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Introduction

Diabetes mellitus (DM) impairs fracture healing and is associated with susceptibility to infection, which further inhibits fracture healing. While intermittent parathyroid hormone (1-34) (iPTH) effectively improves fracture healing, it is unknown whether infection-associated impaired fracture healing can be rescued with PTH (teriparatide).





Methods

A chronic diet-induced type 2 diabetic mouse model was used to yield mice with decreased glucose tolerance and increased blood glucose levels compared to lean-fed controls. Methicillin-resistant Staphylococcus aureus (MRSA) was inoculated in a surgical tibia fracture model to simulate infected fracture, after which mice were treated with a combination of antibiotics and adjunctive teriparatide treatment. Fracture healing was  assessed by Radiographic Union Scale in Tibial Fractures (RUST), micro-computed tomography (μCT), biomechanical testing, and histology.





Results

RUST score was significantly poorer in diabetic mice compared to their lean nondiabetic counterparts. There were concomitant reductions in micro-computed tomography (μCT) parameters of callus architecture including bone volume/total volume, trabecular thickness, and total mineral density in type 2 diabetes mellitus (T2DM) mice. Biomechanicaltesting of fractured femora demonstrated diminished torsional rigidity, stiffness, and toughness to max torque. Adjuvant teriparatide treatment with systemic antibiotic therapy improved numerous parameters of bone microarchitecture bone volume, increased connectivity density, and increased trabecular number in both the lean and T2DM group. Despite the observation that poor fracture healing in T2DM mice was further impaired by MRSA infection, adjuvant iPTH treatment significantly improved fracture healing compared to antibiotic treatment alone in infected T2DM fractures. 





Discussion

Our results suggest that teriparatide may constitute a viable adjuvant therapeutic agent to improve bony union and bone microarchitecture to prevent the development of septic nonunion under diabetic conditions.





Keywords: diabetes, MRSA, fracture, nonunion, osteomyelitis, parathyroid hormone





Introduction

Following fracture, bone has the unique potential to regenerate with the same material and structural properties of the original tissue. Normal fracture healing proceeds without scarring and residual functional deficit (Giannoudis et al., 2007; Einhorn and Gerstenfeld, 2015). However, it has been estimated that about 100,000 fractures in the United States fail to adequately heal annually, resulting in nonunion (Hak et al., 2014). The overall nonunion rate among diabetic and nondiabetic individuals is estimated at 5%–10% (Beaver et al., 1997; Antonova et al., 2013). Delayed fracture union and nonunion contribute to the burden of pain, disability, and reduced quality of life (QoL) endured by patients, with reduced QoL levels comparable to those of congestive heart failure, stroke, and acquired immunodeficiency syndrome (Brinker et al., 2013; Schottel et al., 2015; Brinker et al., 2017).

A major risk factor for fracture nonunion is diabetes mellitus (DM), a multisystem metabolic and inflammatory condition characterized by hyperglycemia and altered insulin signaling. DM may be characterized as type 1—autoimmune destruction of beta-islet pancreatic cells that produce insulin—or type 2, which is associated with tissue insulin resistance, central obesity, dysregulated adiposity, and eventual insulin production deficits. In addition, 90%–95% of cases of DM may be attributed to type 2 diabetes mellitus (T2DM) (Henderson et al., 2019). DM impairs fracture healing and is associated with higher rates of delayed union and nonunion. This perturbation of fracture healing may be related to the reduction of stability at the fracture site, interruption of bone metabolism, and induction of abnormal inflammatory responses in the setting of DM (Bouillon, 1991; Blakytny et al., 2011; Brown et al., 2014; Henderson et al., 2019). DM also predisposes patients to infection, which can be devastating to the diabetic bone fracture healing response (Carey et al., 2018). The most common causative agent of musculoskeletal infection is Staphylococcus aureus, and resistant strains such as methicillin-resistant Staphylococcus aureus (MRSA) pose an increased risk to recalcitrant osteomyelitis and septic arthritis (Ellington et al., 2006; Calhoun et al., 2009; Garzoni and Kelley, 2009; Lindsey et al., 2010; de Mesy Bentley et al., 2017; Johnson et al., 2018; Johnson et al., 2019; Yu et al., 2020a; Kwon et al., 2021; Kwon et al., 2022a; Kwon et al., 2022b; Yu et al., 2022; Kwon et al., 2023). Systemic antibiotics are a prerequisite for open fractures with highly suspicious bacterial contamination (Burke, 1961; Gillespie and Walenkamp, 2001; Penn-Barwell et al., 2012; Carver et al., 2017; Sweet et al., 2018).

Teriparatide is a peptide drug that includes the active component of parathyroid hormone [PTH (1-34)], which is proven to be the first Food and Drug Administration (FDA)-approved anabolic agent to treat osteoporosis. Teriparatide exerts an anabolic effect on bone by stimulating osteoblast differentiation and proliferation from precursor cells (Neer et al., 2001; Aspenberg and Johansson, 2010; Aspenberg et al., 2010; Canintika and Dilogo, 2020). While not a first-line agent in the treatment of osteoporosis, teriparatide has been demonstrated to reduce the risk of vertebral and non-vertebral fractures while increasing bone mineral density in postmenopausal women in multiple randomized controlled trials (Neer et al., 2001; Greenspan et al., 2007; Warden et al., 2009; Aspenberg and Johansson, 2010; Aspenberg et al., 2010; Alder et al., 2020b). Administration of intermittent systemic PTH was associated with significant improvement in the rate of fracture healing, partial reversal of defective bone mineralization, and trabecular bone deficits observed in animal models of T2DM (Aspenberg and Johansson, 2010; Aspenberg et al., 2010; Alder et al., 2020b).

While iPTH may improve fracture healing in DM animal models, it remains to be elucidated whether infection-associated nonunions in T2DM mice can be rescued by iPTH. The primary objective of this study was to determine whether the adjuvant iPTH with conventional antibiotic therapy improves open-infected fracture healing in both diabetic and normal mice.





Materials and methods




Type 2 diabetic mouse model

All animal experiments were approved by the Yale University Institutional Animal Care and Use Committee (IACUC; Number: 2020-20129). Male C57BL/6J mice aged 4 weeks were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Animals were housed at 22°C ± 3°C on a 12-h light/dark cycle in ventilated cages and were given food and water ad libitum. Chronic high-fat and high-sugar (HFHS) diet (40 kcal% fat and 40 kcal% sucrose; Research Diets Inc., New Brunswick, USA; cat. number: D12327) for 6 months resulted in obese mice with decreased glucose tolerance and increased blood glucose levels compared to lean-fed controls (Farnsworth et al., 2018).





Glucose tolerance analysis

All blood glucose measurements were obtained using a commercially available One-Touch® Ultra®2 Glucometer (LifeScan, Milpitas, CA, USA) using blood collected from the tail vein. The maximum glucometer reading was 600 mg/dL. Mice underwent body weight measurement and glucose tolerance testing after 3 months on the lean and HFHS diet to establish a chronic diabetic model. Mice were fasted overnight before the glucose tolerance test (GTT). Baseline fasting blood glucose levels were measured. An intraperitoneal injection of 20% glucose solution (Teknova Inc., Hollister, CA, USA; cat. number: G0530) was given, with a total glucose load of 2 g/kg. Blood glucose levels were measured at 15, 30, 60, and 120-min intervals following injection. Geometric areas under the curves (AUCs) were calculated for comparison of glucose tolerance. Mice underwent body weight, fasting blood glucose, and glucose tolerance testing after 6 months on the normal and HFHS diet.





