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Abstract

Chronic kidney disease (CKD) has become a worldwide public health problem. However, its
effect on osseointegration of dental implants is largely unknown. The aim of this study is to
investigate whether CKD impairs the quality of the osseointegration of titanium implants. Uremia
was induced by 5/6 nephrectomy in mice, and serum levels of BUN, FGF23, PTH and ALP were
significantly increased. For /n vitrotests, bone marrow mesenchymal stem cells (BMMSCs) were
obtained and cultured on titanium discs. There was no significant difference in term of expression
of osteogenic marker genes including Osx, Col-1, Ocn, and Opn, as quantified by gPCR.
Moreover, Alizarin Red S staining showed comparable mineralized nodules formation.
Histomorphometrical analysis of experimental implants inserted in the femurs of CKD mice
revealed a trend of decreased BIC ratio at 2-week healing. The strength of bone-implant
integration, as measured by a push-in method, was significantly lower for the CKD group at 2
weeks, although a comparable level was reached at 4 weeks. These results demonstrated that CKD
only negatively affects the osseointegration of titanium implants at the early stage.
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Introduction

Chronic kidney disease (CKD) has become a worldwide public health problem, with
growing prevalence, high cost and severe complications [1-3]. Studies have shown that the
prevalence of CKD in USA and Norway was 13.0% and 10.2%, respectively [4,5]. More
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recently, a cross-sectional survey of a nationally representative sample of Chinese adults
revealed that the overall prevalence of CKD was 10.8% [6]. The number of patients with
CKOD in this rapid developing country was estimated to be 119.5 million, the highest
prevalence in the world.

In CKD patients, the normal physiological mechanisms regulating blood levels of calcium,
phosphate, vitamin D, parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23)
are disturbed, which subsequently impact on the bone structural integrity [7,8] and lead to
chronic kidney disease-mineral and bone disorders (CKD-MBD) [9]. In CKD patients,
histological evidence of bone disease affected 84% of all subjects (32% osteitis fibrosa, 20%
mixed bone disease, 8% osteomalacia, 6% mild disease and 18% adynamic bone disease)
[10]. More severely, only 2% of dialysis patients have normal histomorphometric analyses
of bone biopsy. A recent study examined the characterization of the mandibular bone in a
mouse model of chronic kidney disease, and the results showed a significant reduction in
cortical bone thickness [11].

The chronic kidney disease is also regarded as a risk factor of periodontitis [12-15].
Borawski reported that the loss of clinical attachment level of the CKD patients was
significantly higher than that of general population subjects, indicating a high severity of
periodontitis in the renal failure patients [16].

Although chronic kidney disease has been considered as a worldwide public health problem,
its effect on dental implant treatment is largely unknown. A quite common opinion in both
the oral and nephrological literature suggests that osseous periodontal surgical procedures
such as bone grafting or dental implants may be contraindicated in patients with significant
renal osteodystrophy [14,17]. Others, however, investigated the quantity and quality of the
alveolar bone of dialysis patients, which showed that the residual bone volumes were
adequate for implant insertion, suggesting this type of treatment is applicable to CKD
patients [18].

The aim of this study is to investigate the effect of CKD on osteogenic differentiation of
bone marrow mesenchymal stem cells (BMMSCs) and peri-implant bone formation in a
CKD mouse model, so as to determine to what extent CKD impairs the osseointegration of
titanium implants.

Materials and methods

Animals

Female C57BL mice at age of 9-week-old were purchased from Charles River Laboratories
International Inc. (Wilmington, MA). The animals were kept under climate-controlled
conditions and fed with standard diet. All studies were approved by the Institutional Animal
Care and Use Committee at the Harvard Medical School (Boston, MA).

Surgical procedure to induce uremia

The CKD mice were established by a two-step 5/6 nephrectomy to induce uremia as
described previously [19]. Briefly, the first procedure involves electrocautery of the left
kidney. It was approached through a 2-cm-long lumber incision and exposed by fine
dissection of the surrounding tissues including the peri-renal fat and adrenal gland. The
entire cortex of the right kidney was cauterized except for a 2-mm area around the hilum.
The kidney was then returned to the renal fossa, and the subcutaneous tissues were sutured
with 6-0 silk. The skin was closed with surgical clips. After 1 week, a total nephrectomy of
the right kidney was performed by ligation of the renal hilum with a 5-0 silk suture and
surgical excision of the kidney. The wound was closed as the first surgery. Sham surgery
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consisted of anesthetic, flank incision exposing the kidney, and closure of the abdominal
wall. The illustration of the work flow is shown in Fig. 1A.

