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Type 2 Diabetes Impairs Implant 
Osseointegration Capacity in Rats
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Purpose: The effect of type 2 diabetes mellitus (adult-onset non–insulin-dependent), which is the most
common form of diabetes in humans, on osseointegration capacity has not been addressed in an
appropriate animal model. This study histologically and histomorphometrically examines bone healing
around titanium implants in the type 2 diabetes rat model. Materials and Methods: Titanium implants
with a chamber were placed into the femurs of normal male rats and genetically modified male rats
with a close symptomatic resemblance to human type 2 diabetes, as characterized by late-onset
hyperglycemia and obesity. Cross-sectional histology for the tissue grown into the implant chamber
was examined. Results: Bone volume around implants was consistently (from weeks 4 to 8 postim-
plantation) smaller for the diabetes group than for the control group in the cortical area, while the
bone volume in the marrow area was not affected by the diabetes. Bone-implant contact percentage
was considerably lower for the diabetes group in both the cortical and marrow areas, with the week 4
bone-implant contact in the cortical area being 12% for the diabetes group and 61% for the control
group. A 2-fold difference remained at week 8. Bone morphogenesis in the diabetic rats was charac-
terized by fragmented bone tissues and extensive soft tissue intervention. Conclusions: Type 2 dia-
betes mellitus impaired osseointegration capacity disproportionally between the cortical bone and
bone marrow areas. The reduction of the bone quantity in the cortical area and the bone-implant con-
tact in both the cortical and marrow areas was remarkable. INT J ORAL MAXILLOFAC IMPLANTS
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It has been proven that titanium is a biocompatible
material, and the use of endosseous titanium

implants as an anchor has become a standard effec-

tive treatment modality to restore missing teeth and
maxillofacial defects. However, the application of
implants is still limited because of various risk fac-
tors, including host bone quality and quantity,1

smoking,2 age,3 and systemic conditions.4 Among
the systemic conditions, diabetes mellitus is a major
metabolic disease that significantly affects bone
metabolic potential. There are 20.8 million children
and adults in the United States with diabetes; they
constitute about 7% of the population. The effect of
diabetes on fracture healing has been well docu-
mented experimentally and clinically. Diabetes
delays and impairs healing and remodeling in limb
bone5–9 as well as in the jaw and cranial bone.10,11

Diabetes mellitus, which is characterized by high
levels of blood glucose, consists of type 1 (insulin-
dependent) and type 2 (non–insulin-dependent)
varieties. Type 1, previously called juvenile-onset dia-
betes, is induced by damage to the insulin-producing
cells and is usually diagnosed in children and young
adults, while type 2, previously called adult-onset
diabetes, accounts for about 90% to 95% of all diag-
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nosed cases of diabetes and is associated with older
age, obesity, family history of diabetes, impaired glu-
cose metabolism, and race/ethnicity. Although it is
unclear whether diabetes mellitus is a critical deter-
minant for unsuccessful implant therapy, clinical
studies reported that type 2 diabetic patients
showed higher implant failure rates than nondia-
betic patients.7,12,13 It seems agreed that certain oral
hygiene procedures, such as the use of chlorhexidine
rinses and premedication with antibiotics, and
patients’ motivation to employ them are important
to obtaining successful outcomes in diabetic
patients.7,14

The effect of diabetes on the osseointegration
capacity of titanium implants has been studied using
animal models. The percentage of bone-implant con-
tact was decreased by over 50% in diabetic rats15–17

and did not reach the level equivalent to the normal
controls during the entire experimental period of up
to 80 days postimplantation. The bone volume
around implants was also reduced by approximately
50%.15 Diabetes mellitus negatively influenced the
mechanical retention of implants placed in the rab-
bit tibia.18 These reports consistently suggested that
diabetes mellitus impairs the osteogenic potential
around implants; however, the diabetic condition in
these studies was induced by intraperitoneal injec-
tion of streptozotocin, which irreversibly damages
insulin-producing �-cells in the pancreas islet 10.
Although this is a proven model for type 1 (insulin-
dependent) diabetes, it does not represent the com-
mon diabetic status for which human dental implant
therapy is considered. Streptozotocin-induced (type
1) diabetic rats show considerably lower weight
(over 50% lower depending on the age of animals)
than the untreated group,16 while type 2 diabetes is
normally associated with obesity. The effect of type 2
diabetes, which represents the majority of diabetes
cases, on the process of osseointegration has been
virtually uninvestigated with appropriate models.