Histological analysis of fatty liver

Liver tissues on normal and HFHS diet at 6 months were fixed with 10% formalin solution (Thermo Fisher Scientific, Inc., Waltham, MA, USA; cat. number: 23-245684) and then embedded with paraffin. Paraffin sections were stained with hematoxylin and eosin solution for histopathological analysis. All stained slides were scored for hepatic parenchymal involvement by steatosis, liver cell injury, and inflammation using a scoring system described by Kleiner et al. (2005). A total hepatic pathologic score was generated by adding the individual scores for steatosis, liver cell injury, and inflammation.





MRSA inoculum preparation

The USA300-FPR3757 strain of MRSA expressive of green fluorescent protein (GFP) was provided by Dr. Alice Prince at Columbia University, New York, USA. MRSA was transferred onto Mueller–Hinton agar plates (Sigma-Aldrich Co., St. Louis, MO, USA; cat. number: 70191) containing oxacillin (6 µg/mL; Sigma-Aldrich Co.; cat. number: 1481000) and incubated in a 35°C incubator for 24 h. Single MRSA colonies were also planktonically cultured in lysogeny broth (LB; Invitrogen, Carlsbad, CA, USA; cat. number: 10855021) containing oxacillin (6 µg/mL; Sigma-Aldrich Co.) for 24 h (Kwon et al., 2023).





Surgical open tibial fracture model

Animals underwent surgery at 7–8 months of age after induction of T2DM phenotypes. The tibial fracture surgical procedure was based on previous fracture healing studies by authors and other investigators (Alder et al., 2020b; Cahill et al., 2021; Hao et al., 2021). Anesthesia was achieved with ketamine (50 mg/kg) and xylazine (5 mg/kg). Depth was assessed by pedal withdrawal. Buprenorphine (0.1 mg/kg intraperitoneal) and bupivacaine (4 mg/kg subcutaneous) were given preemptively according to institutional animal care guidelines. The hair of the right leg was removed using Veet® In Shower Cream (Reckitt Benckiser, Slough, England, UK), and the skin was disinfected with povidone-iodine and isopropyl alcohol pads (Professional Disposables International, Inc., NY, USA). An incision was made over the right tibia. The patella was lateralized, and a 25-gauge needle was used to predrill a hole in the cortical bone of the proximal tibia shaft. A scalpel was used to create a transverse, low-energy, non-comminuted, mid-shaft fracture just distal to the tibial prominence. The fracture was stabilized with a 0.35-mm insect pin inserted at the proximal tibia. Care was used to minimize bleeding and surrounding tissue damage. In this study, 5 μL of phosphate buffered saline (PBS) containing MRSA [1 × 106 colony-forming units (CFU)] was applied to the fracture site. An intraoperative incubation period of 10 min was allowed to facilitate penetration of tissues prior to closure. The fracture site was dried of excess moisture with sterile gauze. The wound was closed using a simple interrupted technique with Coated Vicryl Suture (Ethicon Inc., Somerville, New Jersey, USA; cat. number: J391H) followed by sterile surgical staples using AutoClip® System (Fine Science Tools USA, Inc., Foster City, CA, USA; cat. number: 12020-00). All mice were then placed on a warming pad and monitored until ambulatory.





Antibiotic and teriparatide treatment

Mice in systemic antibiotic therapy groups were given subcutaneous injections of vancomycin (40 mg/kg; Sigma-Aldrich Co.; cat. number: 1709007) and rifampin (25 mg/kg; G-Biosciences, St. Louis, MO, USA; cat. number: RC-192). Antibiotic type and dosing were based on previous mouse studies investigating staphylococcal implant and bone infections, which demonstrated the efficacy of combinatory antibiotic therapy (Cahill et al., 2021). Mice were treated over a 3-day period, with one injection immediately following surgery and then 24 and 48 h later. For mice receiving systemic iPTH [human PTH (1-34); Alfa Aesar, Haverhill, MA, USA; cat. number: J66180] treatment, a subcutaneous injection of iPTH (40 µg/kg/day) was given immediately following surgery 5 days per week over 28 days for a total of 20 injections.





Colony-forming unit analysis

Blood, fractured tibiae, and intramedullary pins were harvested. The implant device was transferred to 1 mL Dulbecco’s phosphate buffered saline (DPBS; Thermo Fisher Scientific, Inc.) solution and vortexed (Vortex Genie 2; Scientific Industries Inc., Bohemia, New York, USA) at 3,000 rpm for 10 min to detach MRSA from the bony implant. Samples [blood (100 µL), DPBS (100 µL), and tissue cells (1 × 106)] were seeded on Mueller–Hinton agar plates (Sigma-Aldrich Co.) containing oxacillin (6 µg/mL; Sigma-Aldrich Co.) and incubated in a 35°C incubator for 24 h. CFU was detected with the ChemiDoc™ Touch Imaging System (Bio-Rad Laboratories, Hercules, CA, USA) and quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA) (Schneider et al., 2012).





Radiographic and histologic fracture healing analysis

Anterior-posterior (AP) and lateral radiographs of tibiae sacrificed 28 days postoperatively were obtained by the author using In-Vivo Multispectral FX pro (Bruker, Madison, WI, USA). Healing was assessed by the Radiographic Union Scale in Tibial Fractures (RUST) score. A score of 10 or greater was considered radiographic union as previously validated (Cahill et al., 2021). Fractured tibiae were randomly assigned to histologic analysis, with additional histology samples harvested at 14 and 28 days. Histology tissues were fixed in 10% formalin solution (Thermo Fisher Scientific, Inc.) and decalcified in 10% EDTA solution (Sigma-Aldrich Co.) for 3 weeks at 4°C. Intramedullary pins were removed before histologic analysis. Tissues were dehydrated with graded alcohols, cleared with xylene, and paraffinized using the Tissue Tek VIP tissue processor (Sakura Finetek, Torrance, CA, USA). Tissues were cut into sections 5 µm thick, mounted onto slides, and stained with hematoxylin and eosin, Safranin O, and Gram stains. Histology images were obtained using BioTek Cytation™ 5 Cell Imaging Multi-Mode Reader and BioTek Gen5 software (BioTek Instruments Inc., Winooski, VT, USA).





Micro-computed tomography analysis

Whole tibiae were used for micro-computed tomography (µCT) analysis of cancellous bone inside the callus with the Scanco µCT 50 (Scanco Medical, Brüttisellen, Switzerland) system. Here, 10-µm voxel size, 55 KVp, 0.36 degrees rotation step (180 degrees angular range), and a 1,000-ms exposure per view were used for the scans that were performed in 70% alcohol. The Scanco µCT software (HP, DECwindows Motif 1.6) was used for three-dimensional (3D) reconstruction and viewing of images. After 3D reconstruction, volumes were segmented using a global threshold of 400 mg HA/mm³. Bone volume (BV), total volume (TV), directly measured bone volume fraction (BV/TV), connectivity density (Conn-Dens.), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), total (in this case, bone) mineral density (TMD), and surface-to-volume ratio (BS/BV) were calculated.





