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Abstract: The improved peri-implant bone response demonstrated when utilizing the platform-
switching concept may result from the reduced levels of metal ions released from implant-abutment
surfaces to the surrounding tissues. These corrosion products may play a major role in crestal bone
remodeling around dental implants. This study evaluated the effect of different implant-abutment
couplings (platform-matched vs. platform-switched) on osteoblasts’ function. Titanium alloy and
cobalt—chrome alloy abutments were coupled with titanium cylinders, forming either platform-
switched or platform-matched groups, and were incubated in human osteoblast cultures utilizing
a novel direct-exposure technique. Viability was evaluated over 21 days using Alamar Blue assay.
Apoptosis was measured after 24 h using flow cytometry. The expression of genes related to bone
resorption was analysed over 21 days using a real-time quantitative polymerase chain reaction assay.
Cell viability was reduced from day 4 to day 21 (p < 0.05), with higher rates of early apoptosis
(p < 0.05) compared to the controls. Apoptosis was higher in the platform-matched groups (p < 0.05).
The tested genes’” expression was up-regulated after 1 and 3 days of exposure to implant-abutment
couplings (p < 0.05). The upregulation was more pronounced in platform-matched groups (p < 0.05).
Exposure of osteoblasts to implant-abutment couplings induced adverse biological responses, which
were more pronounced with platform-matched couplings. These reactions might be related to the
increased amounts of metal ions released from the platform-matched couplings, highlighting the
possible role of corrosion products in the mediation of crestal bone loss around dental implants.

Keywords: surface corrosion; dental implants; peri-implantitis; alveolar bone loss; platform-switching;
titanium; metal ions; osteoblasts

1. Introduction

Dental implants have become an integral part of restorative dental care and the num-
ber of implants being placed is steadily increasing. As the use of dental implants increases,
it is likely that the complications will also increase if the current systems are not optimized.
It has been reported that every fifth inserted implant eventually develops peri-implantitis
after masticatory loading for a mean period of time of from 3.4 to 11 years [1,2]. Bio-
logical complications involve the mucosa and bone surrounding the dental implant [3,4].
Peri-implant bone complications often involve a loss of bone vertical height and volume.
Peri-implant bone loss is of great importance as it has been established as one of the main
criteria of implant success [5]. This crestal bone loss seems to be related to the location of the
microgap that created between the implant-abutment interface [6]. Decreased peri-implant
bone loss was observed previously when utilizing different approaches related to the con-
nection geometry of the dental implant-abutment interface, such as platform-switching [7].
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Lazzara and Porter have defined platform-switching as “a protocol that includes smaller
diameter restorative components that have been placed onto larger diameter implant
restorative platforms—the outer edge of the implant-abutment interface is horizontally
repositioned inwardly and away from the outer edge of the implant platform” [7]. The
exact aetiology behind this enhanced peri-implant bone response has not been confirmed.
Recent studies demonstrated higher levels of metal ions being released through accelerated
corrosion from the platform-matched compared to platform-switched implant-abutment
couplings (IAC), suggesting that this difference in the amount of corrosion products may
be a factor [8,9].

The role of implant corrosion products in peri-prosthetic osteolysis has been extensively
discussed in the orthopedic literature, which demonstrated that metal ions/particles in tissues
can influence various metabolic pathways leading to cytokine release and interference with the
function of various cells, such as osteoblasts, macrophages and fibroblasts, thereby disrupting
bone homeostasis and contributing to the development of osteolysis [10-12].

