.bone-acting agents in
addition to new treatments. Anabolic bone-acting agents include parathyroid hormone (PTH)
peptides, simvastatin, prostaglandin EP4 receptor antagonist, vitamin D, and strontium ranelate;
anti-catabolic bone-acting agents include compounds like:calcitonin, biphosphonates,
RANK/RANKL/OPG system, and selective estrogensreceptor modulators (SERM). Examples of
the new therapies include DKK1- and anti-sclerostin antibodies. All classes of treatments have
proven to possess positive impacts such as an increase in bone mineral density and on
osseointegration. In order to prevent complications from occurring after surgery, some post-
operative systemic drugs.are,administered; these can show an impairment in the
osseointegration process«These include nonsteroidal anti-inflammatory drugs, proton pump
inhibitors, and selective serotonin reuptake inhibitors. The effects of aspirin, acetaminophen,
opioids, adjuvants, anticoagulants, and antibiotics in implant fixations are not fully understood,
but studies are being carried out to investigate potential ramifications. It is currently accepted
that systemic pharmacological agents can either enhance or impair implant osseointegration;
therefore, proper drug selection is essential. This review aims to discuss the varying effects of

three different classes of treatments on improving this process.



Keywords: drug-supported osseointegration, drug-enhanced osteoblast activity, drugs that down-
regulate osteoclast activity, drugs that influence titanium implant osseointegration, titanium

implant.

Introduction

Although pure titanium is one of the most abundant metals on Earth (Peters et al. 2003, Oshida
2013) it could not be isolated in large amounts until the invention of the Kroll,process by a
metallurgist named William Kroll, in 1946 (Litjering and Williams 2007). Superior mechanical
and physical properties, such as corrosion resistance and high modulus.of‘elasticity in tension,
and their excellent biocompatibility have made pure titanium and its'alloys widely used in
medicine (Long and Rack 1998).

Nowadays titanium implants are used‘in the orthopedic and dentistry fields, for joint
arthroplasties, spinal and maxillofacial reconstruetions, and dental prostheses. The large scale
use of these screws in day-to-day medical'practice makes research in this field very important.

Titanium implant-bone host interface is the key factor for implant success. As a bioinert
material, titanium allows for bane apposition, this procedure is called osseointegration (The
glossary of prosthadontics terms 2005), and leads to bone anchorage (see Figure 1). The
osseointegrationyprocess begins with the absorption of ions, proteins, polysaccharides, and
proteoglycans by the Ti-oxide layer (Albrektssonet al. 1983, Puleo and Nanci 1999). Afterwards,
macrophages, neutrophils, and osteoprogenitor cells (mainly osteoblasts) migrate on the bone-
implant interface and lead to bone apposition in close contact with the implant surface (see

Figure 2).



Figure 1. Histological section of bone (B) detached from a titanium implant after 7 years of
clinical function. The implant was removed in spite of an undisturbed bone anchorage.
Bone Marrow = BM. (Albrektssonet al. 1983)

Figure 2. Electron micrographs of the bone-titanium contact close to the cortical bone of
young rats on the 28™ day after operation. Some of the epithelial cells facing the titanium
are removed during specimen preparation, but remain normally in some parts (arrows).
Below the epithelial cells, an osteoblast (Ob) surrounded by collagen fibrin layer (CL) and
mature bone matrix (M) can be seen. Original magnification x 19,000. (Murai et al. 1996)

Although macroscopically there is direct contact between implant and host bone,
microscopically there is a thin amorphous zone or lamina limitans which.appears to have a
thickness of 20-50 nm, or according to other studies it is larger anddoes -notiexceed 400 nm
(Murai et al. 1996, Thomsen et al. 1997) (see Figure 3). The oSseointegration process takes time
over a period of at least 3-5 months to be adequate. Resgarch carried out in time regarding the
titanium implant-bone tissue interface, has highlighted.the limits of the osseointegration process,
the apparition of the inflammatory response at the interface level. Problems like these which
arise in clinical practice require in vivo‘and invitro research on animals. Studies carried out in
the specialized literature considered interventions at the level of the implant surfaces in order to
improve the biocompatibility and to modify the cellular activity at the level of the bone receptor
site receiving the implant, in order to improve the osseointegration process. The longevity of a

titanium implant depends-on the quality of the tissue at the titanium-bone interface.

Figure 3. Yoling rats, 28" day. An amorphous zone (arrows) with high electron density is
seen present on the lamina limitans-like structure. Osteocyte canaliculus (arrow-head).
Original magnifixation x 8,000. (Murai et al. 1996)

Failures of titanium implants occur due to inadequate qualitative and quantitative bone at

the recipient site, implant insertion surgical trauma, titanium surface limits and to bone



metabolism modifications. At the present moment, research in the field has not been able to
single out a modality for improving the titanium surface, so as to increase the latter's integration
rate.
In terms of titanium surface limits, it is widely accepted that there is need for new

titanium alloys and surface treatments with the following characteristics:

(1) High corrosion resistance, lower modulus of elasticity, high mechanical strength, and

wear resistance to avoid mechanical failures;

(2) Higher biocompatibility, without allergic reactions, cytotoxicity, and carcinogenicity, in

order to avoid biological failures;

(3) More bioactive surfaces that will lead to faster and enhanced osseointegration;

(4) Increased antimicrobial properties that will redueefailures due to infection.

International literature is abundant in researche carried out aiming to improve the
osseointegration process by new Surface Treatment Modifications:
e Surface Modifications to Improve the Mechanical Properties of the Implant;
e Surface Modifications to Induce Bioactivity, Cell Growth, and Osseointegration;
e Surface Modifications with Antibacterial Effects;
e Cell seeding and proliferation at the level of the implant surface.
Although significant progress has been achieved, there are still many improvements
required. Titanium alloys fabrication methods appear to play a pivotal role on the mechanical
properties, corrosion resistance, pore size, and distribution of the materials. Of paramount

importance is the interaction of host cells with the titanium surface, process that depends on the



pore size. Furthermore it is very important to be able to stimulate bone metabolism in order to
improve the cellular activity at the level of the implant recipient site.

In the last years research regarding the improvement of the osseointegration has focused
on pharmacological agents that increase titanium implants fixation by three main mechanisms:
increase osteoblast activity throughout the proliferative phase (anabolic agents), reduction in
osteoclast activity within the maturation phase (anti-catabolic agents) or dual (anabolic and anti-
catabolic mechanism). Most of these agents have been first described in the treatment of
osteoporosis, because the same bone remodelling process is the main target in both
osseointegration and osteoporosis.

On the other hand, orthopaedic joint replacements and dental implants are procedures that
can cause pain. Consequently, there is need for pain relief.drugs such as acetaminophen,
nonsteroidal anti-inflammatory drugs (NSAIDSs), opieids or adjuvants (tricyclic anti-depressants
and anticonvulsants). Other drugs such as proton-pump inhibitors, selective serotonin reuptake
inhibitors (SSRIs), antibiotics and anticoagulants, also have certain indications in these groups of
patients, either for treating or preventing ecomorbidities. Considering the large number of drugs in
these procedures, with such'diversity in mechanisms of action, it is important to know which
ones interfere with the osseeintegration process of titanium implants resulting in a lower survival
rate and which do not.

The aim,of this review is to provide an update on proper drug selection for an increase of

implant life span and patient satisfaction.



1. Systemic Drugs That Enhance Titanium Implant Osseointegration

1.1 Anabolic Agents

These consist of pharmacological agents which increase bone mass by augmenting osteoblastic
activity. They include parathyroid hormone (PTH) peptides, simvastatin, prostaglandin EP4
receptor antagonist, vitamin D, strontium ranelate and newer therapies such as DKK1-antibody
and anti-sclerostin antibody, also known as romosozumab.

1-34 PTH or teriparatide was the first anabolic agent proven to increase osseointegration
of implants. 1-34 PTH is a fragment of endogenous PTH which_is theqmain‘regulator of calcium
and phosphate metabolism in bone and kidney(Stroup et al=2008). Teriparatide’s metabolic sites
are liver and kidney, where it is degraded (Serada et.al. 2012). The agent acts on PTH receptor
(PTHR) in osteoblasts and increases the expression of M-CSF (Weir et al. 1993) and receptor
activator of nuclear factor-«B ligand or RANKL (Yang et al 2015)(see Figure 4). It has been
shown to increase both cortical and trabecular’bone masswhen used intermittently (Brouwers et
al. 2009).1-34 PTH is clinically usedin the treatment of patients with osteoporosis which do not
respond or tolerate othertreatments (Lau et al. 2012). Skripitz and Aspenberg(2001)have
demonstrated that intepmittent human PTH (1-34) treatment injected subcutaneously may
enhance early fixation of implants. PTH increases both bone-to-implant contact and pull-out
force according to Dayer et. al (2010). Tao et al. (2015) showed that combined treatment of 1-34
PTH and simvastatin has a cumulative effect on osseointegration compared to each of the agents
alone. Javed et. al (2016a) concluded in his review of PTH efficacity that intermittent PTH

therapy is enhancing new bone formation around implants.