Serum biochemical assays

Eight weeks after the secondary surgery, blood of the mice was collected by cheek pouch.
Serum biochemistry was performed using commercially available kits: Blood urea nitrogen
(BUN) (Roche Diagnostics, Indianapolis, IN); FGF23 (Immutopics, San Clemente, CA),
PTH (Immutopics, San Clemente, CA); 1,25(0OH),D (Immunodiagnostic Systems Ltd.,
Fountain Hills, AZ); Calcium and Phosphate (Stanbio Laboratory, Boerne, TX). For the
assay of serum ALP activity, the serum was diluted 25 times and measured using a
SensoLyte® pNPP Alkaline Phosphatase Assay Kit (AnaSpec Inc., Fremont, CA).

Primary culture of BMMSCs on titanium disks

Eight weeks after the secondary surgery, five mice from each group were sacrificed and the
femurs were dissected. The bone marrow of the femurs was flushed, pooled together, and
cultured with alpha-modified Eagle’s medium supplemented with 10% fetal bovine serum
and antibiotic-antimycotic solution. At about 80% confluence, cells were detached and
seeded onto SLA titanium disks at a density of 3 x 104 cells/cm?, with osteogenic medium,
which contains 50 ug/ml ascorbic acid and 10 mM Na-fB-glycerophosphate. The culture
medium was renewed every other day.

Alkaline phosphatase staining

After 10 days, cultured BMMSCs were washed twice with saline, and fixed in citrate
buffered acetone for 30 seconds, followed by gently rinse in deionized water for 1 min. Cells
were incubated with 120 mM Tris buffer (pH 8.4) containing 0.9 mM naphthol AS-MX
phosphate and 1.8 mM fast blue RR covered from light at room temperature. After 30 min,
the cells were rinsed thoroughly in deionized water.

Alizarin Red S staining

After 21 days, cells were washed three times with PBS and fixed in 10% neutral formalin for
5 min. Cells were then incubated in 2 wt% Alizarin Red S solution (pH 4.2) for 10 min at
room temperature and rinsed with distilled water. The color intensity of the stain was
evaluated as an indicator for mineralization.

RNA extraction and quantitative real-time RT-PCR

Total RNA was extracted after 8-day culture using Rneasy Mini Kits (Qiagen, Valencia,
CA). The detailed procedures for real-time RT-PCR were described previously [20].

Implant surgery

Eight weeks after the second surgery of renal ablation, the mice were subjected to implant
placement by the method described by Xu et al. [21]. Titanium implants with SLA surface
(1 mm in diameter and 4 mm in length) were obtained from Institut Straumann AG (Basel,
Switzerland). They were cut to the length of 2 mm before insertion. After careful exposure
of the distal aspects of the femurs via skin incision and muscle dissection, implant sites were
prepared on both sides of the anterior-distal surfaces of the femurs by sequential drilling
under cooled sterile saline irrigation with 0.7- and 1.0-mm surgical stainless steel twist
drills. Then, the implants were press-fitted into the holes reaching primary stability. After
the insertion of the implant, the muscles were carefully sutured with 6-0 silk, which covered
the implant and further guaranteed its protection in the biological environment. Then the
skin was closed with 5-0 silk. Ten mice were allocated to each group.
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Implant biomechanical push-in test

One side of the femur containing a cylindrical implant of each mouse was harvested and
embedded into auto-polymerizing resin with the top surface of the implant level. The testing
machine (AG-TA electronic universal testing machine, SHIMADZU, Japan) equipped with
a pushing rod (diameter = 0.8 mm) was used to load the implant vertically downward at a
crosshead speed of 1 mm/min. The push-in value was determined by measuring the peak of
the load—displacement curve.

Histological preparation

After 2 and 4 weeks of healing after the implant placement, the other side of the femur
carrying an implant of each mouse was harvested and fixed in 10% buffered formalin for 1
week at 4 °C. Specimens were dehydrated and embedded in light-curing epoxy resin
(Technovit 7200VLC, Hereaus Kulzer, Wehrheim, Germany). Embedded specimens were
sawed perpendicular to the longitudinal axis of the implants at a site 0.5 mm from its apical
end. Then the specimens were ground to about 50 pm thickness with a grinding system
(Exakt Apparatebau, Norderstedt, Germany). Sections were stained with Stevenel’s blue and
Van Gieson’s picro fuchsin stain, and observed by light microscopy.