The topic of degradation products released from dental implants and their association
with peri-implant bone loss has received close attention in recent years [13-19]. In fact,
the earlier work of the current research group [8,9,20] provided some indirect evidence
of the possible role of corrosion products in the mediation of crestal bone loss around
dental implants. Additionally, this glimpse of the immunological response pattern to the
corrosion products that were released, observed in the previous research [20], suggests
that there are immunological aspects of peri-implant bone loss, supporting the theory
of foreign body response (FBR) to the dental implants introduced by Albrektsson and
colleagues [13,14]. This FBR to the implant can be aggravated by various factors related
to the implant hardware, patient characteristics or surgical hazards. Regarding implant-
related factors, ions and particles released from the implant/prostheses combinations
due to corrosion have been suggested to initiate a disbalanced FBR. In fact, the role of
peri-implant titanium particles, micromotion and biocorrosion as risk indicators for peri-
implantitis has been highlighted but requires further research [21]. Although titanium
(Ti) shows a high corrosion resistance, obtained through the formation of a passive oxide
layer, certain environmental conditions, such as those experienced in the oral cavity, can
breach this protective oxide layer and cause corrosion [22]. Clark and Williams have stated
that, even under passive conditions in which metal oxide film breakdown is not observed,
metals and alloys will release ions into the surrounding tissue at a finite rate [23], affecting
the mechanical integrity of the implant and the health of the surrounding tissue [22].

Therefore, the objective of this study was to evaluate the response of osteoblastic cells
incubated with IAC (platform-matched vs. platform-switched) and unconnected implants
(UI) using a novel direct-exposure technique. The tested biological responses were cell
viability, apoptosis and the expression of genes related to bone resorption.

2. Materials and Methods
2.1. Preparation of Test Specimens

The IAC tested in this experiment were described in an earlier publication [8]. Com-
mercially pure Ti cylinders were fabricated to serve as dental implants. The superstructures
were either Ti alloy abutments (Ti-6Al-4V) or cobalt-chrome (CoCr) abutments (Table 1),
which were further divided into three groups according to the abutment’s platform diameter
(Figure 1).

The specimens were subjected to several steps of cleaning and sterilization in a laminar
flow hood cabinet prior to testing [24].

2.2. Assembly of Test Specimens

The assembly and fixing of specimens took place under sterile conditions and speci-
mens were handled aseptically with sterile talc-free gloves and sterilised plastic tweezers in
the laminar flow hood. Eighteen implants were connected to their assigned abutments using
hexed titanium screws and tightened manually (Figure 2a). The implant-abutment cou-
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plings and an additional three unconnected implants were securely attached to the sterile
plastic cover of a 24-well plate using double-sided adhesive carbon tabs (12 mm diameter)
(Elektron Technology UK Ltd., Cambridge, UK) (Figure 2b). The 21 fixed specimens were
exposed to UV irradiation for an additional 20 min before direct exposure to cultured cells
to insure sterility of the carbon tabs.

Table 1. Materials used in the study.

Material Manufacturer Composition in % by Mass
Titanium cylinders (Medical grade, Fort Wayne Metals, County Ti > 99.5%, Fe:0.2%, N:0.03%, C:0.1%,
Grade II, ASTM F67-13) Mayo, Ireland 0:0.18%, H:0.015%
Ti alloy abutments (Ti-6Al-4V) Zimmer Dental Inc., Swindon, UK Ti:91%, V:4%, Al:6%
Cobalt—chrome abutments LaserAbutments, Renishaw, UK C0:63.1%, Cr:24.7%, Mo:5.4%, Mn < 1%,

Si< 10/0, Fe <1%

Osteoblast basal medium

fetal bovine 10%, Gentamicin
Sulfate/ Amphotercin-B 0.1%,
Ascorbic acid 0.1%

OBM™, Clonetics™ OGM™ BulletKit™,
Lonza, USA

Figure 1. Titanium cylinders serving as dental implants to be connected to abutments with three different
platform diameters (6 mm, 5 mm and 4 mm).

Figure 2. (a) Implant coupled to abutment (b) Implant-abutment couplings (IAC) and unconnected
implants (UI) securely attached to the sterile plastic cover of a 24-well plate using double-sided
adhesive carbon tabs.