Prostaglandin EP4 receptor agonist increases prostaglandin E2 (PGE2) activity on bone
turnover in rats, resulting in a higher cancellous and cortical bone mass (Hayashi et al. 2005). It
activates osteoblasts directly and osteoclasts indirectly (Graham et al. 2009). PGEP4 receptor
activation on osteoblasts stimulates the production of RANKL (Graham et al. 2009), thus
increasing osteoclast differentiation (see Figure 4). Hayashi et al. (2005) were the first to
describe its action on implant fixation in rats by subcutaneous injections. The study demonstrated
an increase in bone mineral density and bone-implant attachment strength. The same author
showed that EP4 receptor agonist may increase early fixation of rough-surface implant (Hayashi
et al. 2010).

Vitamin D (1,25(0H),D or calcitriol) has the ability to promote calcium and phosphate
intestinal absorption, thus providing adequate levels needed«n bone turnover (Bikle 2014).
Vitamin D undergoes 25-hydroxylation in liver and la-hydroxylation in kidney, all performed by
cytochrome P450 in endoplasmic reticulum or. mitochondria, resulting in a biologically active
form of vitamin D (Bikle et al. 2014). By acting on Vitamin D receptor (VDR) on osteoblasts, it
inhibits the production of osteoprotegerin®(OPG) and increases the production of RANKL (Tang
et al. 2008)(see Figure 4)sImprovement of implant osseointegration by vitamin D has been
established in 2008, in subeutaneous administration in rats, resulting in an increase in bone mass
density and implant stability (Nakamura et al. 2008). Zhou et al. (2012) showed the same result
on a larger number of rats and using oral gavage administration of vitamin D. However, a
systematically review by Javed et al. (2016b) showed that the efficacy of vitamin D3 on
osseointegration of implants still remains controversial. Nakamura et al. (2008) compared
fixation of femoral implants in ovariectomized rats in alendronate, calcitriol and alendronate plus

calcitriol treated groups. The authors showed an increase in bone mineral density in alendronate



group and an increase in implant stability only in alendronate plus calcitriol group (Nakamura et
al. 2008).

DKKT1 antibody is one of the newer therapies in osteoporosis and acts by inhibiting the
Wnt/B-catenin signaling pathway (see Figure 4) which is necessary for the formation of
osteoblasts from osteoblast precursors (Agholme et al. 2011, Pinzone et al. 2009). DKK1
antibody has proven its possible role in osseointegration when Olivares-Navarrete et al. (2010)
pointed out the major role of DKK1 in early-stage differentiation during osseointegration on
tissue cultures. The first experiment on animals was done by Agholme etal. (2011) when under
subcutaneous administration, rats receiving DKK1 antibody had an.increase in bone volume
fraction.

Sclerostin is a protein produced mainly in osteocytes‘and acts similar to DKK1 by
inhibiting theWnt/B-catenin signaling pathway (see Eigure4) and therefore down-regulating
osteoblast differentiation (Nellie 2008). Sclerostin antibody (Scl-Ab) or romosozumab™ denies
sclerostin action on the signaling pathway which results in an enhanced osteoblast
differentiation. Its role in implant osseointegration was first described by Virdi et al. (2012)in a
study on subcutaneously injected rats which showed an accelerated and enhanced fixation of
medullary implants by inereasing both trabecular and cortical bone. Liu et al. (2015)showed that
in a rat model,of severe Osteoporosis sclerostin antibody leads to an increased osseointegration of
implants. In a'study which compared Scl-Ab with PTH on osseointegration in metaphyseal bone,
Agholme et al. (2014) demonstrated that PTH stimulates implant fixation specifically, whereas

Scl-Ab has a wide-spread effect, mainly on cortical bone.



1.2 Anti-Catabolic Agents

This group consists in factors which down-regulate osteoclast activity, resulting in a decrease in
bone resorbtion process. They include calcitonin, biphosphonates, RANK/RANKL/OPG system
and selective estrogen receptor modulators (SERM).

Calcitonin was the first anti-catabolic agent to be studied for its’ osseointegration
properties. It acts initially by inhibiting osteoclast motility, followed by modification of the cell’s
structure (Masi and Brandi 2007, Stevenson 1990), targeting calcitonin receptor(CTR) on
osteoclasts (Masi and Brandi 2007) (see Figure 4). Furthermore, calcitonin inhibits
differentiation of osteoclasts from precursors (Masi and Brandi 2007, Stevenson 1990). Nociti et
al.(1999)outlined the increase in periosteal bone length and periosteal bone area in rabbits
injected imtramusculary with calcitonin. The study-also showed a minor negativ effect on the
initial phase of osseointegration. The same author conducted another study showing no effect of
subcutaneously-injected calcitonin rats/in bone-to-implant contact and bone area (Nociti et al.
2002)compared to control. A more recent study published by Chen et al.(2011) showed an
enhancement in bone mass‘surrounding the implant and osseointegrated implant surface, with an
inferior effect compared to orally administrated alendronate.

Biphosphonates<are the most frequently used drugs for the treatment of osteoporosis.
They mainly act by-inhibiting resorbtion of bone by osteoclast (Rosen 2016). They inhibit
geranyl pyrophosphate (GPP) conversion to farnesyl pyrophosphate (FPP) in the mevalonate
pathway (Gong etal. 2011), resulting in insuficient production of proteins necessary for
osteoclast function and survival (see Figure 4). Moreover it has been shown that biphosphonates
induce osteoblast apoptosis, decrease osteoclastogenesis and increase function of osteoblasts

(Rosen 2016). The biphosphonates we focused on are more potent nitrogen-containing. They are



not metabolized and excreted unmodified by the kidney (Gong et al. 2011). The biphosphonates
class contains several agents, the main difference between them being the affinity to calcium
hydroxyapatite (Russell et al. 2008). The following have been studied regarding osseointegration
of implants: alendronate, ibandronate, zoledronic acid, pamidronate and risendronate.

Alendronate has been first shown to improve removal torque values of titanium implants
in subcutaneously injected rats by Narai and Nagahata (2003). Further studies concluded the
same improvement in osseointegration (Duarte et al. 2005, Viera-Negron et al. 2008, Giro et al.
2008). Regarding oral administration of alendronate, Chacon et al. (2006). found on rabbits that
the torque removal values did not differ significantly between alendronated.and control group.
On the other hand, Jensen et al. (2007) showed an increase in bone ongrowth, ultimate shear
strength and periprosthetic bone in orally administred.alendronate dogs. Mardas et al. (2011)
showed that alendronate may impair new bone formation within early healing period in rabbits.
Tallarico et al. (2015) showed no difference in implant survival of dental implants in forty
patients treated with alendronate, but more studies are needed in order to confirm this result. As
mentioned before, alendronate was'compared in terms of osseointegration to calcitriol and
alendronte plus calcitriol.groups (Nakamura et al. 2008). Another comparative study (Ramalho-
Ferreira et al. 2015) showed that alendronate had a lower effect on bone-to-implant contact and
reverse torque.compared to orally administred raloxifene.

Ibandronate was first introduced as a systemic enhancer of implant fixation by Skoglund
et al. (2004) on subcutaneously injected rats. The study found an increase in pull-out force. Kurth
et al. (2005) showed that ibandronate is capable of reversing the negative effect of osteoporosis
on implant osseointegration, whereas Eberhardt et al. (2005) showed the importance of dosage in

implant fixation, a higher dosage of 25 microg/kg/day (tumor dose) resulting in an improved



osseointegration compared to a lower dosage of 1 microg/kg/day (osteoporosis dose). The same
author (Eberhardt et al. 2006) showed that an equivalent-dose single injection of ibandronate had
the same effect on implant fixation as daily injections.

Zoledronic acid’s or zoledronate’s propriety of reducing particle-induced osteolysis has
been demonstrated by von Knoch et al. (2005) after a subcutaneous single dose administration in
mice. Same positive effect was proven in dogs by Bobyn et al. (2005) in terms of higher bone
ingrowth and larger bone formation within implant pores. Experiments performed on rabbits
showed the same enhancement in osseointegration but no difference in removal torque values
compared to control group (Yildiz et al. 2010). Systemic zoledronic.acid has a better effect on
implant fixation compared to local administration, and both have an inferior effect compared to a
combination of systemic and local administration (Qi.et al. 2012). According to Cardemil et al.
(2013), bone tissues react differently after zoledronate administration based on location. For the
mandible, the study suggests a negative effect on the late phase of healing leading to a lower
bone-to-implant contact, whereas tibia has a better osseointegration. Zoledronic acid has a better
effect on bone-to-implant and peri-implant bone fraction compared to alendronate and strontium
ranelate as stated by Chen‘etal. (2013).

