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Abstract 

Objective: To investigate the effects of sitagliptin, a dipeptidyl peptidase 4 inhibitor 

used to treat type II diabetes, on bone tissue and on implant osseointegration in diabetic 

rats.  

Design: Thirty-two male rats were divided into four groups: 1) Diabetic animals (GD); 

2) Diabetic animals that received sitagliptin (GDS); 3) Normoglycemic animals (GN); 

and 4) Normoglycemic animals that received sitagliptin (GNS). All animals received 

titanium implants in the right tibia. Sitagliptin or its dilution vehicle were administered 

for 4 weeks. Glycemia, HOMA-IR, insulinemia, microtomographic parameters of the 

left tibia, implant bone area fraction occupancy (BAFO) and of the right tibia were 

evaluated.  

Results: The model used to induce diabetes led to hyperglycemia. However, HOMA-IR 

results showed no insulin resistance, and insulinemia was lower in diabetic animals, 

demonstrating the development of type I diabetes. Sitagliptin administration did not 

influence glycemic control. The diabetic animals showed a lower BAFO, and bone 

volume fraction, as well as a lower trabecular number and thickness, revealing the 

deleterious effect of diabetes on bone metabolism and osseointegration. 

Conclusion: In this model, sitagliptin administration did not reverse the negative effects 

of type I diabetes on bone, suggesting that sitagliptin has no direct action on bone tissue 

and has no protective bone action in decompensated diabetic animals.  

Keywords: Incretins, Dipeptidyl peptidase 4, Implants 

Highlights: 

- Type I diabetes has a deleterious effect on bone microarchitecture. 

- Type I diabetes has a deleterious effect on implant osseointegration. 

- Sitagliptin had no direct action on bone osseointegration or on bone remodeling.  
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Introduction 

 Diabetes mellitus (DM) is characterized by hyperglycemia caused by a 

deficiency in insulin secretion (type I) and/or action (type II) (International Diabetes 

Federation). It is recognized as an epidemic issue, with estimates of up to 693 million 

people having the disease by 2045 (Cho et al., 2018). Hyperglycemia causes immune 

system disruption and micro- and macroangiopathy, leading to a predisposition to 

infections. Microangiopathy, nephropathy, neuropathy, macrovascular disease, delayed 

wound healing and periodontitis are the main complications of DM (Abiko & 

Selimovic, 2010; Luthra & Grover, 2013; Orasanu & Plutzky, 2009).  

 Due to the increased risk of periodontal disease and dental loss (Luthra & 

Grover, 2013), diabetic individuals have a great need for oral rehabilitation, and dental 

implants represent the latest therapy in dental replacement. However, osseointegration 

in these patients shows higher rates of failure when compared to normoglycemic ones in 

the long-term, and patients with uncontrolled glycemia appear to present delayed 

osseointegration following implantation and the highest occurrence of peri-implantitis 

(Naujokat, Kunzendorf, & Wiltfang, 2016). Therefore, glycemic control is crucial for 

bone health in DM, since chronic hyperglycemia stimulates bone resorption, decreases 

bone formation (Xu et al., 2014), and leads to slower repair after surgery (Younis, Al-

Rawi, Mohamed, & Yaseen, 2013). Likewise, studies have shown that the bone fracture 

risk is twice as high in type II diabetics, and these results are mainly related to bone 

quality and not just to bone mineral density (BMD). In addition, computed tomography 

scans show profound changes in bone geometry in diabetic patients (Gorman, Chudyk, 

Madden, & Ashe, 2011; Russo et al., 2016). 

 Lifestyle modifications are recommended for patients with type II DM, and they 

are usually treated with a variety of hypoglycemic agents. Among these drugs are the 
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dipeptidyl peptidase 4 (DPP-4) inhibitors (International Diabetes Federation), a class of 

drugs that aims to increase the half-life of incretins. Incretins are hormones such as 

glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide 

(GIP), involved in the secretion of insulin and glucagon and released by the intestine 

after food intake. Once released, incretins are rapidly degraded by the DPP-4 enzyme 

(Baggio & Drucker, 2007).  