Otsuka Long-Evans Tokushima Fatty (OLETF) rats
were developed and established as a genetically
modified type 2 diabetes animal model symptomati-
cally analogous to human type 2 diabetes.19–22 Due
to the recessive function of multiple genes, the
OLETF rat features (1) late onset of hyperglycemia
(after 18 weeks of age); (2) a chronic course of the
disease; (3) progressive obesity; and (4) clinical onset
of diabetes mellitus, mostly in the males.23 This study
histologically and histomorphometrically examined
bone healing around titanium implants in this type 2
diabetes rat model. The hypothesis to be tested was
that non–insulin-dependent diabetes mellitus delays
the process of osseointegration or impairs host
capacity of osseointegration.

MATERIALS AND METHODS

Titanium Implants and Surface Analysis
Experimental implants with a rectangular inner
chamber (3.0 mm � 2.5 mm � 0.8 mm) were fabri-
cated from commercially pure titanium by electrical
discharge machining (Fig 1a). The chambered
implant was originally designed by the University of
Toronto.24 It allows tissue to grow into the chamber,
which makes it easier to analyze purely de novo tis-
sue. Its usefulness for bone histomorphometry and
molecular analysis was established in previous stud-
ies.25,26 Surface morphology of the implants was
examined by scanning electron microscopy (SEM;
JSM-5900LV, Joel Ltd, Tokyo, Japan).

Animals
Thirty 38-week-old male rats, 15 OLETF rats, and 15 con-
trol animal (Long-Evans Tokushima Otsuka [LETO]) rats
were purchased from Tokushima Research Institute
(Otsuka Pharmaceutical, Yokushima, Japan; Fig 1b). The
induction of high blood glucose and related complica-
tions of diabetes, such as progressive obesity, have
been established in the type 2 diabetes rat model.19–23

Implant Surgery
The implants were cleaned with acetone and 70%
ethanol and sterilized by autoclaving. Rats were
anesthetized with an intramuscular injection of keta-
mine (7.5 mg/100 g body weight). After the leg was
shaved and decontaminated with 10% povidone-
iodine, the dorsal surface of the left femur was
exposed. The initial pilot osteotomy was made by
slow-speed drilling at a distance of 10 mm from the
distal edge of the femur (Fig 1c). The osteotomy was
expanded and finalized with a chisel (Aesculap, Cen-
ter Valley, PA) with its width adjusted to the implant
size. The implant was inserted until the implant
umbrella structure reached the femur exterior, and
stability was confirmed with a passive mechanical fit.
Muscle and skin openings were closed separately.
The lack of implant engagement into the cortical
bone structure on the bottom side of the femur was
confirmed by radiographic examination at the time
of sacrifice (Fig 1d).This study protocol was approved
by the Aichi-Gakuin University Animal Research
Committee.

Histologic Preparation
Five rats from each group were sacrificed at 4 weeks
postsurgery, 5 at 6 weeks postsurgery, and 5 at 8
weeks postsurgery. The bodies were then perfused
through the abdominal aorta with a solution of 4%
formaldehyde and 2% glutaraldehyde. Next, the
femur was harvested and further fixed in 10%
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buffered formalin for 2 weeks at 4°C. The specimens
were dehydrated in an ascending series of alcohol
rinses and embedded in light-curing epoxy resin
(Technovit 7200 VLC; Heraeus Kulzer, Wehrheim, Ger-
many) without decalcification. The embedded speci-
mens were sawed perpendicular to the exposed
implant roof structure at a site 0.5 mm from the
medial end of the implant (Fig 1e), which produced
cross sections parallel to the inner chamber opening
(Fig 1f ). The specimens were ground to a thickness of
30 µm with a grinding system (Exakt Apparatebau,
Norderstedt, Germany). The sections were stained
with Goldner’s trichrome stain and observed with a
light microscope.

Bone Histomorphometry
A 20� magnification lens and 2� zoom on a com-

puter display were used for computer-based histo-
morphometric measurements (Image Pro-plus;
Media Cybernetics, Silver Spring, MD). To identify the
details of the tissue structure, microscopic magnifica-
tion up to 100� was used.