Pamidronate hasfirst been described as a systemic agent capable of improving
osseointegration by Dayer et al. (2007). The authors had shown that pamidronate prevents
loosening in low protein diet rats.

Risedronate administrated systemically has been first studied in orthopaedic implants.
First, Skoldenberg et al. (2011) showed a lower rate in periprosthetic bone resorbtion in patients

with total hip arthroplasty. Saari et al. (2014) showed no beneficial effects of systemic



risendronate regarding acetabular component fixation and bone mineral density (BMD) in
revision arthroplasty.

RANKL/RANK/OPG system is a target for novel therapies in osseointegration
improvement. In order for osteoclasts precursors to differentiate into mature osteoclast cells,
receptor activator of nuclear factor-kB ligand (RANKL) and receptor activator of nuclear factor-
kB (RANK) need to bind (Coetzee and Kruger 2004) (see Figure 4). Therefore, any factor that
can suppress this binding can lead to an increased implant fixation. Such a factor is
osteoprotegerin (OPG). It interferes with the binding resulting in an impaired osteoclastogenesis
(Coetzee and Kruger 2004). OPG and immunoglobulin Fc can form OPG-Ec complex for an
increased half-life (Skoldenberget al. 2016). Aspenberg et al: (2011) showed a significant
protection against resorbtion and a reduced osteoclast.density, resulting in a more potent effect
compared to alendronate. OPG-Fc also increases osseointegration of implant in subcutaneously
injected rats according to Bernhardsson et al.'(2015). The authors showed an increased pull-out
force and bone density. OPG level can be increased by naringin as Tong et al. (2016) showed in
an in vitro study resulting in a possible inerease of implant osseointegration. Human anti-
RANKL antibodies are available, such as denosumab, but they do not react with animal RANK
for studies to be conductedy(Bernhardsson et al. 2015). Skoldenberg et al. (2016) has started a
trial in which.he tests\patients with subcutaneously injected denosumab for improvement in
previously diagnosed osteolytic lesions around uncemented implants. A clinical trial is also
undergoing regarding denosumab administration after total hip replacement in postmenopausal
women (Turku University Hospital 2013). Another inhibitor of RANK is intravenous
astragaloside, as shown by Li et al. (2015), which can attenuate titanium particle-induced

osteolysis in mice.



Selective Estrogen Receptor Modulator (SERM) is another factor in the improvement of
implant fixation. SERM inhibits both short and long-term bone resorbtion (Rey et al. 2009),
leading to an increased bone mass and strength. SERM have an agonist effect on estrogen
receptor alpha and estrogen receptor beta in osteoblasts and osteoclasts (Rey et al. 2009) (see
Figure 4). They improve osteoblast function and differentiation and increase oscteoclast
apoptosis (Galea et al. 2013). The only SERM approved for treatment of osteoporosis is
raloxifene (Eriksen 2006). Ramalho-Ferreira et al. (2015) demonstrated that orally administrated
raloxifene, increases peri-implant bone mass in osteoporotic rats, also restoring the reverse
torque and bone-to-implant contact to levels found in non-osteoporetic/group. Moreover, the
same study showed an enhanced osseointegration of implants compared to orally administrated

alendronate.

1.3 Dual Anabolic And Anti-Catabolic Mechanism Agents

There is a high probability that many ofithe factors mentioned above in the anabolic and anti-
catabolic groups have a dual mechanism, but the ones proved so far to affect osseointegration by
acting both on osteoblasts.and osteoclasts are simvastatin and strontium ranelate.

Simvastatin is a«lipid-lowering agent being a potent competitive inhibitor of 3-hydroxy-
3-methylglutaryl coenzyme A reductase (Wolozin et al. 2007) in the mevalonate pathway (see
Figure 4). It is metabolized and eliminated in the liver by billiary excretion, and to a lesser
extent, in the kidney (Mangravite et al. 2012). A less known anabolic mechanism of action is that
it supresses the synthesis of FPP and GGPP factors, which down-regulate osteblastogenesis
(Ruan et al. 2012)(see Figure 4). In addition, simvastatin supresses osteoclast formation induced

by BMP-2 and RANKL (Yamashita et al. 2010). Other anabolic mechanisms are inhibition of



osteoblast apoptosis through TGF-p receptor (Ruan et al. 2012). Therefore, there is both an
anabolic and anti-catabolic effect of simvastatin on bone metabolism. It was first introduced as
an adjuvant factor in osseointegration by Ayukawa et al. (2004) increasing bone density around
the implant and bone-to-implant contact in intraperitoneally treated rats. The same author found
subsequently that a dose of 5mg/kg or more promotes osseointegration around implants
(Ayukawa et al. 2010). Oral administration of simvastatin was proven effective as well resulting
in a improvement in bone density, bone area and bone to implant contact (Du et al. 2009).
Strontium ranelate (SR) is an option in the treatment of osteoporasis. It Is supposed to
have a dual mechanism: 1) increase osteoblast differentiation and activity; 2) decrease osteoclast
differentiation (by lowering RANKL levels and increasing OPG production) and activity
(Fonseca and Brandi 2010) (see Figure 4), but sufficient evidence for anabolic effects in humans
does not exist (Stepan 2013). On osteoblasts, SR actson calcium sensing receptor (CaSR) thus
increasing Ca*? intracellular levels from internal storage (Cannata-Andia et al. 2010, Purroy and
Spurr 2002) (see Figure 4). On osteoclasts, it acts on the same receptor (CaSR) resulting in an
increase of apoptosis through NF-kB,.On'osteoclast precursor it inhibits differentiation to
osteoclasts. Li et al. (2010) showed that following an oral administration of strontium ranelate in
rats there is an enhancement of bone volume ratio, percentage of osseointegration and maximum
push-out force. On the other hand, an article published by Linderback et al. (2012) showed that
the effect is weak in case of early implant fixation. A comparative study between strontium
ranelate (oral administration), zoledronic acid (intravenous administration) and alendronate (oral
administration) showed a superior effect of zoledronic acid group compared to similar effects of

SR and alendronate groups (Chen et al. 2013).



1.4 Future Directions

Currently, it is widely accepted that systemic pharmacological agents enhance implant
osseointegration (Table 1). These factors are considered to be one of the great potential advances
in the field of dental implants and orthopaedics within the coming years. Nevertheless, due to
overlapping of mechanisms in implant osseointegration, osteoporosis and fracture healing,
improvement in this field can apply to a wider range of patients.

The future lies in selecting those systemic agents with highest implant fixation and lowest
adverse reaction rate, to be identified in comparative studies. Still,the positive effect on implant
fixation had been shown mostly on animal models, thereforelinical trials are needed in order to
test their efficacy in clinical situations and set up guidelines regarding patient selection, timing
and duration of administration.

Upcoming molecular and genetic research onosteoblasts and osteoclasts can discover
new targets for systemic drugs in order to promote implant fixation by regulating differentiation,
function or apoptosis.

Due to recent advances in implant surface biocompatibility and local factors that promote
osseointegration, there is a high probability of a staged combination of all these approaches

following dental and,orthopaedic implant surgery.

Figure 4.Mechanism of action for systemic drugs that influence osseointegration.

Table 1. Discovery of systemic drugs interaction that enhance osseointegration on animal

models (publications)



2. Systemic Postoperative Drugs That Influence Titanium Implant

Osseointegration

2.1 Pain Management Drugs

Aspirin is used to treat pain and inflammation in patients with orthopaedic and dental implants.
Altough an NSAID, we will talk about aspirin separately because it is the first choice in the pain
management ladder. It acts by inhibiting cyclooxygenase-1 (COX-1) in low doses (Abramson et
al. 2016). In intermediate doses it inhibits both cyclooxygenase-1 (COX-1) and cyclooxygenase-
2 (COX-2) (Abramson et al. 2016). As a result, arachidonic acid.conversion will be suppressed
and the levels of tromboxane A,, prostaglandine E, and prostacycline are lowered (Gasparyan et
al. 2008). Abdelhamid (2011)found on screw-shapedstitanium implants in rabbits that bone-to-
implant contact is significantly higher in aspirinstreated group compared to control. On the
contrary, Trancik et al. (1989) showed that-aspirin might have a negative effect on implant
fixation. We consider that further studies.on a‘higher number of subjects need to be conducted in
order to support this result.