Sitagliptin (Januvia®) is a DPP-4 inhibitor approved by the Food and Drug 

Administration (FDA) that increases glucose-dependent insulin secretion, inhibits the 

secretion of postprandial glucagon, reduces hepatic glucose production and increases 

glucose disposition (Baggio & Drucker, 2007). Some studies have shown the pleiotropic 

effects of this class of drugs on bone tissue, stimulating bone turnover and calcium 

deposition (Aoyama, Watari, Podyma-Inoue, Yanagishita, & Ono, 2014; Bollag et al., 

2000, 2001), as well as an anti-inflammatory action (Hatwal, 2012).  

 Receptors for GIP and GLP-1 have been identified in osteoblasts and osteoclasts 

(Aoyama et al., 2014; Bollag et al., 2000; Nuche-Berenguer et al., 2011; Pacheco-

Pantoja, Ranganath, Gallagher, Wilson, & Fraser, 2011; Zhong et al., 2007), as well as 

GLP-1 receptor in osteocytes (Kim et al., 2013), suggesting a possible direct effect of 

incretins on bone regardless of blood glucose levels (Glorie et al., 2014). Double 

incretin receptor knock-out mice exhibited profound alterations of bone 

microarchitecture and bone strength, suggesting an important role of these hormones in 

regulating bone quality (Mieczkowska et al., 2015). 

 Because of the DPP-4 inhibitors action in increasing the half-life of incretins, 

studies were conducted to evaluate its effects on bone. The administration of sitagliptin 

increased vertebral BMD in estrogen-deficient rats (Cusick et al., 2013) and decreased 

trabecular bone loss in diabetic rats (Glorie et al., 2014). In humans, the data are still 
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controversial; although some studies have shown that DPP-4 inhibitors treatment may 

be associated with a reduced risk of fractures (Monami, Dicembrini, Antenore, & 

Mannuci 2011; Russo et al., 2016), others did not find any impact on risk of fracture 

associated with DPP-4 inhibition. This inconsistency may be due to variations in 

controls, sample size, dose and pharmacokinetics profiles (Josse et al., 2017; Yang et 

al., 2017). 

 Thus, considering the possible direct action of incretins on bone tissue, we 

hypothesized that sitagliptin could ameliorate the bone quality and osseointegration of 

implants in diabetic rats. 

 

Materials and methods 

Experimental design 

 This experiment was approved by the Institutional Ethics Committee (10/2014). 

Thirty-two male mature adult rats (Rattus norvegicus Albinus, Wistar), with 120 days of 

age, were divided into four groups according to their glycemic status and the received 

therapy:  

1) Normoglycemic group (GN): Eight normoglycemic animals that received water by 

oral gavage. 

2) Normoglycemic treated with sitagliptin group (GNS): Eight normoglycemic animals 

that received 10 mg/kg/day of sitagliptin diluted in water by oral gavage. 

3) Diabetic group (GD): Eight diabetic animals that received water by oral gavage. 

4) Diabetic group treated with sitagliptin (GDS): Eight diabetic animals that received 10 

mg/kg/day of sitagliptin diluted in water by oral gavage. 
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 In all animals, a titanium implant was inserted in the right tibia. The 

administration of sitagliptin or water started the day after implant surgery and ended on 

the day of euthanasia, 4 weeks after surgery. 

 

Diabetes induction 

 DM was induced as described by Wilson and Islam (2012). Briefly, the animals 

received 10% fructose solution in their drinking water for 2 weeks. After this period, 

they were fasted for 16 h, and 40 mg/kg of streptozocin diluted in citrate buffer (pH 

4.40) (>98%, Sigma- Aldrich, Saint Louis, MO, USA) was injected intraperitoneally. 

One hour after injection with streptozocin, the animals received water and food ad 

libitum until the end of the experiment. Plasma glucose was measured by puncture of 

the caudal artery with the aid of a glucose meter (OneTouch Ultra Mini- Johnson & 

Johnson Medical Group, São Paulo, SP, Brazil). Animals were considered diabetic 

when the plasma glucose level was greater than 300 mg/dL. 