Biomechanical testing

Torsional test to failure was performed on 28-day specimens. The proximal and distal ends of the bone were then potted in brass cylinders. Tibiae were subjected to torsion at 1°/s. The gauge length was measured for each specimen. Torque and displacement data were recorded at a rate of 20 Hz. Maximum torque, torsional rigidity, twist to failure and twist to max load (units: radians normalized by gauge length), and toughness were calculated using a custom routine in LABVIEW. Torsional rigidity was defined as the slope of the initial portion of the torque-twist curve, where twist was normalized by gauge length and toughness was defined as the area beneath the curve until the maximum torque was reached.





Statistics

All analyses were performed by the author with Prism 8 or 9 (GraphPad Software, La Jolla, CA, USA). Means and standard deviation (SD) were calculated for all data sets. For glucose tolerance testing, geometric AUC was calculated for each group to compare glucose tolerance. Body weight, glucose tolerance testing, blood glucose testing, and histological lesions of the liver were calculated by a two-tailed unpaired t-test analysis to assess the differences in lean and HFHS groups. CFU was calculated by a two-tailed unpaired t-test analysis to assess the differences between the FX and MRSA groups in lean and HFHS groups. Fracture healing parameters (RUST score) were calculated by one-way ANOVA with Tukey’s post-hoc analysis to assess the differences among groups. μCT and torsional strength were calculated by a two-tailed unpaired t-test analysis to assess the differences among groups. All analyzed significance results were directly indicated in the figures. A post-hoc power analysis was performed using sterile fracture data among wild-type mice for biomechanical testing, with a power of 80% and type I error 5%. The current study was powered to identify 12.2 N/mm difference in stiffness, 246 N mm2/rad difference in torsional rigidity, and 11 Nmm max torque%.






Results




Maintenance of a high-fat and high-sucrose diet contributed to the development of T2DM phenotypes in mice

At 3 months after initiation of an HFHS diet, physiologic obesity began to be obvious in the HFHS mice. The average body weight of mice in the lean group was 28 g compared to an average body weight of 45 g in mice fed an HFHS diet, an increase of approximately 60% over the lean group (Figure 1A). GTT results were used to screen for T2DM and demonstrated significantly increased glucose tolerance in the HFHS group, resulting in an increase in the AUC relative to that in the lean group (Figure 1B). Blood glucose levels, average body weight, and glucose tolerance in the HFHS group were significantly greater than those of the lean group. These differences persisted over a 6-month period (Figures 1C–E). T2DM is one of the important risk factors for the faster progression of nonalcoholic fatty liver disease, fibrosis, and cirrhosis, which presents steatosis, injury, and inflammation (Targher et al., 2021). Our T2DM model showed that on the total histopathological hepatic score with respect to steatosis, liver cell injury, and inflammation score, an increased number of liver lesions were observed in the HFHS group compared to the lean group (Figure 1F). Therefore, we confirmed the presence of various lesions in the T2DM model and used this to assess the correlation between T2DM with tibial open fracture healing and osteomyelitis.




Figure 1 | To construct an animal model of diabetes, C57BL/6J mice were maintained on an high-fat and high-sugar (HFHS) diet for 3 and 6 months; lean-fed mice were used as a control group. (A) To verify the development of obesity, we measured morphological changes and body weight in lean and HFHS diet models at 3 months (n = 25 per group). (B) Glucose tolerance test (GTT) results were monitored for 120 min, and the area under the curve (AUC) at 3 months was analyzed (n = 25 per group). (C, D) Blood glucose levels and body weight in lean and HFHS models at 6 months were measured (n = 5–50 per group). (E) GTT results were monitored for 120 min, and the AUC at 6 months was analyzed (n = 5 per group). (F) Histological lesions of the liver in lean and HFHS models at 6 months were measured using total pathological score (i.e., steatosis, liver cell injury, and inflammation scores) (n = 3 per group). Error bars show means ± SD. Two-tailed unpaired t-test analysis was used to assess statistical significance when compared to the lean group. N.D., not detected.







Evaluation of tibial open fracture healing and osteomyelitis in the setting of T2DM

Fracture healing was evaluated histopathologically at the 2-week time point in lean and HFHS-fed C57BL/6 male mice. Robust fracture callus and chondrogenesis were observed in the lean group, but callus formation and chondrogenesis were inferior in the HFHS group (Figure 2A). MRSA resulted in osteomyelitic stigmata such as severe inflammation, bone resorption, necrotic bone, sequestrum, involucrum, and fibrinoid necrosis in both the lean and HFHS groups (Figure 2B). A high MRSA bioburden—as evidenced by a large number of MRSA CFU—was observed at the fracture site and on the harvested implant, which did not differ between the lean and HFHS groups. MRSA was not detected in the bloodstream, suggesting that bacteremia did not occur. Gram staining revealed the presence of MRSA (Figure 2C). MRSA was also present within osteocyte lacunae, and widespread colonization was observed within necrotic bone. Interestingly, we identified that a small number of intracellular MRSA were present in osteoclasts at the site of bone resorption.




Figure 2 | Histological assessment of open tibial fracture and MRSA-induced osteomyelitis. (A–C) MRSA (1 × 106 CFU)-infected tibiae observed 2 weeks after open fracture induction in a lean- and HFHS-fed model for 6 months. (A) Paraffin-embedded tissues were stained with H&E and SAF O; the pink area stained with SAF O suggested chondrogenic differentiation. (B) Paraffin-embedded tissues were Gram-stained, and the number of colony-forming units (CFUs) in tissue, implants, and blood was measured (n = 3 per group). (C) Paraffin-embedded tissues were Gram-stained; C1–C5 were derived from lean-fed models and C6–C10 were derived from HFHS-fed models. C1 and 4: The blue arrow indicates MRSA-infected osteocyte lacunae, and the black arrow indicates the presence of MRSA in areas of fibrinoid necrosis. C2: Blue arrows indicated the formation of abscess communities. C3: The blue arrow indicates MRSA colonization within necrotic bone. C5: The blue arrow indicates the presence of MRSA-infected cells in the bone marrow space. C6: The blue arrow indicates the presence of MRSA-infected chondrogenic cells, and the black arrow highlights chondrogenesis. C7 and C8: Blue arrow is indicative of MRSA burden. C9: The blue arrow points to MRSA-infected osteoclasts in sites of bone resorption. C10: The blue arrow indicates MRSA-infected osteocyte lacunae, and the black arrow indicates MRSA-infected areas of fibrinoid necrosis. Error bars show means ± SD. Two-tailed unpaired t-test analysis was used to assess statistical significance when compared to the lean-FX group or HFHS-FX group. N.D., not detected.