Acetaminophen or paracetamol is prescribed to treat fever and pain and has a reduced
anti-inflammatory effeet'due to decreased effect on (COX-1) and (COX-2), when compared to
NSAIDs (Botting 2003). This results in a low effect on prostaglandin production. It is supposed
to act on different form of cyclooxygenase, called COX-3, found in brain and spinal cord(Botting
and Ayoub 2005). We have found no studies regarding the impact of acetaminophen on
osseointegration. In theory, acetaminophen should be a lesser threat for implant fixation

compared to NSAIDs (Bryce et al. 2014), but studies need to be conducted.



NSAIDs are commonly used drugs for the treatment of pain in this group of patients and
act by inhibiting COX-1 and COX-2 in the arachidonic acid pathway (Gomes et al. 2015). The
most important aspect in this mechanism regarding implant fixation are the prostaglandins,
which are mostly reduced under the action of NSAIDs on COX-2. Prostaglandins promote
inflammation, thus resulting in an increase supply of cells needed for bone formation. The
importance of COX-2 was shown by Chikazu et al.(2007) when he found that COX-2 deficient
mice had minimal bone formation around implant compared to control. Other animal and in vitro
studies also outlined the importance of COX-2 in implant fixation (Gomes et al. 2015). One of
the first studies to prove the negative effect of NSAIDs on bone formation was carried out by
Trancik et al.(1989). He concluded that indomethacin and ibuprofen may be contraindicated
postoperatively in patients with cemetless joint replacements(Trancik et al. 1989). Other
NSAIDs shown to reduce implant fixation were diclofenac/(Jacobsson et al. 1994), meloxicam
(Ribeiro et al. 2006) and flurbiprofen (Reddy et al. 1990). In a review by Fu et al. (2012), the
authors concluded that continued use of NSAIDs is associated with a lower bone density around
implants, bone area and bone-to-implant eontact. Gomes et al. (2015)stated in his review that
clinical trials showed no reduction in osseointegration of titanium implants regarding COX-1
inhibitors, but there is noseanclusion yet regarding selective COX-2 inhibitors (Jeffcoat et al.
1995, Alissa et al. 2009). On the other hand, Lionberger and Noble (2005) showed on patients
undergoing cementless total hip replacement, that celecoxib, a COX-2 specific inhibitor, does
not affect periprosthetic bone density and bone specific alkaline phosphatase (BSAIkP) levels
compared to control group. In addition, another study on rats showed that meloxicam, another
COX-2 specific inhibitor, did not interfere with implant fixation (Pablos et al. 2008). In terms of

dental implants, a study conducted by Alissa et al. (2009)on patients, concluded that short-term



administration of ibuprofen may not have a significant effect on implant fixation. A common
NSAID used in the prophylaxis of heterotopic ossification in orthopedic surgery is indomethacin.
Cook et al. (1995) noted on dogs that indomethacin only affects implant fixation in early stages
of osseointegration, but no significant difference compared to control group can be found after
24 postoperative weeks. In patients following hip replacement surgery, no statistically significant
radiologic changes are to be found in indomethacin group compared to control group (Wurnig et
al. 1993).

Opioids, which are recommended for moderate to severe pain, adjuvants for pain
management such as tricyclic anti-depressants (nortriptyline, desipramine or amitriptyline) and
anticonvulsivants (gabapentin, pregabalin, and carbamazepine) have not been yet studied in
terms of influence upon osseointegration, but further are required.

Our opinion is that NSAIDs are the least safe.of the’pain management drugs in terms of
implant survival, due to the most potent inhibition of COX-2. We therefore recommend the use
of acetaminophen for mild to moderate pain and opioids for moderate to severe pain with or

without adding adjuvants.

2.2 Drugs For Preventing*Post Implant Surgery Comorbidities

Proton pumpinhibitors (PP1) are usually prescribed in patients after implant surgery in order to
prevent adverse reactions of NSAIDs on digestive system. They bind to gastric H'/K*-ATPase
and restrict gastric acid secretion (Shin and Kim 2013). Subaie et al. (2016) showed on rats that
omeprazole impairs osseointegration, mostly due to a decreased number of osteoclasts. The
mechanism of action is yet unknown, being supposed to be related to gene expression (Subaie et

al. 2016). Further studies need to be done to confirm the result.



Selective serotonin reuptake inhibitors (SSRIs) are administrated in some patients for
treatment of depression. SSRIs inhibit serotonin reuptake sites at the level of the synapses,
increasing the concentration of serotonin at 5-HT postsynaptic receptors (Wu et al. 2014). In a
study on 490 patients with 916 dental implants, treatment with SSRI WAS associated with an
increased failure risk for implants due to mechanical loading (Wu et al. 2014).

Anticoagulants such as low molecular weight heparin (LMWH), unfractionated heparin,
oral anticoagulants and fondaparinux are used in preventing blood clot formation which can lead
to pulmonary embolism. They inhibit factors in the coagulation cascade, both on intrinsic and
extrinsic pathways. Therefore, LMWH inhibit I1a and Xa factors, fondaparinux inhibits Xa
factor, unfractionated heparin inhibits Xlla, Xla, IXa, Xa, I1a factors and oral anticoagulants
inhibit factor 11 and X (11, VII, IX and X if warfarin or.acenecumarol). A study on warfarin
showed that it reduces cobalt alloy implant fixation‘and does not interfere with hydroxyapatite
coated implants (Callahan et al. 1995). Matziolis et al. (2003) compared the effect of
fondaparinux, unfractionated heparin, dalteparin and enoxaparin on osteoblast cultures.
Fondaparinux was found to have no.inhibitory action on osteoblasts, in contrast to the other
tested drugs (Matziolis et-al,2003, Mavrogenis et al. 2009). Further studies on animal models
and clinical trials need to-be done in order to confirm this result.

Considering antibiotics, we have found no studies to assess osseointegration of titanium
implants whensadministrated systemically. Further studies are needed to test their effect on
implant fixation.

Special attention should be kept on proton pump inhibitors, selective serotonin reuptake
inhibitors and heparins due to studies supporting their negative effect on implant fixation. More

studies to support their result need to be conducted and no final conclusion can be admitted yet.



On the other hand, fondaparinux and warfarin did not seem to interfere with the survival of

hydroxyapatite-coated implants.

2.3 Future Directions

We consider that more attention should be given on the influence of postoperative drugs on
ossteointegration of titanium implants. Comparative studies between drugs should be performed
in order to be able to choose the one with least chances to jeopardize implant survival (Table 2).
Moreover, drugs that have not been tested by now, need studies to€confirm or deny their effect
on implant fixation. Genetic and molecular research is importantin order to find explanation of
drugs influence on bone formation and further develop better agents with neutral or positive
effect on implant osseointegration. Together with implant surface biocompatibility, application
of local factors and systemic agents which enhance implant fixation, postoperative drugs are an

important aspect of a successful implant surgery.

Table 2. Drugs administrated after implant surgery - effect on osseointegration of titanium

implants.

Declaration.ofiinterest

The authors report no declaration of interest.



Bibliography

Abdelhamid A.1.,2011. Scanning Electron Microscope Evaluation of the Effect of Systemic
Administration of Aspirin on the Osseointegration of Dental Implants (Experimental Study).
Journal of the Pakistan Dental Association, 20(4), 260-265.

Abramson S.B., Furst D.E., Romain P.L., 2016. Aspirin: Mechanism of action, major toxicities, and
use in rheumatic diseases [online]. UpToDate, Post, TW (Ed), UpToDate, Waltham, MA.
Available from: http://www.uptodate.com/contents/aspirin-mechanism-of-action-major-
toxicities-and-use-in-rheumatic-diseases[Accessed 4 August 2016].

Agholme F., Isaksson H., Kuhstoss S., Aspenberg P., 2011. The effects of Dickkopf-1 antibody on
metaphyseal bone and implant fixation under different loading conditions. Bone, 48(5), 988-996.

Agholme F., Macias B., Hamang M., Lucchesi J., Adrian M.D.;,)Kuhstoss S., Harvey A., Sato M.,
Aspenberg P., 2014. Efficacy of a sclerostin antibody cempared to a low dose of PTH on
metaphyseal bone healing. J orthop Res; 32(3), 471-476.

Albrektsson T., Branemark P.1., Hansson H.Aw"Kasemo B., Larsson K., Lundstrom I., McQueen
D.H., Skalak R., 1983. The interface zone of inorganic implants in vivo: titanium implants in
bone. Annals of Biomedical Engineering, 11 (1), 1-27.

Alissa R., Sakk S., Oliver R., Horner K., Esposito M., Worthington H.V., Coulthard P., 2009
Influence ofiibuprofen on bone healing around dental implants: a randomised double-blind
placebocontrelled clinical study. Eur J Oral Implantol, 2 (3), 185-199.