Histomorphometric measurement

Images of the implant and peri-implant bone tissues were digitized and
histomorphometrically analyzed with NIH Image J (National Institutes of Health, USA).
Bone-implant contact (BIC) was calculated as the linear percentage of direct bone-to-
implant contact to the total surface of the implant.

Statistical analysis

All values are presented as mean + SD. Statistically significant differences were assessed by
independent Student #test. A p value of less than 0.05 was considered to be statistically
significant.

Results

Serum biochemistry

Significant differences were observed between the sham group and the CKD group in
multiple parameters measured, indicating the successful establishment of the uremic mouse
model. Serum BUN (Fig. 1B), FGF23 (Fig. 1C), and PTH (Fig. 1D) in the CKD group were
increased about 2.0-fold, 2.3-fold, and 3.0-fold, respectively, compared to the sham control
group. Meanwhile, the level of active form of VitD was significantly decreased from 52.53
+26.91 pmol/L to 27.51 + 7.22 pmol/L (Fig. 1E). The measurement also revealed no
significant increase in serum phosphate (Fig. 1F) and calcium (Fig. 1G) levels in the CKD
group compared to the sham group.

Analysis of osteoblastic differentiation markers

As shown in Fig. 2A, serum ALP activity was significantly increased in the CKD mice. This
observation was further confirmed by the ALP staining of BMMSCs cultured either in 24-
well plates (Fig. 2B) or on the titanium discs (Fig. 2C). In both situations, BMMSCs derived
from CKD mice showed more intensive signals.

After culture for 21 days, the cells from the CKD and sham groups were stained with
Alizarin Red S, and demonstrated similar staining intensity, indicating that both of them
could mineralize normally in vitro (Fig. 2D).
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We then quantified the expression of osteogenic marker genes, including Osterix (0sx),
collagen type I (Col-1a), Osteopontin (Opn) and osteocalcin (Ocn). No significant difference
was observed for all four markers (Figs. 2E-H).

Histology and histomorphometry

Titanium implants were placed as described in Methods, and as shown in Fig. 3. As
anticipated, all mice survived during the observation period and no inflammation at the
implant site was observed. The ex vivo X-ray examination of the femurs showed that the
implants were surrounded with bone without any notable gap, indicating successful
osteointegration for both groups (Fig. 3E).

The observation of histological sections confirmed a direct bone-implant contact at both 2
weeks (Figs. 4A&B) and 4 weeks (Figs. 4D&E). Further histomorphometrical analyses did
not reveal statistically significant differences for peri-implant BIC ratio at 2 weeks (Fig. 4C).
However, it was noticeable that the BIC ratios for CKD and sham groups at the early healing
stage (2 weeks) were 60.23 + 9.92% and 68.08 + 14.11%, respectively. The pvalue (0=
0.058) was very close to a significant difference, suggesting a trend of decreased BIC ratio
for the CKD group at the 2-week healing. At 4-week healing, the BIC for the CKD group
increased to 73.42 + 18.36%, which is comparable to that of sham group (75.43 + 13.90%, p
< 0.05) (Fig. 4F).

The strength of bone—titanium integration

At the early healing stage of week 2, the strength of bone—implant integration, measured by
a push-in method, was significantly lower for the CKD group (14.09 £ 1.69 N), compared to
that of sham one (10.23 + 3.11 N) (Fig. 4G). At the late-stage of healing (4-week), there is
no significant difference between both groups (v < 0.05).

Discussion

In the present study, an uremic mouse model was prepared and it was investigated on the
effect of CKD on the osseointegration of titanium implants. /n vitro studies showed that
there was no significant difference in terms of expression of osteogenic marker genes,
including Osx, Col-1, Ocn, and Opn, although BMMSCs derived from CKD mice exhibited
increased ALP activity. Meanwhile, these cells showed comparable mineralized nodule
formation. These data suggest that BMMSCs derived from CKD mice are able to
differentiate and mineralize normally /n vitro. However, we need to emphasize here that
cells cultured in vitro are excluded and protected from the abnormal 77 vivo environment
found during CKD, such as abnormal serum VitD, FGF23 and PTH levels, thereby maybe
explaining the similar results with BMMSCs. Therefore, /n7 vivo experiments were
performed to verify the effect of CKD on osseointegration. X-ray examination and
histological evaluation confirmed the successful osseointegration of titanium implants for
both groups, indicating that dental implant treatment is applicable in our mouse model.
However, it is notable that the biomechanical resistance of the CKD group was significantly
decreased at 2-week of healing. Meanwhile, the BIC of the CKD group at 2 week is very
close to significantly lower than that of control. These data indicate that CKD impaired the
osseointegration of titanium implants at early healing stage.