2.3. Cells and Cell Cultures

Osteoblastic cells were purchased from Lonza (Clonetics™ Normal Human Osteoblast
Cell System, NHOst, Lonza, Walkersville, MD, USA). Cells were cultured in monolayer
in osteoblast basal medium (Table 1) and incubated at 37 °C in a humidified atmosphere
of 5% CO, and 95% air. Osteoblastic cells of passages 4-6 were used for the experiments.
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These were seeded in a 24-well plate in triplicate at a density of 3000 cells/well for viability
assay and 50,000 cells/well for apoptosis and gene expression, and were allowed to attach
for 24 h, after which the culture medium was replaced by fresh media. To directly expose
the cells to the specimens, a novel direct-exposure technique was devised and followed in
the current experiments using sample-attached lids (SAL) (Figure 3). The SAL technique
allowed the plate cover to serve as a vehicle or carrier to hold the specimens directly over
the cultured cells. The samples were flipped vertically, with the abutment facing downward,
supported by the above implant base and suspended over the attached monolayer of cells
without touching the cells. The samples were immersed in the culture media up to the
level of the implant platform (Figure 4). Three wells of specimen-free culture medium were
used as a reference solution (REF) and served as the control group. Therefore, a total of
24 samples (Table 2) were used for each experiment and all experiments were repeated
three times.
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Figure 3. Inverted sample attached lids (SAL) serving as a vehicle or carrier to hold the specimens
directly hanging over the culture.

Adhesive carbon tab

Implant attached
to the plate lid

Culture medium

Abutment

Cultured osteoblasts

Figure 4. Schematic diagram of the direct exposure test set-up using SAL technique.

Table 2. Sample groups and their corresponding codes.

Sample Name Code Number of Samples
Sample-free culture medium REF 3
Unconnected implan Ul 3
Implant connected to implant to platform-switched titanium abutment (6 mm) ™ 3
Implant connected to platform-switched wide titanium abutment (5 mm) TSW 3
Implant connected to platform-switched titanium abutment (4 mm) TS 3
Implant connected to platform-matched cobalt-chrome abutment (6 mm) M 3
Implant connected to platform-switched wide cobalt-chrome abutment (5 mm) Csw 3
Implant connected to platform-matched cobalt-chrome abutment (4 mm) CS 3

Total 24




Appl. Sci. 2023,13, 8957

50f13

2.4. Cell Viability

Cell viability assay was conducted at time points of 1,4, 7, 10, 14 and 21 days using Alamar
Blue™ bioassay (AbD Serotec, Kidlington, UK). At each time point, the culture medium was
replaced with fresh media and the attached specimens were rinsed thoroughly with phosphate-
buffered saline. After 21 days, RNA was extracted for later gene expression analysis.

2.5. Apoptosis

After a 24 h exposure period, cells were collected for apoptosis analysis using FITC
Annexin V Apoptosis Detection Kit, following the manufacturer’s instructions (BD Pharmin-
gen™, BD Bioscience, Wokingham, UK) and a fluorescence-activated cell sorting (FACS)
flow cytometer (EPICS XL®, Coulter Corporation, Brea, CA, USA).

2.6. Gene Expression

RNA levels of interleukin-6 (IL-6), interleukin-8 (IL-8), cyclooxygenase-2 (COX-2),
Caspase-8, osteoprotegerin (OPG) and receptor activator of nuclear factor kappa-B ligand
(RANKL) expressed by cells were analyzed after 1, 3 and 21 days. For the 21-day exposure
period, RNA was extracted from the same cells that were initially seeded for the viability
assay after conducting the 21-day time point viability analysis.

After each exposure period, total RNA was extracted from the cells using RNA
extraction kit (RNeasy®Plus Mini Kit, QTAGEN GmbH, Hilden, Germany). RNA was
reverse-transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems™, Thermo Fisher Scientific, Waltham, MA, USA) according to manu-
facturer’s instructions.