Aspenberg P., Agholme F., Magnusson P., Fahlgren A., 2011. Targetting RANKL for reduction of
bone loss around unstable implants: OPG-Fc compared to alendronate in a model for mechanical

induced loosening. Bone, 48 (2), 225-230.



Ayukawa Y., Ogino Y., Moriyama Y., Atsuta I., Jinno Y., Kihara M., Tsukiyama Y., Koyano K.,
2010. Simvastatin enhances bone formation around titanium implants in rat tibiae. J Oral
Rehabil, 37(2), 123-130.

Ayukawa Y., Okamura A., Koyano K., 2004. Simvastatin promotes osteogenesis around titanium
implants. Clin Oral Implants Res, 15(3), 346-350.

Bernhardsson M., Sandberg O., Aspenberg P., 2015. Anti-RANKL treatment improves screw
fixation in cancellous bone in rats. Injury, 46 (6), 990-995.

Bikle D.D., 2014. Vitamin D Metabolism, Mechanism of Action, and Clinical Applications.
Chemistry & Biology, 21(3), 319-329.

Bobyn J.D., Hacking S.A., Krygier J.J., Harvey E.J., Lillte D.G:, Tanzer M., 2005. Zoledronic acid
caiuses enhancement of bone growth into porous implants. J'Bone Joint Surg Br. 87(3), 416-420.

Botting R., Ayoub S.S., 2005. COX-3 and the mechanism of action of paracetamol/acetaminophen.
Prostaglandins, Leukotrienes and Essential Fatty Acids, 72(2), 85 — 87.

Botting R.M., 2003. Mechanism of Action of Acetaminophen: Is There a Cyclooxygenase 3?. Clin
Infect Dis, 31(5), S202-S210.

Boyce B.F., Xing L., 2007. The RANKL/RANK/OPG pathway. Curr Osteoporos Rep,5(3), 98-104.
Brouwers J., van RietbergenB., Huiskes R., Ito K., 2009. Effects of PTH treatment on tibial bone of
ovariectomized rats assessed by in vivo micro-CT. Osteoporosis International, 20(11), 1823-

1835.
Bryce G., Bomfim D.I., Bassi G.S., 2014. Pre- and post-operative management of dental implant

placement. Part 1: management of post-operative pain. British Dental Journal, 217(3), 123-127.



Callahan B.C., Lisecki E.J., Banks R.E., Dalton J.E., Cook S.D., Wolff J.D., 1995. The effect of
warfarin on the attachment of bone to hydroxyapatite-coated and uncoated porous implants. J
Bone Joint Surg Am, 77 (2), 225-230.

Cannata-Andia J.B., Rodriguez-Garcia M., Gomez-Alonso C., 2010. Action mechanism of
strontium ranelate. Rev Osteoporos Metab Miner, 2(1), S5-S9.

Cardeemil C., Omar O.M., Norlindh B., Wexell C.L., Thomsen P., 2013. The effects of a systemic
single dose of zoledronic acid on post-implantation bone remodelling and inflammation in an
ovariectomised rat model. Biomaterials, 34(5), 1546-1561.

Chacon G.E., Stine E.A., Larsen P.E., Beck F.M., McGlumphy E.A., 2006. Effect of alendronate on
endosseous implant integration: an in vivo study in rabbits. J'Oral,Maxillofac Surg, 64(7), 1005-
10009.

Chen B., Li Y., Yang X., Xu H., Xie D., 2013. Zoledronic acid enhances bone-implant
osseointegration more than alendronate and strontium ranelate in ovariectomized rats.
Osteoporos Int, 24(7), 2115-2121.

Chen B.L., Xie D.H., Zheng Z.M., LuW4, Ning C.Y., Li Y.Q., Li F.B., Liao W.M., 2011.
Comparison of the effects’of alendronate sodium and calcitonin on bone-prosthesis
osseointegration in @steoporotic rats. Osteoporos Int, 22 (1), 265-270.

Chikazu D., Tomizuka K., Ogasawara T., Saijo H., Koizumi T., Mori Y., Yonehara Y., Susami T.,
Takato T., 2007. Cyclooxygenase-2 activity is essential for the osseointegration of dental
implants. Int J Oral Maxillofac Surg, 36(5), 441-446.

Coetzee M., Kruger M.C., 2004. Nuclear Factor-[kappa]B Ligand Ratio: A New Approach To

Opteoporosis Treatment?. South Med J, 97(5), 506-11.



Cook S.D., Barrack R.L., Dalton J.E., Thomas K.A., Treg D.B., Effects of Indomethacin on
Biologic Fixation of Porous-coated Titanium Implants. The Journal of Arthroplasty, 10 (3), 351-
358.

Dayer R., Badoud 1., Rizzoli R., Ammann P., 2007. Defective implant osseointegration under
protein undernutrition: prevention by PTH or pamidronate. J Bone Miner Res, 22(10), 1526-
1533.

Dayer R., Brennan T.C., Rizzoli R., Ammann P., 2010. PTH improves titanium implant fixation
more than pamidronate or renutrition in osteopenic rats chronically fed a low protein diet.
Osteoporos Int, 21 (6), 957-967.

Du Z., Chen J.,, Yan F., Xiao Y., 2009. Effects of simvastatin on bone healing around titanium
implants in osteoporotic rats. Clin Oral Implants Res,.20(2)4145-150.

Duarte P.M., de Vasconcelos Gurgel B.C., Sallum A W.4Filho G.R., Sallum E.A., Nociti F.H. Jr.,
2005. Alendronate therapy may be effective in the prevention of bone loss around titanium
implants inserted in estrogen-deficient rats. J Periodontol, 76(1), 107-114.

Eberhardt C., Schwarz M., Kurth A.H:; 2005: High dosage treatment of nitrogen-containing
biphosphonate ibandronate is required for osseointegration of cementless metal implants. J
Orthop Sci, 10(6), 622-626:

Eberhardt C., Stumpf Uy, Brankamp J., Schwarz M., Kurth A.H., 2006. Osseointegration of
cementless implants with different biphosphonates regimens. Clin Orthop Relat Res, 447, 195-
200.

Eriksen E.F.,2006. Effects of Anticatabolic and Anabolic Therapies oat the Tissue Level. Clinical

Reviews in Bone and Mineral Metabolism, 4(3), 177-196.



Fakhry M., Hamade E., Badran B., Buchet R., Magne D., 2013. Molecular mechanisms of
mesenchymal stem cell differentiation towards osteoblasts. World Journal of Stem Cells, 5(4),
136-148.

Fonseca J.E., Brandi M.L., 2010. Mechanism of action of strontium ranelate: what are the facts?.
Clin Cases Miner Bone Metab, 7(1), 17-18.

Fu J.H., Bashutski J.D., Al-Hezaimi K., Wang H.L., 2012. Statins, Glucocorticoids, and
Nonsteroidal Anti-Inflammatory Drugs: Their Influence on Implant Healing. Implant Dentistry,
21(5), 362-367.

Galea G.L., Price J.S., Lanyon L.E., 2013. Estrogen receptors’ roles.inthe’control of mechanically
adaptive bone (re)modeling. BoneKEy Reports,4 (2), 413.

Gasparyan A., Watson T., Lip G.H., 2008. The Role of Aspirindin Cardiovascular Prevention:
Implications of Aspirin Resistance. J Am Coll Cardio;51 (19), 1829-1843.

Giro G., Gongalves D., Sakakura C.E., Pereira R.M., Marcantonio Junior E., Orrico S.R., 2008.
Influence of estrogen deficiency and its treatment with alendronate and estrogen on bone density
around osseointegrated implants: a‘radiographic study in female rats. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod, 105(2), 162-167.

Gomes F.LF., Aragio M.G.B3 Pinto V.de.P.T., Gondim D.V., Barroso F.C., Rodrigues e Silva
A.A., BezerraM.M.; Chaves H.V., 2015. Effects of Nonsteroidal Anti-inflammatory Drugs on
Osseointegration: A Review. Journal of Oral Implantology, 41(2), 219-230.

Gong L., Altman R.B., Klein T.E., 2011. Bisphosphonates pathway. Pharmacogenetics and

Genomics, 21(1), 50-53.



Graham S., Gamie Z., Polyzois 1., Narvani A.A., Tzafetta K., Tsiridis E., Helioti M., Mantalaris A.,
Tsiridis E., 2009. Prostaglandin EP2 and EP4 receptor agonists in bone formation and bone
healing: In vivo and in vitro evidence. Expert Opin Investig Drugs, 18(6), 746-766.