The following morphometric variables were analyzed:

• Percentage of total bone area = (bone area in the
implant chamber)/(area of the chamber) � 100

• Percentage of bone area in cortical zone = (bone
area in cortical zone)/(area of cortical zone) � 100

• Percentage of bone area in marrow zone = (bone
area in bone marrow zone)/(area of bone marrow
zone) � 100, where the cortical and marrow zones
were defined as the upper and lower halves of the
implant chamber, respectively (Fig 1f ).

• Percentage of bone-implant contact in total (%) =
(sum of the length of bone-implant contact)/(cir-
cumference of the inner chamber) � 100

• Percentage of bone-implant contact in the corti-
cal zone

• Percentage of bone-implant contact in the mar-
row zone

Bone-implant contact was defined as anywhere
that bone tissue was located within 10 µm of the
implant surface without any intervening soft tissue.

Statistical Methods
A 2-way or 1-way analysis of variance (ANOVA) with
P < .05 as the level of significance was applied to
determine the effect of the healing time and dia-
betes on the histomorphometric variables. At each
time point, the variables from the control and dia-
betes groups were compared using a Student t test.

Figs 1a to 1f Experimental titanium implants, surgical and histological procedures. (a) T-shaped implants with roof structure and inner
chamber. (b) An OLETF rat (top) and a control (LETO) rat (bottom). Note that OLETF rat shows obesity. (c) The implant site. The flat surface
of the distal femur was selected for implant placement. The implant is placed up to the roof structure level at 10 mm from the distal end.
(d) A radiographic image of the implant placed in the femur at week 4 postimplantation. The complete insertion to the roof structure level
and a lack of implant contact to the inferior side of the cortical bone was confirmed. (e) The embedded specimens were sawed perpendic-
ular to the exposed implant roof structure at a site 0.5 mm from the proximal end of the implant, which produced cross sections parallel to
the inner chamber opening. (f) A schematic representation of a histological section and zones for histomorphometry. Newly formed bone
inside the chamber was analyzed in the upper half of the chamber (cortical zone) and lower half of the chamber (marrow zone). 
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RESULTS

Surface Topography of the Implant
SEM examination showed that the roughened sur-
faces of the implants consisted of structures irregular
in shape but uniformly distributed (Fig 2). The irregu-
lar structures consisted of spheres, squama-like com-
ponents, and pores ranging from 10 µm to 50 µm in
size. High-magnification SEM revealed that the sur-
faces of the irregular structures were smooth at the
micron scale (Fig 2).

Histologic Observation
At week 4, newly formed bone tissue was observed
along the implant surface in both the control and dia-
betes groups (Fig 3). The middle of the chamber was
filled with fatty bone marrow consisting of
hematopoietic tissue. The appearance of the de novo
bone tissue differed between the upper and lower
halves of the implant chamber; the upper half of the
implant chamber (cortical zone) was filled with more
bone than the lower half (marrow zone). Also, the
bone tissue in the upper half appeared thicker and
more mature, indicating the growth of cortical tissue-
stemmed bone into the area. The bone tissue in the
cortical zone was thicker for the control group than
for the diabetes group. The thickness ranged from 300
µm to 500 µm for the control group and from 100 µm
to 300 µm for the diabetes group. In the control rats,
an extensive area of bone tissue was in direct contact
with the implant surface in the cortical zone, but there
was only a limited area of bone-implant contact in the
marrow zone. In the diabetes group, most of the bone
tissue was accompanied by soft tissue at the implant
interface, which prevented the establishment of direct
bone-implant contact.

At week 6, the newly formed bone tissues
appeared smaller in thickness than those observed at
week 4 (Fig 3). A similar trend was found for the bone
morphogenesis between the 2 groups; the bone tis-

sue in the cortical zone was thicker for the control
than for the diabetes group, while the bone tissue in
the marrow zone showed an equivalent thickness
between the control and diabetic rats.The bone tissue
along the implant surface appeared continuous in the
control group, while the bone tissue in the diabetes
group appeared fragmented. Direct contact of bone
to the implant was found more frequently in the con-
trol than in the diabetes group.