Dual antibiotic treatment subsides infection but impaired fracture healing persists in T2DM mice

We designed and evaluated a systemic dual antibiotic treatment comprising vancomycin and rifampin, demonstrating that dual antibiotic treatment reduced osteomyelitis lesions (Figure 3A). Four weeks postoperatively, the HFHS group demonstrated near-complete unicortical union on one side of the fracture, while the other side progressed to nonunion (Figure 3B). As in the 2-week model, a large number of adipocytes were observed in the callus of HFHS mice. At 4 weeks, HFHS mice with MRSA infection demonstrated more severe inflammation, bone resorption, necrotic bone, sequestrum and involucrum formation, and fibrinoid necrosis than did 2-week models (Figures 3B, C). Following treatment with combinatorial antibiotics, MRSA was not visualized on histopathological analysis, but impaired fracture healing persisted relative to the noninfected group. These findings suggest that systemic antibiotic treatment alone was not sufficient to accomplish fracture healing in T2DM mice.




Figure 3 | Histological assessment of MRSA-induced osteomyelitis with antibiotic treatment. (A) MRSA-infected (1 × 106 CFU) tibiae in mice fed an HFHS diet for 6 months, then treated with vancomycin (30 mg/kg) and rifampin (20 mg/kg) for 3 days (n = 3 per group). After 4 weeks, physiological changes characteristic of T2DM were observed, and representative images were generated. (B, C) Paraffin-embedded tissues were stained with H&E and SAF O. (C) The blue arrow indicates the formation of abscess communities. Black arrows point to involucrum formation. Green arrows indicated MRSA colonization within the necrotic bone. Yellow arrows are suggestive of chondrogenic differentiation.







Adjuvant iPTH treatment improves fracture healing in T2DM mice

We designed a systemic dual antibiotic combination with adjuvant iPTH treatment, which evaluated fracture healing by RUST score analysis (Figure 4A). Lower RUST scores were observed in the HFHS group relative to those of the lean mouse group, suggesting that fracture healing was delayed in our HFHS models independent of infectious status (Figure 4B). Reduced RUST scores were also observed in both MRSA-infected lean and HFHS mice compared to the noninfected group, which partially improved with antibiotic treatment. Interpretation of plain radiographs did not demonstrate higher increments of RUST scores between the antibiotics alone group vs. combined antibiotics + adjuvant iPTH treatment.




Figure 4 | (A) Experimental design and radiographic assessment of MRSA-infected fracture healing. A surgical open fracture model was performed with MRSA infection (1 × 106 CFU) on day 0 in lean- and HFHS-fed models. Antibiotic groups were treated with vancomycin (30 mg/kg) and rifampin (20 mg/kg) for 3 days (n = 4–6 per group). In the PTH condition, PTH was administered for 27 days. (B) Mice were sacrificed on day 28. Fracture union was measured radiographically using the radiographic union score for tibial fractures (RUST) according to the guidelines. Error bars show means ± SD. One-way ANOVA with Tukey’s post-hoc analysis was used to assess statistical significance.



The quality of callus formation and bone microarchitecture were analyzed via μCT analysis. Bone volume/total volume (BV/TV), Tb.Th, TMD, and bone surface/bone volume (BS/BV) were lower in the HFHS group compared with those in the lean group (Figure 5). Lean mice almost consistently demonstrated union at the fracture site, while delayed fracture healing and nonunion were observed in the HFHS mice. The μCT parameters were improved with iPTH treatment. Fragmented necrotic bone and involucrum formation were observed in MRSA-infected fractures. Antibiotic treatments reduced necrotic bone and involucrum, although fracture healing remained impaired compared to that of the noninfected controls. Adjuvant PTH treatment with antibiotic administration increased callus formation and the rate of fracture union in both the lean and HFHS groups. Overall, these results suggest that iPTH treatment delivered adjuvant to antibiotics improves callus formation and strength-conferring parameters of bony microarchitecture in the setting of MRSA-infected fractures in T2DM mice that show reduced fracture healing potential even without MRSA infection.




Figure 5 | Micro-computed tomography (μCT) assessment of MRSA-induced osteomyelitis following antibiotics and PTH treatment. MRSA-infected (1 × 106 CFU) tibiae in lean- and HFHS-fed models were treated with vancomycin (30 mg/kg) and rifampin (20 mg/kg) or 3 days (n = 5–6 per group). Antibiotic and PTH treatments were administered in the experimental models, while PTH treatment alone was used in the positive control. Tibial tissues were measured for callus formation and union changes using μCT analysis with respect to bone volume (BV), total volume (TV), BV/TV, connectivity density (conn-dens), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), total mineral density (TMD), and bone surface/bone volume (BS/BV). Error bars show means ± SD. Connectivity density and trabecular number increased with iPTH treatment in MRSA-infected T2DM mice. Two-tailed unpaired t-test analysis was used to assess statistical significance when compared to the lean-FX group and/or HFHS-FX group.







Biomechanical parameters of fracture healing

Biomechanical testing results showed that fracture healing was inferior and bone quality was poor in the HFHS group compared to those in the lean group. Torsional testing of fracture tibiae at 4 weeks revealed significantly reduced bone stiffness, torsional rigidity, angle at max, and toughness to maximum torque in the HFHS group compared to the lean group (Figure 6). In the lean group, MRSA-infected fractures showed significantly reduced bone stiffness, torsional rigidity, and max torque compared to the noninfected group. Conversely, no significant differences were observed in biomechanical strength parameters between the infection and non-infection groups in HFHS-fed mice, both of which parameters were lower than those of the lean noninfected mice, suggesting profoundly inferior fracture healing in T2DM mice without infection compared to lean mice. Importantly, antibiotic treatment in the lean- and HFHS-fed groups resulted in increases in most biomechanical strength parameters, including bone stiffness, torsional rigidity, and max torque. Most of these biomechanical parameters in HFHS-fed mice were restored to levels comparable to those in lean mice, suggesting potential for enhancement of fracture healing with iPTH even in T2DM with infection at the fracture site.




Figure 6 | Mechanical strength assessment of MRSA-infected osteomyelitic bone in lean-fed and HFHS-fed mice. MRSA-infected (1 × 106 CFU) tibiae in lean- and HFHS-fed models were treated with vancomycin (30 mg/kg) and rifampin (20 mg/kg) for 3 days (n = 5–6 per group). Antibiotic and PTH treatments were administered in the experimental models, while PTH treatment alone was used in the positive control. Tibial tissues were measured with respect to mechanical strength parameters such as bone stiffness, torsional rigidity, max torque, angle at max, failure angle, and toughness to max torque. Error bars show means ± SD. Two-tailed unpaired t-test analysis was used to assess statistical significance when compared to the lean-FX group and/or HFHS-FX group.








Discussion

We explored the beneficial effects of iPTH in T2DM infected fractures, as there is no literature on this issue. Teriparatide administration yielded no significant benefit with respect to RUST scores that are judged by plain radiographs. However, the bony microstructure of the callus such as connectivity density and trabecular number on μCT improved with iPTH in both lean- and HFHS-fed mice. Lean-fed mice demonstrated more significant improvement with iPTH in callus microstructure compared to HFHS mice under both infected and sterile conditions. This means that the anabolic effects of iPTH in T2DM mice are inferior to those of lean mice, but the potential for iPTH-induced anabolic effects is not abolished in MRSA-infected T2DM bone. The discrepancy in RUST scores and μCT parameters could be due to lower image resolution of digital radiography for small mouse tibiae in comparison to μCT.