Hamdy N.A.T., 2009. Strontium ranelate improves bone microarchitecture in osteoporosis.
Rheumatology, 48 (4), 9-13.

Hayashi K., Fotovati A., Abu Ali S., Nakamura Y., Inagaki M., Naito M., 2010. Effect of a
prostaglandin EP4 receptor agonist on early fixation of hydroxyapatite/titanium composite and
titanium-coated rough-surfaced implants in ovariectomized rats. J Biomed Mater Res A, 92(3),
1202-1209.

Hayashi K., Fotovati A., Ali S.A., Oda K., Oida H., Naito M., 2005.'Rrostaglandin EP4 receptor
agonist augments fixation of hydroxyapatite-coated implants'in a rat model of osteoporosis. J
Bone Joint Surg Br, 87(8), 1150-1156.

Hodge J.M., Kirkland M.A., Aitken C.J., Waugh C.M., Myers D.E., Lopez C.M., Adams B.E.,
Nicholson G.C., 2004. Osteoclastic potential of human CFU-GM: biphasic effect of GM-CSF. J
Bone Miner Res, 19(2), 190-199.

Jacobsson S.A., Djerf K., Ivarsson 1., Wahlstrom O., 1994. Effect of diclofenac on fixation of
hydroxyapatite-coated implants. An experimental study. J Bone Joint Surg Br,76 (5), 831-833.

Javed F., Al Amri M.D.; Kellesarian S.V., Al-Kheraif A.A., Vohra F., Calvo-Guirado J.L.,
Malmstrom H.;,Romanos G.E., 2016. Efficacy of parathyroid hormone supplementation on the
osseointegration of implants: a systematic review. Clin Oral Investig,20 (4), 649-658.

Javed F., Malmstrom H., Kellesarian S.V., Al-Kheraif A.A., Vohra F., Romanos G.E., 2016.
Efficacy of Vitamin D3 Supplementation on Osseointegration of Implants. Implant Dent,25(2),

281-287.



Jeffcoat M.K., Reddy M.S., Wang I.C., Meuninghoff L.A., Farmer J.B., Koth D.L., 1995. The effect
of systemic flurbiprofen on bone supporting dental implants. J Am Dent Assoc, 126 (3), 305-311.

Jensen T.B., Bechtold J.E., Chen X., Sgballe K., 2007. Systemic alendronate treatment improves
fixation of press-fit implants: a canince study using nonloaded implants. Journal of Orthopaedic
Research, 25 (6), 772-778.

Kurth A.H., Eberhardt C., Mdller S., Steinacker M., Schwartz M., Bauss F., 2005. The
biphosphonate ibandronate improves implant integration in osteopenic ovariectomized rats.
Bone, 37(2), 204-210.

Lau H.K., Mounsey A., Mackler L., 2012. Human Parathyroid Hormone for Treating Osteoporosis.
Am Fam Physicians[online], 85(3). Available from:
http://www.aafp.org/afp/2012/0201/0d1.html[Accessed 4August 2016].

Li M., Wang W., Geng L., Qin Y., Dong W., Zhang X, Qin A, Zhang M., 2015. Inhibition of
RANKL-induced osteoclastogenesis through the suppression of the ERK signaling pathway by
astragaloside 1V and attenuation of titanium-particle-induced osteolysis. Int J Mol Med, 36(5),
1335-1344.

Li Y., Feng G., Gao Y., Lug/E.Liu X., Hu J., 2010. Strontium ranelate treatment enhances
hydroxyapatite-coated titanium screws fixation in osteoporotic rats. J orthop Res, 28(5), 578-
582.

Linderback P., Agholme F., Wermelin K., Narhi T., Tengvall P., Aspenberg P., 2012. Weak effect
of strontium on early implant fixation in rat tibia. Bone, 50(1), 350-356.

Lionberger D.R., Noble P.C., 2005. Celecoxib Does Not Affect Osseointegration of Cementless

Total Hip Stems. The Journal of Arthroplasty, 20(7), 115-122.



Liu A.S., Irish J., Sena K., Liu M., Ke H.Z., McNulty M.A., Sumner D.R., 2015. Sclerostin
antibody treatment improves implant fixation in a model of severe osteoporosis. J Bone Joint
Surg Am, 97(2), 133-140.

Long M., Rack H.J., 1998. Titanium alloys in total joint replacement—a materials science
perspective.Biomaterials, 19 (18), 1621-1639.

Latjering G., Williams J.C., 2007. Titanium.2nd ed. Berlin: Springer-Verlag Berlin Heidelberg.

MacDonald B.T., Tamai K., He X., 2009. Wnt/p-catenin signaling: components, mechanisms, and
diseases. Developmental cell, 17(1), 9-26.

Mangravite L.M., Thorn C.F., Krauss R.M., 2012. Pharmacogenomics.Knowledge for Personalized
Medicine. Clinical Pharmacology & Therapeutics, 92(4), 414-417%.

Mardas N., Schwarz F., Petrie A., Hakimi A.R., Donos N., 2011. The effect of SLActive surface in
guided bone formation in osteoporotic-like conditions: ClimOral Implants Res, 22(4), 406-415.

Masi L., Brandi M.L., 2007. Calcitonin and calcitonin receptor. Clin Cases Miner Bone Metab,
4(2), 117-122.

Matziolis G., Perka C., Disch A., Zippel H.,"2003. Effects of fondaparinux compared to dalteparin,
enoxaparin and unfractionated heparin on human osteoblasts. Calcif Tissue Int,73 (4), 370-379.

Mavrogenis A.F., DimitriousR:, Parvizi J., Babis G.C., 2009. Biology of implant osseointegration. J
Musculoskelet Neuronal Interact, 9(2), 61-71.

Murai K., Takeshita F., Ayukawa Y., Kiyoshima T., Suetsugu T., Tanaka T., 1996. Light and
electron microscopic studies of bone—titanium interface in the tibiae of young and mature

rats.Journal of Biomedical MaterialsResearch, 30 (4), 523-533.



Nakamura Y., Hayashi K., Abu-Ali S., Naito M., Fotovati A., 2008. Effect of Preoperative
Combined Treatment with Alendronate and Calcitriol on Fixation of Hydroxyapatite-Coated
Implants in Ovariectomized Rats. J Bone Joint Surg Am, 90(4), 824-32.

Narai S., Nagahata S., 2003. Effects of Alendronate on the Removal Torque of Implants in Rats
with Induced Osteoporosis. Int J Oral Maxillofac Implants,18 (2), 218-223.

Nellie A. Kim-Weroha., 2008. Regulation of Sclerostin Expression in Osteocytes by Mechanical
Loading. Kansas Ciy: ProQuest LLC.

Nilda A., Hiroko T., Kasai M., Furukawa Y., Nakamura Y., Suzuki Y., Sugano S., Akiyama T.,
2004. DKK1, a negative regulator of Wnt signaling, is a terget of the beta-catenin/TCF pathway.
Oncogene, 23(52), 8520-8526.

Nociti F.H.J., Sallum A.W., Sallum A.S., Duarte P.M., 2002 Effect of Estrogen Replacement and
Calcitonin Therapies on Bone Around Titanium Implants Placed in Ovarectomized Rats: A
Histometric Study. The International Journal of Oral & Maxilofacial Implants, 17(6), 786-792.

Nociti F.H.J., Sallum E.A., Toledo S., Newman H.N., Sallum A.W., 1999. Effect of calcitonin on
bone healing following titanium implantinsertion. Journal of Oral Science, 41 (2), 77-80.

Olivares-Navarrete R., Hyzy'Sy;, Wieland M., Boyan B.D., Schwartz Z., 2010. The roles of Wnt
signaling modulators Dickkopf-1 (Dkk1) and Dickkopf-2 (Dkk2) and cell maturation state in
osteogenesis @n micrestructured titanium surfaces. Biomaterials, 31(8), 2015-2024.

Oshida Y., 2013.Bioscience and Bioengineering of Titanium Materials. Amsterdam : Elsevier.

Ota K., Quint P., Ruan M., Pederson L., Westerndorf J.J., Khosla S., Ourlser M.J., 2013. Sclerostin
is expressed in osteoclasts from aged mice and reduces osteoclast-mediated stimulation of

mineralization. J Cell Biochem, 114(8), 1901-1907.



Pablos A.B., Ramalho S.A., Kénig B.Jr., Furuse C., de Aratjo V.C., Cury P.R., 2008. Effect of
Meloxicam and Diclofenac Sodium on Peri-Implant Bone Healing in Rats. J Periodontol, 79(2),
300-306.

Peters M., Hemptenmacher J., Kumpfert J., Leyens C, 2003. Structure and Properties of Titanium
and Titanium Alloys: Fundamentals and Applications. Weinheim: Wiley-VCH Verlag GmbH &
Co. KGaA.