In this study, a CKD mouse model was established using the 5/6 nephrectomy technique.
This method is widely used to imitate the clinical status of CKD patients. The amount of
several biochemical markers of the uremic condition as serum BUN, FGF23, PTH and ALP
of CKD group were significantly increased, while the level of the active form VitD was
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diminished. These data are in agreement with previous studies published by other authors
[22].

Our /n vivo data indicate that there is a trend of decreased BIC ratio for the CKD group at
the early stage of healing. This is consistence with the biomechanical push-in results, which
showed significantly lower strength of bone-implant integration. The mechanism of the
impaired osseointegration for CKD mice is still unknown. Studies have shown that the bone
strength of CKD patients decreases significantly. Alem et al. [23] demonstrated a four-fold
increase in risk of hip fracture in men and women treated by hemodialysis. Kidney failure
leads to metabolic and mineral disorders, such as increased PTH and FGF23, as well as VitD
deficiency. These troubles may adversely affect the bone remodeling process. Elevated PTH
exerts its effects primarily on bone and stimulates osteoclasts to mobilize calcium from bone
tissue to normalize serum calcium, resulting in bone resorption and reduced bone mass [24].
FGF23 is a hormone mainly produced from bone [25] and is a key regulator of serum
phosphate [26]. FGF23 itself has also been recognized as an inhibitor of mineralization
[27,28]. Studies demonstrated that FGF23 treatment of primary calvaria osteoblasts from
wild-type mice or osteoblastic MC3T3-E1 cells leads to an inhibition of mineralization
[27,28].

This study provides substantial /n vitroand in vivo data on the effects of chronic kidney
disease on implant osseointegration. The CKD mice are an established model bearing close
resemblance to chronic kidney disease in humans. Although experimental factors, such as
age, race, sex, pathogenic mechanism, and living environment, are well controlled in animal
models, their biological response may differ from that of human. In addition, the bone
architecture of the femur is different from human jaw bone. Moreover, the kidney disease is
a staged process. Therefore, clinical trials are expected in the future to investigate the effect
of CKD on osseointegration.

In conclusion, this study examined for the first time the effect of chronic kidney disease on
osseointegration of titanium implants using an uremic mouse model. Although cells cultured
on titanium discs showed normal differentiation and mineralization, and all implants reached
osseointegration successfully 7n vivo, the chronic kidney disease impaired BIC ratio and
strength of bone-implant integration at 2-week of healing. There is no significant difference
for two groups after a longer healing period (4 weeks). These data imply that dental implant
treatment might be applicable for CKD patients, but special requirements in terms of bone
healing time may need to be taken in consideration.
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Fig. 1.

Illustration of the work flow and serum biochemical measurements. (A) Illustration of the
work flow. (B) Serum BUN. (C) Serum FGF23. (D) Serum PTH. (E) Serum vitamin D. (F)
Serum phosphate. (G) Serum calcium. *: p< 0.05.
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Fig. 2.

Analysis of osteoblastic differentiation markers. (A) serum ALP activity. (B) ALP staining
of cells seeded on titanium discs. (C) ALP staining of cells cultured on titanium discs. (D)
Alizarin S staining of cells cultured on titanium discs. Gene expression of Osx (E), Col-1a
(F), Opn (G) and Ocn (H). *: p<0.05.
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Fig. 3.

Implant surgery. (A&B) Experimental titanium implants. (C) Implant sites prepared in the
distal end of femur. (D) Implant inserted into the distal end of femur. (E) X-ray examination
of the femurs with implants.
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Fig. 4.

Histology and biomechanical test. (A&B) Representative images of the histological sections
at 2-week healing. (C) Bone-implant contact ratio at 2-week healing. (D&E) Representative
images of the histological sections at 4-week healing. (F) Bone-implant contact ratio at 4-
week healing. (G) Resistance of push-in tests. *: p < 0.05.
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