Implants placement surgery 

 Four weeks after streptozocin injection and confirmation of DM (GDS and GD 

groups), all animals were anesthetized with a mixture of 10 mg/kg of xylazine 

hydrochloride 2% (Anasedan® Vet Brands International, Miramar, FL, USA) and 95 

mg/kg of ketamine base (Dopalen® Ceva Saúde Animal Ltda., Paulínia, SP, Brazil), 

intramuscularly. Then, the right tibiae were surgically exposed, and the proximal third 

of the bone was submitted to osteotomy with implant drills to accommodate a titanium 

implant, using an electric surgical drill (AEU707Av2, Aseptico, Washington, DC, 

USA), at 1100 rpm, under constant and abundant irrigation with saline physiological 

solution, throughout the surgery. The implant used was made of commercially pure 

titanium, of a threadable type, 4.0 mm width and 2.0 mm in diameter (AS Technology, 
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Titanium Fix Dental Implants, São José dos Campos, SP, Brazil) and was pressed into 

the surgical cavity until it was fixed to the cortical bone. Following the insertion of the 

implant, the muscle tissue was sutured with absorbable thread #4 catgut (Cirumédica, 

Cotia, SP, Brazil) and the skin was sutured using #4-0 silk thread (Ethicon/Johnson & 

Johnson, São José dos Campos, SP, Brazil). After surgery, all animals received an 

intramuscular injection of antibiotic (Pentabiotico®; Fort Dodge Saúde Animal, São 

Paulo, SP, Brazil) and an oral solution of analgesic (15 mg/kg-paracetamol—Tylenol 

baby—Janssen-Cilag Farmacêutica Ltda, São José dos Campos, SP, Brazil). The 

experimental design is shown in Figure 1. 

 

HOMA-IR 

 On the day of euthanasia, which occurred 4 weeks after implant placement, 

animals were submitted to cardiac puncture and blood was collected from the left heart 

ventricle of the animals using a needle attached to a serum separation gel vacuum tube 

(Tubo gel BD SST® II Advance BD, São Paulo, SP, Brazil). The glycemia (Interkit, 

Katal Biotecnológica, Belo Horizonte, MG, Brazil) and insulinemia (ELISA kit; 

EZRMI-13K, Millipore Corporation, St Charles, MO, USA) levels were evaluated 

according to the kit manufacturers' instructions to determine the HOMA-IR index. This 

index is used for the evaluation of insulin resistance and is calculated by the formula: 

HOMA − IR=glycemia × insulinemia/ 22.5 (Okoduwa, Umar, James, & Inuwa, 2017; 

Wilson & Islam, 2012). 

 

Histomorphometric analyses 

 After blood collection, the animals were euthanized and their tibiae were 

removed. The right tibiae with the implants were fixed in paraformaldehyde for 24 h. 
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The tibiae were then washed in running water for approximately 30 min, dehydrated in 

increasing concentrations of alcohol, defatted in xylene, infiltrated with methyl 

methacrylate resin (Synth®, Diadema, SP, Brazil), and finally, embedded in the same 

solution using special glass molds placed in the incubator at 37°C. The blocks were then 

cut into slices using a diamond saw in a cutting machine for hard tissues (Labcut 1010, 

Extec Corp®, Enfield, CT, USA). The sections were glued to acrylic Plexiglas® slides, 

then ground and polished (Labpol 8-12, Extec, Enfield, CT, USA) to a final thickness of 

∼250 μm. The sections were stained with toluidine blue and microscopic images were 

obtained using an optical microscope attached to a digital camera (Axioplan 2, Carl 

Zeiss, Oberkochen, Baden-Württemberg, Germany). 

 Histometric analysis was performed using image analysis software (ImageJ 

1.31p, National Institutes of Health, Bethesda, MD, USA). In the polished sections, a 

single-blind examiner evaluated the percentage of area between the threads occupied by 

bone tissue (bone area fraction occupied—BAFO). 