Gene expression was analyzed by means of real-time quantitative polymerase chain re-
action (RT-qPCR) using 7300 Real Time PCR System (Applied Biosystems™, ThermoFisher
Scientific, USA). GAPDH was chosen as the housekeeping gene. Gene-specific primers and
the TagMan qPCR mastermix were purchased from TagMan® (TagMan® Gene Expression
Assays, Applied Biosystems™, ThermoFisher Scientific, USA). Values were normalized to
GAPDH and the control samples for each incubation time using the 2-AACt method [25]. A
detailed protocol for gene expression analysis was described earlier [20].

2.7. Post-Immersion Observation of Implants and Abutments Interfaces

After the 21-day exposure period, representative specimens from different groups
were randomly selected for examinations of the contacting surfaces under scanning electron
microscope (SEM) (FEI, Eindhoven, The Netherlands) to observe any corrosion features.

2.8. Statistical Analysis

Statistically significant differences were tested by univariate analysis of variance
(ANOVA) using SPSS version 22.0 (IBM SPSS Statistics, IBM, Japan) (p < 0.05). Levene’s test
of homogeneity of variance was employed (x = 0.05), following the assumption of equal
variances. When equal variances were assumed (p > 0.05), the Bonferroni post hoc test
was used to analyze significant differences in mean values between groups. When equal
variances were not assumed (p < 0.05), Dunnett’s T3 post hoc test was used to analyze
significant differences between the groups.

3. Results
3.1. Cell Viability

The percentages of cell viability are presented in Figure 5. Starting from day 4, all test
groups showed a statistically reduced viability compared to the control (p < 0.05). However, the
cell viability of the IAC was lower than that of the UI (p < 0.05). The platform-matched groups
were significantly lower in cell viability on day 4 compared to their counterparts, CS and TS
groups (p < 0.001). On day 7, all the test groups continued to show less viability compared to the
control (p < 0.005). The CM and CSW had also lower cell viability than the UL, at (p < 0.001) and
(p < 0.01), respectively. On day 10, all the implant-abutment couplings had lower cell viability
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compared to the control (REF) (p < 0.001), while the UI group was not different from the control
but was statistically different from the TM, CM and CSW groups (p < 0.001). At later incubation
periods of 14 and 21 days, all IAC continued to show less viability than the control and the UL
group (p < 0.001). It was also noted on day 21 that CM and TM had less cell viability than their
counterparts, the CS and TS groups (p < 0.05 and p < 0.005 respectively).

35 4
30 4
25 4
20 4

15

Percentage of AB reduction%

10 4

Day 1 Day 4 Day 7 Day 10 Day 14 Day 21
mRef mUl =TM TSW =TS mCM mCSW =uCs

Figure 5. Osteoblast reduction in Alamar Blue™ (AB) (%) in response to direct exposure to specimens.
The results for viability were expressed as mean percentage (%), (* =p < 0.001, ** = p < 0.005, *** = p < 0.01,
t=p<0.05).

3.2. Apoptosis

Cells exposed to IAC had a significantly higher percentage of apoptosis after 24 h
compared to the control (p < 0.05) (Figure 6). The TM group had more apoptosis than
both platform-switched groups of the same abutment material, the TSW and TS (p < 0.001).
Similarly, the CM showed more apoptosis than that of the CSW and CS groups (p < 0.05).
20 -
18
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REF ul ™ TSW TS ™M csw cs

WREF mUl »TM = TSW ®TS mCM mCSW mCS
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Figure 6. Osteoblast induction of early apoptosis (%) in response to direct exposure to samples. The
results for apoptosis were expressed as mean percentage (%) (* = p < 0.001, ** = p < 0.005, *** = p < 0.01).