At week 8, the quantity of newly formed bone was
further diminished. Instead, the thin bone tissue
extensively encapsulated the implant surfaces in
both the control and diabetes groups (Fig 3).
Although the thickness of the bone was equivalent
between the groups, ranging from 80 µm to 150 µm,
the bone tissue in the diabetes group appeared less
continuous in structure. An extensive area of bone
was in direct contact with implant in the control
group, while the bone in the diabetes group was
largely intermixed with soft tissue at the implant
interface.

Typical high-magnification images of the week 8
sections confirmed direct bone-implant contact in
both the cortical and marrow zones for the control
groups (Fig 4), while the intervention of the soft tis-
sue was found extensively between the bone and
implant in the diabetes group (Fig 4).

Histomorphometric Outcome
All 3 of the bone-area variables (total bone area, bone
area in cortical zone, bone area in marrow zone) were
significantly decreased with the healing time (2-way
ANOVA, P < .01; Figs 5a to 5c). There were significant
differences between the control and diabetes groups
in total bone area and bone area in the cortical zone
(2-way ANOVA, P < .01) consistently at weeks 4
through 8, with the diabetes group being 30% to 50%
lower in area (t test, P < .05 or P < .01; Figs 5a and 5b).
In contrast, no intergroup difference was found for
the bone area in the marrow zone (Fig 5c).

Fig 2 Surface morphology of titanium implants. (a) Low-magnification image and (b) high-magnification image.
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Bone-implant contact percentages showed a gen-
eral increase with increased healing time (1-way
ANOVA; P < .05; Figs 6a to 6c), which was a different
trend than that found in the bone area variables (Fig
5). However, the bone-implant contact in the cortical
zone was stable from weeks 4 to 8 in the control rats,
without any time-dependent changes (Fig 6b). The
bone-implant contact in the cortical zone was
remarkably lower for the diabetes group than for the
control group (P < .01; Fig 6b). Even though the dif-
ference tended to diminish in the later healing
stages, it was approximately 5-fold at week 4 and 2-
fold at week 8. Although bone-implant contact in the
marrow zone showed an increase associated with
healing time for both the control and diabetes

groups, bone-implant contact was consistently lower
for the diabetes group than for the control group by
up to 60% (Fig 6c). As a result, the bone-implant con-
tact in total was also significantly lower for the dia-
betes group throughout the healing time (Fig 6a).

DISCUSSION

To the authors’ knowledge, this is the first report
demonstrating that osseointegration capacity is signif-
icantly hindered in a type 2 diabetic rat model mimick-
ing human adult-onset diabetes mellitus. This hin-
dered osseointegration capacity was highlighted by
the remarkably lower bone-implant contact percent-

Fig 3 Histologic sections of the control and type 2 diabetes groups at 4, 6, and 8 weeks postimplantation. Overviews of the implant
chamber. (Goldner’s trichrome stain; bar = 400 µm).

Control Type 2 diabetes Control Type 2 diabetes Control Type 2 diabetes
Week 4 Week 6 Week 8

Fig 4 Histologic images of the control and type 2 diabetes groups at week 8 postimplantation. Close-up views of the newly formed bone
adjacent to the implant surfaces are shown for both the cortical and marrow zones. (Goldner’s trichrome stain; bar = 200 µm).

Cortical zone Marrow zone Cortical zone Marrow zone
Control at week 8 Type 2 diabetes at week 8
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age and diminished quantity of newly formed bone in
the cortical area. Although bone quantity in the bone
marrow area was not negatively affected by the dia-
betic status, the integrity of bone fragments along the
implant surface and the direct bone-implant contact
was apparently affected. The poor establishment of
bone-implant contact was associated with the inter-
vening soft tissue. The secure establishment of bone-
implant contact and the concurrent elimination of soft

tissue intervention in association with the accelerated
differentiation of osteoblasts are well-documented
benefits of a roughened implant surface.26,27 Mean-
while, the integrity of the bone fragments may be
dependent on the rate of osteoblastic proliferation.
Therefore, it may be hypothesized that the type 2 dia-
betic host condition may impair both the osteoblastic
proliferative and differentiation capabilities. This
hypothesis needs to be investigated further.
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Fig 5 The average bone area with standard deviation (error
bars) for (a) total bone area, (b) the cortical zone, and (c) the mar-
row zone. *Indicates significant difference (P < .05) between the
control and type 2 diabetes groups (t test); **indicates significant
difference (P < .01).  