We admit that our assessment was done for fracture healing after intramedullary nailing. Fracture healing is different with respect to stiffness of fracture fixation and fracture gap. Primary interosseous healing is dependent upon direct bone fragment contact with plate and screw fixation with a gap of less than a millimeter, high stability, and minimal strain. Secondary endochondral healing predominates after treatment with cast immobilization or intramedullary nailing and proceeds via an initial inflammatory phase, followed by soft callus formation, hard callus formation, and fracture remodeling (Giannoudis et al., 2007; Giannoudis et al., 2011). Although patients with T2DM remain at increased risk of insufficiency fracture, they sometimes possess normal or slightly increased bone density, although this bone is suspected to be of lower quality relative to normal bone (Bouillon, 1991; Dhaliwal et al., 2014; Ma et al., 2017; Marin et al., 2018). Diabetic bone disease is characterized by reduced bone turnover and structurally inferior, biomechanically weaker bone, thus culminating in increased fracture risk (Blakytny et al., 2011; Sellmeyer et al., 2016; Napoli et al., 2017). The homeostatic balance between osteoblasts and osteoclasts within bone is disrupted in the setting of DM, resulting in impaired osteoblastic differentiation from mesenchymal precursors and increased adipogenesis within bone marrow, resulting in microarchitectural disruption (Blakytny et al., 2011). These altered biological properties in T2DM mice may predispose to more aggravation of fracture healing by infection and less anabolic responses to iPTH. We observed a reduction in fracture callus formation and bone quality in HFHS-fed mice compared to lean mice. iPTH administration increased callus formation in both lean and HFHS groups, suggesting remaining anabolic responses to iPTH in T2DM mice. iPTH increased the rate of bony union in T2DM mice, but μCT parameters of bony architecture remained lower compared to their lean counterparts. Several studies showed that metabolic perturbations in the setting of DM result from the nonenzymatic glycosylation of advanced glycation end products (AGEs) within bone, which promotes the cross-linking of type I collagen fibrils and disruption of the bone extracellular matrix, thereby increasing the stiffness and fragility of bone and reducing its biomechanical strength (Blakytny et al., 2011; Zhou and Xiong, 2011; Saito et al., 2014). In the present investigation, iPTH did not significantly improve the biomechanical strength of the infected treated fractures compared to the antibiotic-treated condition alone in both lean and HFHS-fed mice, while bone microarchitecture improved with adjuvant iPTH. This could be due to biomechanical testing conditions that were geared for normal mouse long bones. As fracture healing is inferior and delayed in T2DM mice, T2DM mice may require more time to show anabolic effects of iPTH.

DM is a well-recognized and well-characterized pro-inflammatory condition secondary to excessive activation of the receptor for advanced glycation end products (RAGE) immunoglobulin superfamily by RAGE ligands produced under conditions of hyperglycemia and oxidative stress (Zhou and Xiong, 2011; Kierdorf and Fritz, 2013). The early transient inflammatory phase of fracture healing is critical, as blood vessel disruption results in hematoma formation, innate immune cell recruitment and trapping, and chemokine release (Giannoudis et al., 2007). Secreted growth factors and cytokines include tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and macrophage chemoattractant protein-1 (MCP-1), which promote mesenchymal stem cell recruitment to the fracture site (Giannoudis et al., 2007). Improper regulation of inflammation at the fracture site—with respect to inflammatory response magnitude, duration, and sequential timing—is associated with impaired callus formation and fracture healing (Carlsten, 2005; Loi et al., 2016). Inflammatory markers upregulated in DM also reduce angiogenesis and endochondral bone formation. The excessive systemic inflammation characteristic of DM and diabetic bone disease results in prolonged inflammation at the fracture site, which disrupts the initial physiologic inflammatory response necessary for angiogenesis, regulated immune cell recruitment, and soft callus formation (Bouillon, 1991; Blakytny et al., 2011; Jiao et al., 2015; Henderson et al., 2019; Yu et al., 2020b). Similar to the prolonged pro-inflammatory state induced by DM, infection induces the release of cytokines and chemokines, induces osteoclastogenesis, and suppresses osteoblast differentiation from mesenchymal stem cell precursors (Lew and Waldvogel, 1997; Jorge et al., 2010). Our previous study showed that iPTH enhanced murine fracture healing in HFHS diet-induced T2DM, suggesting potential anabolic booster for infection-impaired fracture healing in T2DM even in the presence of T2DM (Alder et al., 2020b).

Bacterial contamination has been demonstrated to disrupt the process of callus formation. Histologic studies suggest that this impedance to callus formation may be attributed to persistent neutrophil infiltration both locally within infected fracture sites and elevated systemic neutrophil levels (Lovati et al., 2016). This sustained inflammatory activity dysregulates osteogenic differentiation, the production of progenitor cells from the bone matrix, and the recruitment of monocytes and macrophages to the site of infected fracture site, thus hindering both angiogenesis and osteogenesis necessary for fracture healing (Bastian et al., 2011; Schmidt-Bleek et al., 2015; Kovtun et al., 2016; Bastian et al., 2018). Previous studies by authors and other investigators described that vancomycin, which comprises the first-line therapy for osteomyelitis caused by MRSA infection, does not fully eradicate infection due to its inability to penetrate the intracellular space (Alder et al., 2020a; Yu et al., 2020a; Cahill et al., 2021). Rifampin, which can achieve intracellular penetrance, is effective against intracellular MRSA and MRSA-induced osteomyelitis and septic arthritis (Alder et al., 2020a; Cahill et al., 2021; Kwon et al., 2021). Histologic analysis demonstrated the presence of MRSA within osteocyte lacunae and osteoclasts at infected fracture sites, in addition to the presence of bone resorption, fibrinoid necrosis, sequestrum, and involucrum formation. While combined vancomycin and rifampin therapy more effectively resolved infection in our murine models of infected tibial shaft fracture, it did not result in the resolution of fracture healing in either lean or diabetic mice.

On a cellular level, DM upregulates tissue adipogenesis, including within bone, such that mesenchymal stem cell bone progenitors increasingly differentiate into adipocytes rather than osteocytes that beget osteoblast proliferation (Sharma et al., 2011; Brown et al., 2014). Increased adipose tissue deposition—as observed in our HFHS diabetic, but not lean wild-type, mice—at the fracture site impedes fracture callus formation and local healing. Counter to expectations, in our models of infected diabetic fracture healing, more robust bone formation was achieved in HFHS mice in the setting of MRSA infection following antibiotic therapy than in the sterile fracture condition. We postulate that killed bacteria stimulate an inflammatory response that may be pathologic, similar to involucrum formation in the setting of osteomyelitis and hypertrophic fracture nonunion due to excessive inflammation in the setting of DM and infection. This is consistent with previous observations in diabetic mice demonstrating increased periosteal callus formation in the setting of S. aureus peri-implant infection (Farnsworth et al., 2018).

It should be noted that the HFHS diet-induced mouse model that was used in this study resulted in less dramatic metabolic abnormalities compared to other T2DM models, such as genetic strains or chemically induced models. Follow-up studies are needed to investigate the use of teriparatide in a chronic infection model, as well as possible disparities in the benefits of adjunctive teriparatide treatment following conventional antibiotic therapy in small animal models of poor versus well-managed glycemic control.