3.3. Gene Expression

Figure 7 shows different gene expression profiles during different exposure periods. The
exposure of osteoblasts to IAC upregulated the expression of IL-6, IL-8, COX-2, caspase-8
and the RANKL/OPG ratio after 1 day of exposure (p < 0.05). This upregulation was
more pronounced in the platform-matched groups (p < 0.05). On day 3, the upregulation
of IL-8 and COX-2 continued in the IAC, being significantly high in the TM and CM
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groups, particularly COX-2 release, which reached up to 5-fold higher than the control
(p < 0.001) (Figure 7C,D). As the incubation period increased to 21 days, osteoblasts exposed
to IAC showed downregulation in most genes, except for COX-2 (Figure 7D), which was
upregulated in all test groups, and IL-6, which was significantly high in the TM group
(p < 0.001) (Figure 7B).
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Figure 7. Expression of genes related to bone resorption by osteoblasts in response to direct expo-
sure to samples (A) Caspase-8, (B) Interlukin-6, (C) Interlukin-8, (D) Cyclooxygenase-2 (COX-2),
(E) RANKL, (F) OPG and (G) ratio of RANKL/OPG. The results were expressed as mean fold change,
*=p <0.001, * =p <0.005, ** =p <0.01, t =p < 0.05.
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3.4. Post-Immersion SEM Examination

Post-immersion SEM images showed corrosion features in the form of pitting areas
and dark spots on the interfacial surfaces of both implants and their opposing abutments
in all examined samples (Figure 8).

A. Implant connected to CM B. CM abutment

Pre-immersion Post-immersion

Pre-immersion

Post-immersion

X150

X1000

C. Implant connected to TM D. TM abutment

Pre-immersion Post-immersion Pre-immersion Post-immersion

X150

X1000

Figure 8. Pre- and post-immersion SEM images of implants (A,C) and their opposing abutments
(B,D) after 21 days of immersion in culture media at x150 and x 1000 magnification. Pitting areas
and black spots were scattered post-immersion on the implant and abutment interfaces at different
locations, some denoted with red arrows.

4. Discussion

In this study, the biological responses to different IAC, as well as those directly Ul-
immersed in osteoblastic cell cultures using a novel direct-exposure technique (SAL),
were evaluated. In this technique, the samples did not touch the cultured cells; therefore,
the observed adverse cellular reactions were in fact responses to the substances being
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released from the immersed samples. The current innovative in vitro model might fall into
a category between the direct and indirect models described by Wataha [26]. It would be
more accurately classified as a modified direct model. This model fits its intended purpose
to test the biological responses of cultured cells to the degradation products released from
the immersed portion of the hanging solid material. There was no barrier, such as agar or
filters, which might influence the results [27] or interrupt the flow of the released products.
The culture medium served as a conductive electrolyte, delivering the released substances
to the cells from samples that were in the same well and exposed to the same incubation
conditions as the cultured cells without direct physical contact with the cultured cells.
Therefore, variables related to material surface energy, contact angle, roughness and other
material characteristics were avoided [28]. Those variables, however, might have influenced
the level of metal ion release and degradation products, which, in turn, might affect the
cells. That is the main purpose of this technique: to test the biologic responses to the
released substances and not to the material itself.

The release of metal ions suggested the occurrence of corrosion phenomena, which
may have developed as result of chemical dissolution in the presence of an electrolyte
medium, the galvanic coupling of dissimilar metals of the implant and abutment, and
crevices that were formed at the surface contact areas of the implants, abutments and
abutment screws [22,29]. The occurrence of corrosion was confirmed by the SEM images,
which showed pitting areas and dark spots on the implant and abutment interfaces. The
quantification of metal ions released from the IAC into the electrolyte immersion medium
has been performed earlier [8], but was not performed using a cell culture medium, which
was one of the limitations in the present study. Metal ions released from implant degrada-
tion do not exist in unbound ionic or colloidal forms in the serum, but rather specifically
bound to proteins, forming metal-protein complexes that would enter the cell through
the permeable cell membranes [10,30]. Such metal-protein molecules require advanced
digestion and protein-seperation methods, which should be considered in future research.