Fig 6 The average bone-implant contact percentage with stan-
dard deviation (error bars) for (a) total bone area, (b) the cortical
zone, and (c) the marrow zone. *Indicates significant difference
(P < .05) between the control and type 2 diabetes groups (t test);
**indicates significant difference (P < .01).
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The effect of diabetes on bone morphogenesis
was disproportionate between the cortical and bone
marrow areas; the diminished bone mass and bone-
implant contact was more remarkable in the cortical
area than in the bone marrow area. Bone regenera-
tion processes in the cortical region, such as those
associated with fracture repair, are primarily driven
by the osteoprogenitor or stem cells originating in
the periosteum.28 The cells regenerate bone by a
combination of intramembranous and endochondral
ossification.28 In contrast, bone generation in the
bone marrow cavity is induced by bone marrow stro-
mal stem cells.29 As documented during the ablation
healing in the femur, newly formed bone trabeculae
replace blood clot, which will be eventually resorbed
by osteoclasts and remodeled.29 The types of bone
morphogenesis by the 2 different cell populations
could be clearly discriminated in the histologic
images presented. Type 2 diabetes mellitus may
affect the 2 different osteogenic processes differ-
ently, although it would be premature to make a firm
conclusion.

The magnitude of the reduction of osseointegra-
tion capacity in the diabetes group was greater than
expected. Mean bone-implant contact percentage in
the diabetes group was only 12% in the week-4 corti-
cal bone, while the mean for the control group was
61%. The present data fall within the reported range
of histologic studies using experimentally induced
type 1 diabetes rat models.15,16 They reported that
the bone-implant contact was reduced to 40% to
60% of the control group after 8 weeks. In the pre-
sent study, the bone-implant contact percentage and
bone area in the diabetes increased with healing
time; however, they failed to reach the control values
within the healing period tested, which is also in
agreement with the previous reports.15,16 A longer-
term study is needed to determine whether the dia-
betes group ever “catches up” to the control group
with respect to these histomorphometric variables
over time.

The present study employed a very rough tita-
nium surface created by electrical discharge machin-
ing. The surface, however, lacked the micro-scale
roughness typically seen on acid-etched titanium
surfaces and may be considered what is termed a
smooth surface at the micron scale. There is a con-
sensus that micron-scale roughness promotes
osteoblastic activity, leading to faster and firmer
osseointegration, compared to the relatively smooth
machined surface.30,31 In fact, rough surfaces are
most in use in current dental implant therapy. The
effect of type 2 diabetes on osseointegration capac-
ity around such micro-roughened implants should
be of great and immediate interest. Further, effects of

the controlled type 2 diabetes, under a condition
such as insulin control, also remain to be investigated
in the animal model.

This study may provide reliable and valuable bio-
logical data on the effects of diabetes mellitus on
implant osseointegration. The OLETF rat is an estab-
lished model bearing close resemblance to type 2
diabetes mellitus in humans, including obesity and
late-onset of hyperglycemia, with complications
related to chronic diabetes.19 Although multiple
genetic loci have been identified, the cause of dia-
betes in the model is a combination of insulin resis-
tance and impaired insulin secretion,32 which is anal-
ogous to the etiology of human type 2 diabetes as
opposed to type 1(insulin deficiency). In this model,
general cellular and tissue sensitivity to insulin
decreases with age; it is normal at 6 weeks but
reduced by 40% at 12 weeks and by 80% after 18
weeks compared with age-matched control (LETO)
rats.33 Insulin secretion starts to be impaired at 40
weeks; lipotoxicity to islet �-cells may be involved.34

In the present study, implants were placed in rats at
the age of 38 weeks, which represents an overlap-
ping stage of induced diabetes by progressively
impaired insulin sensitivity and the subsequent
advancement of chronic diabetes by the lessened
insulin secretion.