 

Microcomputed tomography (µCt) 

 Three-dimensional microcomputed tomography (µCt) analyses of the left tibiae 

were performed using Skyscan 1176 (Aatselaar, Antwerp, Belgium). The tibiae were 

positioned vertically, and tomographic images were acquired at 50 kVp and 500 μA 

with an isotropic voxel size of 18 μm and a rotation of 0.0120. After obtaining X-ray 

projection, the images were reconstructed using the software NRecon (SkyScan, 2011; 

Version 1.6.6.0, Edinburgh, Scotland, United Kingdom), and Data Viewer (SkyScan, 

Version 1.4.4 64-bit, Edinburgh, Scotland, United Kingdom), according to three planes 

(transversal, longitudinal and sagittal). Then, using CT Analyzer software (CTAn, 

2003-11SkyScan, 2012 Bruker MicroCT 1.12.4.0 version), a volume of interest (VOI) 

https://www.google.com.br/search?hl=pt-BR&q=Oberkochen+Alemanha&stick=H4sIAAAAAAAAAOPgE-LUz9U3MEwutChWAjNNTTPMy7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDPh5lcRAAAAA&sa=X&ved=0ahUKEwj4kPumsqfcAhVQqlkKHSV6B-gQmxMI3gEoATAT
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was standardized using a transaxial cut. The analyzed VOI corresponded to 175 CT 

scans of the tibial metaphysis located at a distance of 80 cuts after the most caudal point 

of the growth plate. Bone volume fraction (BV/TV), trabecular number (Tb.N), 

thickness (Tb.Th) and separation (Tb.Sp) were calculated using standard methods. 

 

Statistical analyses 

 The sample size was calculated using the G* Power 3.112 software (Heinrich-

Heine-Universität Düsseldorf, Düsseldorf, Germany), considering the Type I (α) and 

type II (β) errors of 5% and 20%, respectively, and a large effect size (1.6). For the 

statistical analysis of BAFO, microtomographic parameters, glycemia and HOMA-IR 

index, two-way analysis of variance (ANOVA) was performed (α=5%) considering the 

use of the drug and the presence or absence of DM as the two independent variables.  

 

Results 

Diabetes induction: blood glucose and HOMA-IR index  

 The descriptive statistical analysis of glycemia values collected on euthanasia 

day using the glucose meter is shown in Figure 2a. A significant difference was found 

regarding the main effect "Diabetes" (F=450.6; p< 0.0001) with diabetic animals 

showing higher glycemia values (590.7± 30.2 mg/dL) compared with normoglycemic 

ones (263.3± 52.4 mg/dL). No statistically significant difference was observed regarding 

the main effect "Drug" (F= 0.092; p=0.763) or any interaction (F=0.759; p=0.391). 

 The descriptive statistical analysis of the HOMA-IR index, performed with the 

blood collected on euthanasia day, can be observed in Figure 2b. After submitting the 

data to two-way ANOVA, there was not a significant difference in the "interaction" 

effect (F=2.783; p=0.104), main effect "Drug" (F=2.679; p=0.1109) or main effect 
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"Diabetes" (F=2.200; p=0.1472), demonstrating that the animals had no insulin 

resistance at the end of the experiment. When insulinemia was evaluated separately, 

serum insulin values on GD (3.836 ±0.636 µUI/mL) represented 51.13% of the plasma 

insulin values of GN (7.503 ±2.570 µUI/mL). 

 

Histomorphometric analyses 

 The bone area fraction occupancy between the threads (BAFO) was evaluated by 

histomorphometry. One sample from GDS was not used due to problems during 

processing. It was observed that there was a significant difference only in the main 

effect "Diabetes", with diabetic animals presenting 14.38% significantly lower 

osseointegration than the normoglycemic animals (Figure 3a). 

Microcomputed tomography (µCt) 

 After two-way ANOVA, in relation to the "Diabetes" main effect, the BV/TV 

was 32.50% lower in the diabetic animals, Tb.N was 29.94% lower, and Tb.Th was 

5.12% lower when compared with normoglycemic controls. Tb.Sp was not significantly 

different among groups. There were no significant differences in "interaction" or 

“Drug” main effect for all of microtomographic parameters analyzed (BV/TV, Tb.Sp, 

Tb.N, and Tb.Th- Figure 4). 

Discussion 

 We hypothesized that sitagliptin could have a beneficial effect on bone tissue 

and implant osseointegration in the tibiae of diabetic rats based on studies that 

demonstrated a decreased fracture rate in diabetic patients using DPP-4 inhibitors 

(Monami, Dicembrini, Antenore, & Mannuci, 2011, 2011; Russo et al., 2016) and 

others that indicated a direct action of incretins on bone metabolism (Cusick et al., 

2013; Glorie et al., 2014).  
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 To induce DM, in this study, we used the method proposed by Wilson and Islam 

(2012), which consists of an association between 10% fructose consumption and a low 

dose of streptozocin injection (40 mg/kg) in a quick and low-cost protocol that leads to 

the development of type II DM. Although the animals in the diabetic groups developed 

hyperglycemia, the HOMA-IR index analysis demonstrated that there was no insulin 

resistance in any of the groups, excluding the possibility of type II DM induction. 