It was evident that osteoblastic cell viability was influenced by the presence of these
specimens, mainly the IAC. This observation was in line with the previous findings of
Hjalmarsson et al., who demonstrated that epithelial cells, as well as fibroblasts cultivated
with CoCr and Ti cylinders, showed reduced cell viability, with a stronger negative response
to CoCr alloy [31]. However, it should be noted that the majority of published in-vitro
biologic research has looked into the effect of prepared unconnected discs or cylinders and
not IAC, as in the present study, except for the work of Taylor et al. [29], who investigated
the effect of the coupling of Ti implants and dissimilar metal abutments on osteoblast
differentiation. Therefore, the results of the present study could not be completely compared
with other findings. However, it was clear that the Ul were less cytotoxic than IAC. This
could be due to the galvanic situation present in the IAC, which could have enhanced
the metal ion release from the couplings and therefore enhanced the adverse reactions.
Another reason for this could be the composition of the IAC vs. Ul The soluble Co and V
released from Co- and Ti-based abutment alloys, respectively, are among the most toxic
metals, and have been shown to reduce the proliferation and viability of osteoblasts and
other periprosthetic cells [32].

Although the influence of the implant-abutment mismatch on cell viability was only
statistically significant at some time points, there was an obvious general trend showing that
the larger the mismatch, the more favorable the cell viability. In other words, osteoblastic
cell viability was inversely related to the abutment size, which means that the groups
corresponding to the platform-matched couplings had less viability than the platform-
switched groups within the same abutment material. The most logical explanation to this
particular cell response could be that less ion is released from platform-switched groups,
as was confirmed in earlier publications [8,9]. This could correlate to previously reported
findings that the viability of osteoblasts was inversely proportional to the particle and ion
concentration [33,34].
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Although apoptosis is a normal fate for the majority of osteoblasts [35], the stimulation
of osteoblast apoptosis reduces bone formation in the periprosthetic region, which could
contribute to the total loss of bone volume around dental implants. It was evident in the
present study that stimulated osteoblasts undergo higher rates of apoptosis. This finding
was also supported by the upregulation of CASPASE-8 production after 1 day of exposure
in most test groups. Similarly, Pioletti et al. found that Ti induced a caspase-dependent
apoptosis of osteoblasts [36]. Although the authors used Ti particles rather than actual
implants, as in the present study, it is important to bear in mind that metal ions are also
released from the particles themselves, as well as directly from implant surfaces [11].
Therefore, it is difficult to anticipate whether the cellular reactions in response to particle
stimulation in earlier studies were related to the particles per se, or to the ions released from
such particles, as each form acts biologically through different metabolic pathways [10].

Interestingly, the platform-matched groups demonstrated higher levels of apoptosis
compared to the platform-switched groups within the same material, and this again could
be due to the higher amounts of metal ions released from the platform-matched groups [8].

The results of the present study show that the IAC, mostly the platform-matched
groups, have a profound impact on genes that code for inflammatory cytokines and genes
involved in bone homeostasis.

Although the upregulation of IL-6 was not remarkable in all test groups, it was no-
ticeable in the platform-matched groups after 24 hrs of exposure, which could be due to
the higher ion release, as explained earlier. It has been demonstrated by several investiga-
tors [11,27-29,37,38] that titanium ions and particles, as well as CoCr, increased the signal
levels of IL-6 in a dose-dependent manner. On the other hand, Shida et al. showed that
the release of IL-6 from Ti-stimulated osteoblast-like cells occurred in a time-dependent
manner, which disagrees with the findings of the present experiment [37]. This apparent
contrast could be attributed to the lower cell number caused by higher apoptotic rates and
compromised viability after longer exposure periods [33], based on the assumption that
only viable cells are capable of releasing IL-6 [32], which could also explain the downreg-
ulation observed in some genes after longer incubation periods. However, a statistical
regression analysis to correlate cell vitality results with gene expression was not performed
in the current study, limiting further anticipation of the data. The production of IL-6 by os-
teoblasts is significant, as IL-6 has been reported to be important to osteoclast development
and bone resorption, both directly and indirectly, via the upregulation of RANKL [12].