There are some limitations to our results. Surprisingly, the MRSA+ABX group scored higher in radiographic union, although the bone volume is decreased. We speculate that a higher initial inflammatory response stimulated by a bacterial load may contribute to this finding or a direct stimulatory effect of rifampin. It is noted that BV is decreased, raising the possibility that bone quality is decreased in this case. However, mechanistic investigation into this effect was beyond the primary goal of this study and would be a possible avenue for investigation in follow-up studies. Adjunctive iPTH treatment did not significantly improve the biomechanical strength of infected antibiotic-treated tibiae over the antibiotic-alone condition, although several facets of bone microarchitecture improved with teriparatide treatment compared to the systemic antibiotic-treated condition. PTH treatment did not significantly improve the biomechanical strength compared to antibiotic treatment alone in lean- and HFHS-fed groups. PTH treatment under noninfectious conditions also did not yield significant changes in biomechanical strength. This may suggest that longer time points are needed to see iPTH effects on biomechanical healing when the fracture healing process is undermined by T2DM and infection. In this study, 28 days was chosen, as this is a commonly used end point for biomechanical analysis in murine long bone fracture healing studies. Another limitation is the modest number of mice included in the biomechanical testing groups, which possibly contributes to type II error in this study. It should be noted that torsional biomechanical testing was used primarily in this analysis, as a nondestructive 3-point bend test was determined to be not ideal for assessing mechanical differences in the current model. The single loading point focuses all of the force over a small region, which is problematic, as the callus area is relatively large. Additionally, the callus is made of thin immature bony tissues, increasing the likelihood of local deformation during testing. For these reasons, it was decided that torsional testing is the most accurate gauge of biomechanical strength. The definition of fracture healing remains to be settled. RUST scores based on plain radiographs are a semiquantitative scoring system on relatively low-resolution radiographs, posing issues of ceiling effects. Another area that can be of further investigation is comparing fracture healing in mice undergoing intramedullary nailing versus rigid fixation with plate and screws, representing secondary endochondral bone repair and primary bone healing. Increased trabecular connectivity and numbers with combinatorial antibiotics and iPTH treatment on μCT could be related to decreased adiposity of bone marrow in HFHS diet-induced T2DM mice. Lastly, the current study only includes structural biomechanical data for primary analysis. Micromechanical analysis could be accomplished with nano-indentation testing. Although this is germane to clinical treatment results, this study is limited in that biological and cellular data are limited, which may be addressed by future investigations.

We created a murine model of infected T2DM tibial shaft fracture and characterized changes in fracture healing with systemic antibiotic therapy alone and combined systemic antibiotic and iPTH treatment. Adjuvant iPTH treatment may be considered to enhance impaired fracture healing in patients with T2DM that is further complicated with infection.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was approved by Yale University Institutional Animal Care and Use Committee (IACUC; Number: 2020-20129). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

H-KK, SC, and KY designed and performed experiments and analyzed the data. FL and H-KK conceived and designed the overall study as the principal investigator. CD, KA, and JB performed the experiments. JJ performed the experiments on hepatic steatosis. All authors contributed to the writing and editing of the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This research was supported by National Institutes of Health (NIH) National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) grants AR056246, AR068353, and AR073607.




Acknowledgments

We appreciate the histologic assistance of Nancy Troiano, MS and Jackie Fretz, PhD (Department of Orthopaedics and Rehabilitation, Yale School of Medicine). We appreciate the mechanical strength testing expertise and assistance of Steven Tommasini, PhD (Department of Orthopaedics and Rehabilitation, Yale School of Medicine).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Alder, K. D., Lee, I., Munger, A. M., Kwon, H. K., Morris, M. T., Cahill, S. V., et al. (2020a). Intracellular Staphylococcus aureus in bone and joint infections: A mechanism of disease recurrence, inflammation, and bone and cartilage destruction. Bone 141, 115568. doi: 10.1016/j.bone.2020.115568

 Alder, K. D., White, A. H., Chung, Y. H., Lee, I., Back, J., Kwon, H. K., et al. (2020b). Systemic parathyroid hormone enhances fracture healing in multiple murine models of type 2 diabetes mellitus. JBMR Plus 4 (5), e10359. doi: 10.1002/jbm4.10359

 Antonova, E., Le, T. K., Burge, R., and Mershon, J. (2013). Tibia shaft fractures: costly burden of nonunions. BMC Musculoskelet. Disord. 14, 42. doi: 10.1186/1471-2474-14-42

 Aspenberg, P., Genant, H. K., Johansson, T., Nino, A. J., See, K., Krohn, K., et al. (2010). Teriparatide for acceleration of fracture repair in humans: a prospective, randomized, double-blind study of 102 postmenopausal women with distal radial fractures. J. Bone Miner Res. 25 (2), 404–414. doi: 10.1359/jbmr.090731

 Aspenberg, P., and Johansson, T. (2010). Teriparatide improves early callus formation in distal radial fractures. Acta Orthop. 81 (2), 234–236. doi: 10.3109/17453671003761946

 Bastian, O. W., Croes, M., Alblas, J., Koenderman, L., Leenen, L. P. H., and Blokhuis, T. J. (2018). Neutrophils inhibit synthesis of mineralized extracellular matrix by human bone marrow-derived stromal cells in vitro. Front. Immunol. 9. doi: 10.3389/fimmu.2018.00945

 Bastian, O., Pillay, J., Alblas, J., Leenen, L., Koenderman, L., and Blokhuis, T. (2011). Systemic inflammation and fracture healing. J. Leukoc. Biol. 89 (5), 669–673. doi: 10.1189/jlb.0810446

 Beaver, R., Brinker, M. R., and Barrack, R. L. (1997). An analysis of the actual cost of tibial nonunions. J. La State Med. Soc. 149 (6), 200–206.

 Blakytny, R., Spraul, M., and Jude, E. B. (2011). Review: The diabetic bone: a cellular and molecular perspective. Int. J. Low Extrem. Wounds 10 (1), 16–32. doi: 10.1177/1534734611400256

 Bouillon, R. (1991). Diabetic bone disease. Calcif Tissue Int. 49 (3), 155–160. doi: 10.1007/BF02556109

 Brinker, M. R., Hanus, B. D., Sen, M., and O'Connor, D. P. (2013). The devastating effects of tibial nonunion on health-related quality of life. J. Bone Joint Surg. Am. 95 (24), 2170–2176. doi: 10.2106/JBJS.L.00803

 Brinker, M. R., Trivedi, A., and O'Connor, D. P. (2017). Debilitating effects of femoral nonunion on health-related quality of life. J. Orthop. Trauma 31 (2), e37–e42. doi: 10.1097/BOT.0000000000000736

 Brown, M. L., Yukata, K., Farnsworth, C. W., Chen, D. G., Awad, H., Hilton, M. J., et al. (2014). Delayed fracture healing and increased callus adiposity in a C57BL/6J murine model of obesity-associated type 2 diabetes mellitus. PloS One 9 (6), e99656. doi: 10.1371/journal.pone.0099656

 Burke, J. F. (1961). The effective period of preventive antibiotic action in experimental incisions and dermal lesions. Surgery 50, 161–168.