Recently, Okoduwa et al. (2017) evaluated the influence of different diets (normal-diet 

and fortified-diet) and doses of streptozocin as type II DM induction models. Similar to 

us, the authors were not able to induce insulin resistance using only fructose 

supplementation. They only succeeded when margarine was added to the diet along 

with 20% fructose in the water (fortified-diet-feed groups). Furthermore, they 

recommended the use of residual insulin as a tool for distinguishing type I and II DM. 

According to the authors, the residual insulin in type II DM should not be less than 

85.7% of the normal control group in a hyperglycemic condition of nonfasting blood 

glucose > 300 mg/dL (Okoduwa, Umar, James, & Inuwa, 2017). In our experiment, the 

residual insulin in the diabetic group was 51.13% of the normoglycemic group, 

indicating a type I DM induction.  

 The induction of type I DM was also confirmed by the fact that the sitagliptin 

dosage used did not lead to a reduction in glycemia, which would be expected in type II 

DM (Baggio & Drucker, 2007). Once sitagliptin increases the half-life of incretins, and 

thus stimulates insulin production, the pancreatic islets must be preserved to be able to 

produce insulin so the drug can exert an effect on blood glucose lowering. Similar to us, 

Glorie et al. (2014) induced type I DM with a high dose streptozocin injection and 

found that sitagliptin did not decrease glycemia in the animals. 
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 Osseointegration is a prerequisite for implant stability and inflammation-free 

survival. The bone area fraction occupied by bone between the implant threads (BAFO) 

has been one of the most evaluated parameters when analyzing osseointegration (Soares 

et al., 2015). Statistical analysis of BAFO and microtomographic parameters in this 

study demonstrated that DM has a negative influence on implant osseointegration, but 

treatment with sitagliptin was not able to reverse this effect. Although several clinical 

studies found a positive influence of DPP-4 inhibition on bone fracture (Choi et al., 

2016; Dombrowski, Kostev, & Jacob, 2017; Monami, Dicembrini, Antenori, & 

Mannucci, 2011), a recent meta-analysis concluded that alogliptin may be the only drug 

associated with a lower risk of bone fracture among patients with type II DM when 

compared with placebo (Yang et al., 2017). These results show that while all DPP-4 

inhibitors improve glycemic control, there may be some differences between the various 

drugs regarding their effects on other tissues (Evans & Bain, 2016; Kania, Gonzalvo, & 

Weber, 2011; Yang et al., 2017).  

 We used the same dose (10 mg/kg) and administration period of sitagliptin from 

a previous study conducted by our group, in which the drug was used over a 28-day 

period in a periodontitis induction model in rats (Moraes et al., 2015). Applying a 

conversion formula, this is the recommended manufacturer’s dosage for humans (100 

mg/day) and it is widely used in clinical studies (Reagan-Shaw, Nihal, & Ahmad, 2008; 

Wang, Gou, Wang, Ma, & Zhai, 2014). In the previous study, we proved that under this 

condition, sitagliptin significantly decreased DPP-4 serum levels (Moraes et al., 2015). 

Several studies have obtained improvement of bone parameters using higher sitagliptin 

doses than that recommended for humans (Cusick et al., 2013; Glorie et al., 2014). 

Dosages between 50 and 100 mg/day of DPP-4 inhibitor did not influence the risk of 
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fractures in patients after 1 year (Driessen et al., 2014). Therefore, the dosage appears to 

be essential for the onset of this medication’s effects. 

Another factor that could contribute to the lack of sitagliptin action is the period 

of treatment used in this experiment. Glorie et al. (2014) found significant differences in 

trabecular bone between the diabetic rats with and without sitagliptin treatment from the 

ninth week of treatment. Increases in the mechanical properties of the cortical bone 

were found only after the twelfth week. Thus, a longer treatment time could enable the 

onset of sitagliptin's effect on bone tissue.  