Stimulated osteoblasts also produced increased levels of IL-8, which was significant
in the platform-matched groups, achieving results up to four-fold higher than the control
after 3 days of exposure. The release of IL-8 from osteoblasts in response to implant
materials was also confirmed by the work of Kubies [39]. The authors illustrated the
distinctively high expression of IL-8 from osteoblasts after cultivation onto a wide range of
commercially available implant materials, regardless of the material’s surface roughness.
On the other hand, Quabius et al., using actual dental implants, have demonstrated that
titanium implants led to a more pronounced increase in IL-8 expression when compared
with zirconia implants after incubation in human blood [40]. However, the magnitude of IL-
8 expression in the work of Quabius et al. was far higher (>65-fold) than the levels expressed
in the current study. This apparent difference could be attributed to either the different
cells types used, the use of osteoblasts versus whole blood or the different incubation
times [40]. Several investigators have also showed that osteoblasts incubated with Ti and
CoCr particles/ions exhibit upregulated IL-8 chemokine expression [32,41,42]. These data
indicate that the peri-implant-stimulated osteoblasts, although not the major source of
chemotactic factors in the periprosthetic space, may be early and direct contributors to the
initiation of the chronic peri-prosthetic inflammatory responses [11,12,41].

Interestingly, the release of COX-2 was upregulated, and the effect lasted for extended
periods of exposure in most test groups, being more pronounced in the platform-matched
couplings. It has been documented that COX-2 is dramatically upregulated during inflam-
mation and usually increases in parallel with prostaglandin (PG) production and clinical
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inflammation [43]. Queally et al. [42] also observed an increase in COX-2 secretion from
osteoblasts exposed to Co and Cr ions, which corroborates the present results. This suggests
that one of the pathogenic mechanisms of peri-implant tissue inflammation in vivo may
be the synthesis of COX-2 by osteoblastic cells in response to ion release, in conjunction
with PGE2 production [12,42]. Increased levels of PGE2 have been demonstrated in the
peri-prosthetic area and have been shown to play a significant role in the pathogenesis of
peri-prosthetic osteolysis [11,12].

To our knowledge, this is the first in vitro test that examined the effect of different IAC
on the different osteoblast production levels of inflammatory cytokines and chemokines
related to bone resorption; therefore, the results could not be precisely compared to previous
investigations. However, it appears that the element release from alloys is necessary but
not a sufficient condition for all cytotoxicity, as stated by Wataha et al. [44,45]. In other
words, elements must be released for cytotoxicity to occur, but not all element releases
cause cytotoxicity. Therefore, the observed adverse reactions in osteoblasts were the result
of ion release from the surfaces of immersed samples and the pronounced responses in
the platform-matched couplings were due to the higher amounts of ion release from those
groups. It is obvious then that the proposed theories explaining peri-implant bone loss, the
biologic width theory [46], the bacterial theory [47] and the mechanical theory [48], cannot
be proposed here to explain the adverse biological responses of the bone cells. Therefore,
if we consider the corrosion product theory as explaining the present in vitro situation, it
would then be logical to consider applying theory to the in vivo peri-implant bone changes
around dental implants.

5. Conclusions
Within the limitations of the present in vitro study, the results indicate the following:

1.  Osteoblastic cell viability, apoptosis, and regulation of bone-resorbing mediators were
significantly altered in the presence of implant-abutment couplings.

2. Titanium implants alone did not influence the apoptosis and secretion of the tested
cytokines and chemokines, but adversely influenced cell viability up to one week
of exposure.

3. Theadverse biologic responses were more prominent in the platform-matched implant-
abutment couplings. Therefore, platform-switching should be considered when restor-
ing dental implants.

4. The observed cytotoxic responses in osteoblastic cells could be due to metal ion release
from the immersed samples into the surrounding medium as a result of corrosion,
suggesting that corrosion products could play a pivotal role in the mediation of crestal
bone loss around dental implants.
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