Although the experimental factors, such as the age,
race, genetic portrait, pathogenic mechanism, and liv-
ing environment, are well controlled in animal mod-
els, their biological reaction often differs from that of
humans. In fact, most of the previous experimental
studies using animal models seem to demonstrate an
impaired bone healing potential around implants in
diabetic animals compared with nondiabetic controls,
while the majority of clinical studies tend to indicate
that diabetes does not have a critical adverse effect
on the treatment outcome.35 When interpreting and
comparing the data from animal and human studies,
it should be taken into account that (1) the diabetic
condition is under control in most of the human stud-
ies; (2) the biological response sometimes differs
among animal models and between animals and
humans; and (3) in human studies, the research design
and the inclusion criteria for patients are sometimes
not well established in terms of the type and duration
of diabetes and the levels and treatment of pathogen-
esis.36 In fact, recent clinical studies have indicated a
possible risk of implant failure in association with dia-
betes status.7,12

It should be noted that implants were placed in
the femur in the present study. The femur provides
an accessible site for implant placement in the rat
model. However, it involves periosteal cells that show
different biological potentials from the ones in the
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jawbone. Periosteum-derived cells have been
demonstrated to have the ability to differentiate into
chondroblasts and osteoblasts and to form cartilage
and bone both in vitro and in vivo.37,38 Therefore, the
periosteum plays an important role during growth
and repair of bone through endochondral ossifica-
tion.38 Mandibular periosteal cells manifest only
osteogenic capacity but not chondrogenic capacity.

Another important aspect of osseointegration is
the biomechanical retention of implants, which may
be the most clinically relevant parameter for assess-
ment of the degree of osseointegration. In experi-
mental diabetes models, fracture healing is delayed,
and accordingly, the recovery of the biomechanical
strength of bone is impaired.39 Compromised
osteogenic capability, including decreased or
delayed mineralization and matrix formation, seems
unavoidable.8 Further, a study using diabetic rat
femurs revealed that the diabetic state induces
mechanical deterioration of bone, resulting in a 38%
decrease in breaking strength of the femur.40

Although a great contrast in bone morphogenesis
between the type 2 diabetes and control rats was
observed in the present study, how this affects the
biomechanical f ixation of implants remains
unknown. In addition to long-term histologic study
using the type 2 diabetes model, biomechanical eval-
uation of implant osseointegration will be essential.

Insight into the biological background and mech-
anisms of diabetes-associated impaired capacity of
osseointegration can be gained from the literature.
The association of reduced bone healing with inade-
quate insulin production has been demonstrated.6,9

Extracellular matrix production, such as type X colla-
gen, is reduced up to 70% in the endochondral ossifi-
cation of diabetic animals.41 Insulin directly stimu-
lates osteoblastic extracellular matrix production
and regulates the production of insulin growth fac-
tor-1 (IGF-1).42 IGF-1, in turn, promotes bone forma-
tion by regulating osteoblastic proliferation and dif-
ferentiation.42–45 Therefore, the diminished
production of insulin may have both directly and
indirectly deteriorated the osseointegration capacity
of the host site. In addition, although the pathways
are unknown, experimental diabetes interferes with
bone formation by failing to provide an adequate
expression of key transcription factors to osteoblas-
tic differentiation, such as Cbfa1/Runx-2.46 Finally,
sustained hyperglycemia increases the formation of
advanced glycosylation end products (AGEs).47,48

Osteoblasts express AGE receptors, which are known
to reduce osteogenic potential.47,48 Thus, an elevated
AGE level caused by chronic hyperglycemia may
have negatively affected the process of osseointe-
gration. However, how these mechanisms result in

the difference in osteogenic response around
implants between the cortical and marrow areas is
unknown. Also, the underlying mechanism responsi-
ble for the reduced bone-implant contact percent-
age, which is a critical factor for osseointegration,
needs to be explored. Particularly, the effects of dia-
betes on the proliferative activity of osteoblasts,
which is closely related to the bone volume, and on
differentiation capacity, which is related to the speed
of osteogenesis and eventually the direct bone-
implant contact, need to be elucidated.

CONCLUSIONS

The present study examined for the first time the
effect of diabetes on bone morphogenesis around
titanium implants using a rat model with a close
resemblance to type 2 diabetes which represents the
majority of human adult-onset diabetes mellitus
cases. The diabetic condition impaired osseointegra-
tion capacity disproportionally between the cortical
and bone marrow areas. The percentage of bone-
implant contact both in the cortical and marrow
areas, and the bone volume in the cortical area, were
significantly smaller for the diabetes group than for
the control. Bone-implant contact in the cortical
bone area was remarkably diminished at the early
stage of healing (week 4); 12% for the diabetes group
versus 61% for the control.These impaired osseointe-
grative capacities were not ameliorated to the levels
of the control group within the observed healing
period of 8 weeks.
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