 Other authors administered exenatide, a GLP-1 agonist, in order to evaluate 

implant osseointegration in type II diabetic rats (Zhou et al., 2015). Although they 

demonstrated that exenatide enhanced the alkaline phosphatase serum levels and 

implant survival in diabetic animals, the results cannot be attributed with certainty to the 

direct effect of GLP-1 on bone cells, because the blood glucose of the animals was 

controlled by the treatment. When DM is well controlled, implant procedures are safer 

and predictable with a complication rate similar to that of healthy patients (Naujokat, 

Kunzendorf, & Witfang, 2016). 

 The end result of DPP-4 inhibition is difficult to predict (Glorie, D’Haese, & 

Verhulst, 2016). The DPP-4 enzyme has a wide distribution of substrates and targets 

proteins in bone cells beyond its indirect action in the hypothalamus stimulating the 

release of leptin and adiponectin, which are related to bone resorption. Considering the 

action of DDP-4 on incretins, insulin-like growth factor (IGF)-2 and vasoactive 

intestinal polypeptide (VIP), a protective effect on bone with its inhibition could be 

considered. However, in relation to other substrates, such as stromal cell-derived factor 

α (SDF1α), neuropeptide Y (NPY), peptide YY and substance P, it would not be 
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expected. This may explain the difference in results involving the inhibition of DPP-4 

and bone homeostasis.  

 In summary, because studies have demonstrated the presence of incretin 

receptors in the bone, as well as the influence of these hormones on bone turnover, the 

idea that DPP-4 enzyme blockade could increase the half-life of these molecules, thus 

influencing bone metabolism, seems promising. However, in this experiment, treatment 

with sitagliptin did not reverse the deleterious effects of DM on bone tissue or the 

osseointegration of implants. We also demonstrated that DM impairs osseointegration 

and bone microarchitecture. DPP-4 presents with a wide distribution and acts on diverse 

substrates, which makes it a difficult target for treatments. Future studies should 

consider this characteristic of DPP-4, as well as the possible dose and time-dependent 

action of its inhibitors. 
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Figure 1: Experimental design. GN: Normoglycemic group; GNS: Normoglycemic 

treated with Sitagliptin group; GD: Diabetic group; GDS: Diabetic group treated with 

Sitagliptin 
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Figure 2: Plots of mean and standard deviation of glycemia and HOMA-IR. a) 

Glycemia. The main effect “Diabetes” showed statistically significant difference, with 

normoglycemic animals presenting lower values of glycemia than diabetic animals. b) 

HOMA-IR. There was no statistically significant difference in "interaction effect", main 

effect "diabetes" or main effect "drug" for HOMA-IR. GN: Normoglycemic group; 

GNS: Normoglycemic treated with Sitagliptin group; GD: Diabetic group; GDS: 

Diabetic group treated with Sitagliptin 
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Figure 3: Plots of means and standard deviation of bone area fraction occupancy 

(BAFO). a) A significant statistical difference was observed on main effect “Diabetes” 

(F=6.643; p=0.0157) after two-way ANOVA test, with diabetic animals presenting lower 

values of BAFO than normoglycemic animals. b) Representative photomicrographs of 

bone tissue area from each group. Original magnification of 200x, toluidine blue 

staining. GN: Normoglycemic group; GNS: Normoglycemic treated with Sitagliptin 

group; GD: Diabetic group; GDS: Diabetic group treated with Sitagliptin 
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Figure 4: Plots of mean and standard deviation of micro-computed tomography results. 

After two-way ANOVA test, a significant main effect “Diabetes” was found in BV/TV 

(F=13.72; p= 0.0009) (a), Tb.Th (F=11.99, p=0.0017) (b), Tb.N (F=16.27, p=0.0004) 

(c), with lower values in diabetic animals, demonstrating the influence of diabetes on 

bone parameters. No statistical difference was found in Tb.Sp (F= 2.806; p = 0.1050) 

(d). (e) Tridimensional reconstruction of the volume of interest of one representative 

specimen from each group. Deterioration of bone microarchitecture can be seen in 

diabetic groups. GN: Normoglycemic group; GNS: Normoglycemic treated with 

Sitagliptin group; GD: Diabetic group; GDS: Diabetic group treated with Sitagliptin. 

 