 Cahill, S. V., Kwon, H. K., Back, J., Lee, I., Lee, S., Alder, K. D., et al. (2021). Locally delivered adjuvant biofilm-penetrating antibiotics rescue impaired endochondral fracture healing caused by MRSA infection. J. Orthop. Res. 39 (2), 402–414. doi: 10.1002/jor.24965

 Calhoun, J. H., Manring, M. M., and Shirtliff, M. (2009). Osteomyelitis of the long bones. Semin. Plast. Surg. 23 (2), 59–72. doi: 10.1055/s-0029-1214158

 Canintika, A. F., and Dilogo, I. H. (2020). Teriparatide for treating delayed union and nonunion: A systematic review. J. Clin. Orthop. Trauma 11 (Suppl 1), S107–S112. doi: 10.1016/j.jcot.2019.10.009

 Carey, I. M., Critchley, J. A., DeWilde, S., Harris, T., Hosking, F. J., and Cook, D. G. (2018). Risk of infection in type 1 and type 2 diabetes compared with the general population: A matched cohort study. Diabetes Care 41 (3), 513–521. doi: 10.2337/dc17-2131

 Carlsten, H. (2005). Immune responses and bone loss: the estrogen connection. Immunol. Rev. 208, 194–206. doi: 10.1111/j.0105-2896.2005.00326.x

 Carver, D. C., Kuehn, S. B., and Weinlein, J. C. (2017). Role of systemic and local antibiotics in the treatment of open fractures. Orthop. Clin. North Am. 48 (2), 137–153. doi: 10.1016/j.ocl.2016.12.005

 de Mesy Bentley, K. L., Trombetta, R., Nishitani, K., Bello-Irizarry, S. N., Ninomiya, M., Zhang, L., et al. (2017). Evidence of staphylococcus aureus deformation, proliferation, and migration in canaliculi of live cortical bone in murine models of osteomyelitis. J. Bone Miner Res. 32 (5), 985–990. doi: 10.1002/jbmr.3055

 Dhaliwal, R., Cibula, D., Ghosh, C., Weinstock, R. S., and Moses, A. M. (2014). Bone quality assessment in type 2 diabetes mellitus. Osteoporos. Int. 25 (7), 1969–1973. doi: 10.1007/s00198-014-2704-7

 Einhorn, T. A., and Gerstenfeld, L. C. (2015). Fracture healing: mechanisms and interventions. Nat. Rev. Rheumatol. 11 (1), 45–54. doi: 10.1038/nrrheum.2014.164

 Ellington, J. K., Harris, M., Hudson, M. C., Vishin, S., Webb, L. X., and Sherertz, R. (2006). Intracellular Staphylococcus aureus and antibiotic resistance: implications for treatment of staphylococcal osteomyelitis. J. Orthop. Res. 24 (1), 87–93. doi: 10.1002/jor.20003

 Farnsworth, C. W., Schott, E. M., Benvie, A. M., Zukoski, J., Kates, S. L., Schwarz, E. M., et al. (2018). Obesity/type 2 diabetes increases inflammation, periosteal reactive bone formation, and osteolysis during Staphylococcus aureus implant-associated bone infection. J. Orthop. Res. 36 (6), 1614–1623. doi: 10.1002/jor.23831

 Garzoni, C., and Kelley, W. L. (2009). Staphylococcus aureus: new evidence for intracellular persistence. Trends Microbiol. 17 (2), 59–65. doi: 10.1016/j.tim.2008.11.005

 Giannoudis, P. V., Einhorn, T. A., and Marsh, D. (2007). Fracture healing: the diamond concept. Injury 38 Suppl 4, S3–S6. doi: 10.1016/s0020-1383(08)70003-2

 Giannoudis, P. V., Jones, E., and Einhorn, T. A. (2011). Fracture healing and bone repair. Injury 42 (6), 549–550. doi: 10.1016/j.injury.2011.03.037

 Gillespie, W. J., and Walenkamp, G. (2001). Antibiotic prophylaxis for surgery for proximal femoral and other closed long bone fractures. Cochrane Database Syst. Rev. 1), CD000244. doi: 10.1002/14651858.CD000244

 Greenspan, S. L., Bone, H. G., Ettinger, M. P., Hanley, D. A., Lindsay, R., Zanchetta, J. R., et al. (2007). Effect of recombinant human parathyroid hormone (1-84) on vertebral fracture and bone mineral density in postmenopausal women with osteoporosis: a randomized trial. Ann. Intern. Med. 146 (5), 326–339. doi: 10.7326/0003-4819-146-5-200703060-00005

 Hak, D. J., Fitzpatrick, D., Bishop, J. A., Marsh, J. L., Tilp, S., Schnettler, R., et al. (2014). Delayed union and nonunions: epidemiology, clinical issues, and financial aspects. Injury 45 Suppl 2, S3–S7. doi: 10.1016/j.injury.2014.04.002

 Hao, Z., Li, J., Li, B., Alder, K. D., Cahill, S. V., Munger, A. M., et al. (2021). Smoking alters inflammation and skeletal stem and progenitor cell activity during fracture healing in different murine strains. J. Bone Miner Res. 36 (1), 186–198. doi: 10.1002/jbmr.4175

 Henderson, S., Ibe, I., Cahill, S., Chung, Y. H., and Lee, F. Y. (2019). Bone quality and fracture-healing in type-1 and type-2 diabetes mellitus. J. Bone Joint Surg. Am. 101 (15), 1399–1410. doi: 10.2106/JBJS.18.01297

 Jiao, H., Xiao, E., and Graves, D. T. (2015). Diabetes and its effect on bone and fracture healing. Curr. Osteoporos. Rep. 13 (5), 327–335. doi: 10.1007/s11914-015-0286-8

 Johnson, C. T., Sok, M. C. P., Martin, K. E., Kalelkar, P. P., Caplin, J. D., Botchwey, E. A., et al. (2019). Lysostaphin and BMP-2 co-delivery reduces S. aureus infection and regenerates critical-sized segmental bone defects. Sci. Adv. 5 (5), eaaw1228. doi: 10.1126/sciadv.aaw1228

 Johnson, C. T., Wroe, J. A., Agarwal, R., Martin, K. E., Guldberg, R. E., Donlan, R. M., et al. (2018). Hydrogel delivery of lysostaphin eliminates orthopedic implant infection by Staphylococcus aureus and supports fracture healing. Proc. Natl. Acad. Sci. U.S.A. 115 (22), E4960–E4969. doi: 10.1073/pnas.1801013115

 Jorge, L. S., Chueire, A. G., and Rossit, A. R. (2010). Osteomyelitis: a current challenge. Braz. J. Infect. Dis. 14 (3), 310–315. doi: 10.1016/S1413-8670(10)70063-5

 Kierdorf, K., and Fritz, G. (2013). RAGE regulation and signaling in inflammation and beyond. J. Leukoc. Biol. 94 (1), 55–68. doi: 10.1189/jlb.1012519