Pinzone J.J., Hall B.M., Thudi N.K., Vonau M., Qiang Y.W., Rosol T.J., Shaughnessy J.Jr., 20009.
The role of Dickkopf-1 in bone development, homeostasis, and disease.‘Blood Journal, 113(3),
517-525.

Puleo D.A., Nanci A., 1999. Understanding and controlling the bone=implant
interface.Biomaterials, 20, 2311-2321.

Purroy J., Spurr N.K., 2002. Molecular genetics of calcium sensing bone cells. Human Molecular
Genetics, 20 (11), 2377-2384.

QiH., HuJ, LiJ., LiJ.,, Dong W., Feng X., Yu J., 2012. Effect of zoledronic acid treatment on
osseointegration and fixation of implantsin autologus iliac bone grafts in ovariectomized rabbits.
Bone, 50 (1), 119-127.

Ramalho-Ferreira G., Raverani,L.P., Prado F.B., Garcia I.R.Jr., Okamoto R., 2015. Raloxifene
enhances peri-implant bone healing in osteoporotic rats. Int. J Oral MaxillofacSurg, 44 (6), 798-
805.

Reddy M.S., Jeffcoat M.K., Richardson R.C., 1990. Assessment of adjunctive flurbiprofen therapy
in root-form implant healing with digital subtraction radiography. J Oral Implantol, 16 (4), 272-

276.



Rey J.R.C., Cervino E.V., Rentero M.L., Crespo E.C., Alvaro A.O., Casillas M., 2009. Raloxifene:
Mechanism of Action, Effects on Bone Tissue, and Applicability in Clinical Traumatology
Practice. Open Orthop J, 3, 14-21.

Ribeiro F.V., César-Neto J.B., Nociti F.H.Jr., Sallum E.A., Sallum A.W., De Toledo S., Casati
M.Z., 2006. Selective cyclooxygenase-2 inhibitor may impair bone healing around titanium
implants in rats. J Periodontol, 77 (10), 1731-1735.

Roodman G.D., 2004. Mechanisms of bone metastasis. N Engl J Med, 350 (16), 1655-1664.

Rosen H.N., 2016. Pharmacology of biphosphonates [online]. UpToDate, Post, TW (Ed),
UpToDate, Waltham, MA. Available from: http://www.uptodate.com/eontents/pharmacology-of-
bisphosphonates [Accessed on May 29, 2016.]

Ruan F., Zheng Q., Wang J., 2012. Mechaniscm of bone.anabolism regulated by statins. Bioscience
Reports, 32(66), 511-519.

Russell R.G.G., Watts N.B., Ebetino F.H., Rogers M.J., 2008. Mechanisms of action of
biphosphonates: similiarities and differences and thei potential influence on clinical efficacy.
Osteoporos Int,19 (6), 733-759.

Saari T.M., Digas G., Kéarrhelm J.N., 2014. Risendronate does not enhance fixation or BMD in
revision cups: a randomized study with three years follow-up. Hip Int, 24 (1), 49-55.

Serada M., Sakurai-Tanikawa A, Igarashi M, Mitsugi K, Takano T., Shibusawa K., Kohira T. 2012.
The role of theiliver and kidneys in the pharmacokinetics of subcutaneous administered
teriparatide acetate in rats. Xenobiotica, 42(4), 398-407.

Shin J.M., Kim N., 2013. Pharmacokinetics and Pharmacodynamics of the Proton Pump Inhibitors.

J Neurogastroenterol Motil, 19(1), 25-35.



Skoglund B., Holmertz J., Aspenberg P., 2004. Systemic and local ibandronate enhance screw
fixation. J Orthop Res, 22(5), 1108-13.

Skoldenberg O., Rysinska A., Eisler T., Salemyr M., Bodén H., Muren O., 2016. Denosumab for
treating periprosthetic osteolysis; study protocol for a randomized, double-blind, placebo-
controlled trial. BMC Musculoskelet Disord, 17(1), 174.

Skoldenberg O.G., Salemy M.O., Bodén H.S., Ahl T.E., Adolphson P.Y., 2011. The effect of
weekly risendronate on periprosthetic bone resorbtion following total hip arthroplasty: a
randomized, double-blind, placebo-controlled trial. J Bone Joint Surg Am,93(20), 1857-1864.

Skripitz R., Aspenberg P., 2001. Implant fixation enhanced by intermittent treatment with
parathyroid hormone. J Bone Joint Surg Br, 83(3), 437-440.

Staal A., Frith J.C., French M.H., Swartz J., Giingor T., Harrity'T.W., Tamasi J., Rogers M.J.,
Feyen J.H., 2003. The ability of statins to inhibit bone'resorbtion is directly related to thei
inhibitory effect on HMG-CoA reductase activity. J Bone Miner Res, 18(1), 88-96.

Stepan J.J. Strontium ranelate: in search for the mechanism of action. J Bone Miner Metab, 31(6),
606-612.

Stevenson J.C., 1990. New TFechniques in Metabolic Bone Disease. London: Butterworth & Co.

Stroup J., Kane M., Abu-Baker A., 2008. Teriparatide in the treatment of osteoporosis. American
Journal of Health-System Pharmacy, 65(6), 532-539.

Subaie A.A., Emami E., Tamimi I., Laurenti M., Eimar H., Abdallah M.-N., Tamimi F., 2016.
Systemic administration of omeprazole interferes with bone healing and implant

osseointegration: an in vivo study on rat tibiae. J Clin Periodontol, 43 (2), 193-203.



Takaoka S., Yamaguchi T., Yano S., Yamauchi M., Sugimoto T., 2010. The Calcium-sensing
Receptor (CaR) is involved in strontium ranelate —induced osteoblast differentiation and
mineralization. Horm Metab Res, 42(9), 627-631.

Tallarico M., Canullo L., Xhanari E., Meloni S.M., 2015. Dental implants treatments outcomes in
patient under active therapy with alendronate: a 3-year follow-up results of a multicentric
prospective observational study. Clin Oral Implants Res,27 (8), 943-949.

Tang X.L., Meng H.X., Zhang L., 2008. Effects of calcitriol on the expression of vitamin D
receptor, RANKL and osteoprotegerin in human periodontal ligament cells. Zhanghua Kou
Qiang Yi Xue Za Zhi, 43(12), 732-736.

Tao Z.S., Zhou W.S., Tu K.K., Huang Z.L., Zhou Q., Sun T., Lv Y.X., Cui W., Yang L., 2015. The
Effects of Combined Human Parathyroid Hormone (1-34),and Simvastatin Treatment on
Osseous Integration of Hydroxyapatitecoated Titanium Implants in the Femur of Ovariectomized
Rats. Injury,45(11), 2164-2169.

The glossary of prosthodontic terms, 2005.Journal of Prosthetic Dentistry, 94 (1), 10-92.

Thomsen P., Larsson C., Ericson L.E., Sennerby L., Lausmaa J., Kasemo B., 1997. Structure of the
interface between rabbit cortical bone and implants of gold, zirconium and titanium. Journal of
Materials Science:Materials inMedicine, 8 (11), 653-665.

Tong X., Lu W.,.You T3 Yan J., Feng D., Xiao-Hong W., 2016. The Function of Narginin in
Inducing Secretion of Osteoprotegerin and Inhibiting Formation of Osteoclasts. Evidence-Based
Complementaryand Alternantive Medicine.

Trancik T., Mills W., Vinson N., 1989. The Effect of Indomethacin, Aspirin, and Ibuprofen on
Bone Ingrowth Into a Porous-Coated Implant. Clinical Orthopaedics & Related Research, 249,

113-21.



Turku University Hospital, 2013. Denosumab in Enhancement of Bone Bonding of Hip Prosthesis
in Postmenopausal Women (ProliaHip) [online]. Bethesda (MD): National Library of Medicine
(US). 2000 —. Available from: https://clinicaltrials.gov/ct2/show/NCT01926158[ Accessed 28
July 2016].

van Bezooijen R.L., ten Dijke P., Papapoulos S.E., Lowik C.W., 2005. SOST/sclerostin, an
osteocyte-derived negative regulator of bone formation. Cytokine Growth Factor Rev, 16 (3),
319-327.

Viera-Negron Y.E., Ruan W.H., Winger J.N., Hou X., Sharawy M.M., Borke J.L., 2008. Effect of
ovariectomy and alendronate on implant osseointegration in rat maxillary bone. J Oral
Implantol, 34(2), 76-82.

Virdi A.S,. Liu M., Sena K., Maletich J., McNulty M., Ke HiZ4 Summer D.R., 2012. Sclerostin
antibody increases bone volume and enhances implant fixation in a rat model. J Bone Joint Surg
Am, 94(18), 1670-1680.

von Knoch M., Wedemeyer C., Pingsmann A., von Knoch F., Hilken G., Sprecher C., Henschke F.,
Barden B., Loer F., 2005. The decrease of-particle-induced osteolysis after a single dose of
bisphosphonate. Biomaterials, 36(14), 1803-1808.

Wang L., Shi X., Zhao R., Halloran B.P., Clark D.J., Jacobs C.R., Kingery W.S., 2010. Calcitonin-
gene-related peptide stimulates stromal cell osteogenic differentiation and inhibits RANKL
induced NF-kappaB activation, osteoclastogenesis and bone resorbtion. Bone, 46 (5), 1369-1379.

Weir E.C., Horowitz M.C., Baron R., Centrella M., Kacinski B.M., Insogna K.L., 1993.
Macrophage colony-stimulating factor release and receptor expression in bone cells. J Bone

Miner Res, 8(12), 1507-1518.



Wolozin B., Wang S.W., Li N.C,, Lee A., Lee T.A,, Kazis L.E., 2007.Simvastatin is associated with
a reduced incidence of dementia and Parkinson's disease. BMC Med, 5, 20.

Wornham D.P., Hajjawi M.O., Orriss I.R., Arnett T.R., 2014. Strontium potently inhibits
mineralisation in bone-forming primary rat osteoblast cultures and reduces numbers of
osteoclasts in mouse marrow cultures. Osteoporosis International, 25(10), 2477-2484.

Wu X., Al-Abedalla K., Rastikerdar E., Abi Nader S., Daniel N.G., Nicolau B., Tamimi F., 2014.
Selective Serotonin Reuptake Inhibitors and the Risk of Osseointegrated Implant Failure: A
Cohort Study. Journal of Dental Research, 93(11), 1054-1061.

Wurnig C., Schwameis E., Bitzan P., Kainberger F., 1993. Six-Year Results of a Cementless Stem
With Prophylaxis Against Heterotopic Bone. Clinical Ortopaedics.and Related Research, 361,
150-158.

Xiong J., O’Brien C.A., 2012. Osteocyte RANKL: Newdnsights into the Control of Bone
Remodeling. J Bone Miner Res,27(3), 499-505.

Yamashita M., Otsuka F., Mukai T., Yamanaka R., Otani H., Matsumoto Y., Nakamura E., Takano
M., Sada K.E., Makino H., 2010. Simyvastatin inhibits osteoclast differentiation induced by bone
morphogenetic protein-2.and RANKL through regulating MAPK, AKT and Src signaling. Regul
Pept, 162 (1-3), 99-108,.

Yang Y., Blair H.C., Shapiro .M., Wang B., 2015. The Proteasome Inhibitor Carfilzomib
Suppresses Parathyroid Hormone-induced Osteoclastogenesis through a RANKL-mediated
Signaling Pathway. The Journal of Biological Chemistry, 290(27), 16918-16928.

Yildiz A., Esen E., Kiirk¢ii M., Damlar 1., Daglioglu K., Akova T., 2010. Effect of zoledronic acid
on osseointegration of titanium implants: an experimental study in an ovariectomized rabbit

model. J Oral Maxillofac Surg, 68(3), 515-523.



Zhou C., Li Y., Wang X., Shui X., Hu J., 2012. 1,25Dihydroxy vitamin D3 improves titanium

implant osseointegration in osteoporotic rats. Oral Surg Med Oral Pathol Oral Radiol, 114(5

Suppl), 174-178.

Table 1. Discovery of systemic drugs that enhance osseointegration on animal models.

Drug

Year

Author

Title

Journal

Anabolic drugs

1-34 parathyroid
hormone (PTH)
or teriparatide

Prostaglandin E2
Receptor 4 (EP4)
receptor agonist

Vitamin D

Dickkopf WNT
Signaling
Pathway
Inhibitor 1

(DKK1) antibody

Sclerostin
antibody

2001

2005

2008

2010

2012

Skripitz R et al.

Hayashi K et al.

Nakamura Y et
al.

Olivares-
Navarrete R et
al.

Virdi AS et al.

Implant fixation enhanced by
intermittent  treatment” with
parathyroid hormone.

Prostaglandin \ EP4 " receptor
agonist,augments fixation of
hydroxyapatite-coated
implants in“a rat model of
0Steoporosis.

Effect of Preoperative
Combined Treatment with
Alendronate and Calcitriol on
Fixation of Hydroxyapatite-
Coated Implants in
Ovariectomized Rats.

The roles of Wnt signaling
modulators Dickkopf-1 (Dkk1)
and Dickkopf-2 (Dkk2) and
cell ~maturation state in

osteogenesis on
microstructured titanium
surfaces.

Sclerostin antibody increases
bone volume and enhances
implant fixation in a rat model.

Journal of Bone
& Joint Surgery,
British Volume

Journal of Bone
& Joint Surgery,
British Volume

Journal of Bone
& Joint Surgery,
American
Volume

Biomaterials

Journal of Bone
& Joint Surgery,
American
Volume




Anti-catabolic drugs

Calcitonin

Alendronate

Ibandronate

Zolendronic acid

Pamidronate

Risendronate

OPG-Fc

Raloxifene

1999

2003

2004

2005

2007

2011

2011

2015

Nociti
al.

FHJ et

Narai S et al.

Skoglund B et
al.

von Knoch M et
al.

Dayer R et al.

Skoldenberg
OG et al.

Aspenberg P et
al.

Ramalho-
Ferreira G et al.

Effect of calcitonin on bone
healing following titanium
implant insertion.

Effects of Alendronate on the
Removal Torque of Implants
in Rats  with  Induced
Osteoporosis.

Systemic and local ibandronate
enhance screw fixation.

The decrease of particle-
induced osteolysis « after “a
single dose of bisphosphonate.

Defective implant
osseointegration under protein
undernutrition: prevention by
PTHr pamidronate.

The ‘effect of  weekly
risendronate on periprosthetic
bone resorbtion following total
hip arthroplasty: a randomized,

double-blind, placebo-
controlled trial.
Targetting RANKL for

reduction of bone loss around
unstable implants: OPG-Fc
compared to alendronate in a
model for mechanical induced
loosening.

Raloxifene  enhances
implant  bone
osteoporotic rats.

peri-
healing in

Journal of Oral

Science

The International
Journal of Oral
& Maxillofacial
Implants

Journal of
Orthopaedic
Research

Biomaterials

Journal of Bone
and Mineral
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Journal of Bone
& Joint Surgery,
American
Volume

Bone

International

Journal of Oral
and
Maxillofacial
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Dual anabolic and anti-catabolic mechanism drugs

Simvastatin 2004 Ayukawa Y et Simvastatin promotes
al. osteogenesis around titanium

implants.
Strontium 2010 LiYetal. Strontium ranelate treatment
ranelate enhances hydroxyapatite-

coated titanium screws fixation
in osteoporotic rats.

Clinical Oral
Implants
Research

Journal of
Orthopaedic
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Table 2. Drugs administered after implant surgery and their effects on osseointegration of

titanium implants.

Drug Animal model Clinical trials Conclusion
experiment

Pain management drugs

Aspirin Trancik et al. (1989) No studies found  Impairs

Abdelhamid (2011)

osseointegration of
implant

Enhances
osseointegration  of
implant

Acetaminophen

No studies found

Norstudies found

No conclusion

anti-
drugs

Nonsteroidal
inflammatory
(NSAIDs)

Trancik et al. (1989)

Reddy (1990)

Jacobsson et al. (1994)

Ribeiro et al. (2006)

Jeffcoat
(1995)

Alissa
(2009)

et

et

al.

al.

Indomethacin  and
ibuprofen may
impair

osseointegration  of
implant

Flurbiprofen impairs
osseointegration  of
implant

Diclofenac impairs
osseointegration  of
implant

Flurbiprofen impairs
osseointegration  of
implant

Meloxicam impairs
osseointegration of
implant

Short course
administration of
ibuprofen does not
affect



osseointegration  of
implant

Opiods

Tricyclic anti-depressants

Anticonvulsivants

No studies found
No studies found

No studies found

No studies found
No studies found

No studies found

No conclusion
No conclusion

No conclusion

Drugs for preventing post implant surgery comorbidities

Proton pump
(PPI)

Selective
reuptake
(SSRIs)

Anticoagulants

Antibiotics

inhibitors

serotonin
inhibitors

Subaie et al. (2016)

Callahan et al. (1995)

No studies found

Wau et al. (2014)

No studies found

Omeprezole impairs
osseointegration  of
implant

Impair
osseointegration  of
implant

Warfarin impairs
osseointegration  of
implant

No conclusion
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