 Kleiner, D. E., Brunt, E. M., Van Natta, M., Behling, C., Contos, M. J., Cummings, O. W., et al. (2005). Design and validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology 41 (6), 1313–1321. doi: 10.1002/hep.20701

 Kovtun, A., Bergdolt, S., Wiegner, R., Radermacher, P., Huber-Lang, M., and Ignatius, A. (2016). The crucial role of neutrophil granulocytes in bone fracture healing. Eur. Cell Mater. 32, 152–162. doi: 10.22203/ecm.v032a10

 Kwon, H. K., Dussik, C. M., Kim, S. H., Kyriakides, T. R., Oh, I., and Lee, F. Y. (2022a). Treating 'Septic' With enhanced antibiotics and 'Arthritis' by mitigation of excessive inflammation. Front. Cell Infect. Microbiol. 12. doi: 10.3389/fcimb.2022.897291

 Kwon, H. K., Lee, I., Yu, K. E., Cahill, S. V., Alder, K. D., Lee, S., et al. (2021). Dual therapeutic targeting of intra-articular inflammation and intracellular bacteria enhances chondroprotection in septic arthritis. Sci. Adv. 7 (26). doi: 10.1126/sciadv.abf2665

 Kwon, H. K., Yu, K. E., Cahill, S. V., Alder, K. D., Dussik, C. M., Kim, S. H., et al. (2022b). Concurrent targeting of glycolysis in bacteria and host cell inflammation in septic arthritis. EMBO Mol. Med. 14 (12), e15284. doi: 10.15252/emmm.202115284

 Kwon, H. K., Yu, K. E., and Lee, F. Y. (2023). Construction and evaluation of a clinically relevant model of septic arthritis. Lab. Anim. (NY) 52 (1), 11–26. doi: 10.1038/s41684-022-01089-7

 Lew, D. P., and Waldvogel, F. A. (1997). Osteomyelitis. N. Engl. J. Med. 336 (14), 999–1007. doi: 10.1056/NEJM199704033361406

 Lindsey, B. A., Clovis, N. B., Smith, E. S., Salihu, S., and Hubbard, D. F. (2010). An animal model for open femur fracture and osteomyelitis: Part I. J. Orthop. Res. 28 (1), 38–42. doi: 10.1002/jor.20960

 Loi, F., Cordova, L. A., Pajarinen, J., Lin, T. H., Yao, Z., and Goodman, S. B. (2016). Inflammation, fracture and bone repair. Bone 86, 119–130. doi: 10.1016/j.bone.2016.02.020

 Lovati, A. B., ROmano, C. L., Bottagisio, M., Monti, L., De Vecchi, E., Previdi, S., et al. (2016). Modeling staphylococcus epidermidis-induced non-unions: subclinical and clinical evidence in rats. PloS One 11 (1), e0147447. doi: 10.1371/journal.pone.0147447

 Ma, R., Wang, L., Zhao, B., Liu, C., Liu, H., Zhu, R., et al. (2017). Diabetes perturbs bone microarchitecture and bone strength through regulation of sema3A/IGF-1/beta-catenin in rats. Cell Physiol. Biochem. 41 (1), 55–66. doi: 10.1159/000455936

 Marin, C., Luyten, F. P., van der Schueren, B., Kerckhofs, G., and Vandamme, K. (2018). The impact of type 2 diabetes on bone fracture healing. Front. Endocrinol. (Lausanne) 9. doi: 10.3389/fendo.2018.00006

 Napoli, N., Chandran, M., Pierroz, D. D., Abrahamsen, B., Schwartz, A. V., Ferrari, S. L., et al. (2017). Mechanisms of diabetes mellitus-induced bone fragility. Nat. Rev. Endocrinol. 13 (4), 208–219. doi: 10.1038/nrendo.2016.153

 Neer, R. M., Arnaud, C. D., Zanchetta, J. R., Prince, R., Gaich, G. A., Reginster, J. Y., et al. (2001). Effect of parathyroid hormone (1-34) on fractures and bone mineral density in postmenopausal women with osteoporosis. N. Engl. J. Med. 344 (19), 1434–1441. doi: 10.1056/NEJM200105103441904

 Penn-Barwell, J. G., Murray, C. K., and Wenke, J. C. (2012). Early antibiotics and debridement independently reduce infection in an open fracture model. J. Bone Joint Surg. Br. 94 (1), 107–112. doi: 10.1302/0301-620X.94B1.27026

 Saito, M., Kida, Y., Kato, S., and Marumo, K. (2014). Diabetes, collagen, and bone quality. Curr. Osteoporos. Rep. 12 (2), 181–188. doi: 10.1007/s11914-014-0202-7

 Schmidt-Bleek, K., Kwee, B. J., Mooney, D. J., and Duda, G. N. (2015). Boon and bane of inflammation in bone tissue regeneration and its link with angiogenesis. Tissue Eng. Part B Rev. 21 (4), 354–364. doi: 10.1089/ten.TEB.2014.0677

 Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9 (7), 671–675. doi: 10.1038/nmeth.2089

 Schottel, P. C., O'Connor, D. P., and Brinker, M. R. (2015). Time trade-off as a measure of health-related quality of life: long bone nonunions have a devastating impact. J. Bone Joint Surg. Am. 97 (17), 1406–1410. doi: 10.2106/JBJS.N.01090

 Sellmeyer, D. E., Civitelli, R., Hofbauer, L. C., Khosla, S., Lecka-Czernik, B., and Schwartz, A. V. (2016). Skeletal metabolism, fracture risk, and fracture outcomes in type 1 and type 2 diabetes. Diabetes 65 (7), 1757–1766. doi: 10.2337/db16-0063

 Sharma, A. K., Bharti, S., Ojha, S., Bhatia, J., Kumar, N., Ray, R., et al. (2011). Up-regulation of PPARgamma, heat shock protein-27 and -72 by naringin attenuates insulin resistance, beta-cell dysfunction, hepatic steatosis and kidney damage in a rat model of type 2 diabetes. Br. J. Nutr. 106 (11), 1713–1723. doi: 10.1017/S000711451100225X

 Sweet, F. A., Forsthoefel, C. W., Sweet, A. R., and Dahlberg, R. K. (2018). Local versus systemic antibiotics for surgical infection prophylaxis in a rat model. J. Bone Joint Surg. Am. 100 (18), e120. doi: 10.2106/JBJS.18.00105

 Targher, G., Corey, K. E., Byrne, C. D., and Roden, M. (2021). The complex link between NAFLD and type 2 diabetes mellitus - mechanisms and treatments. Nat. Rev. Gastroenterol. Hepatol. 18 (9), 599–612. doi: 10.1038/s41575-021-00448-y

 Warden, S. J., Komatsu, D. E., Rydberg, J., Bond, J. L., and Hassett, S. M. (2009). Recombinant human parathyroid hormone (PTH 1-34) and low-intensity pulsed ultrasound have contrasting additive effects during fracture healing. Bone 44 (3), 485–494. doi: 10.1016/j.bone.2008.11.007

 Yu, K. E., Alder, K. D., Morris, M. T., Munger, A. M., Lee, I., Cahill, S. V., et al. (2020b). Re-appraising the potential of naringin for natural, novel orthopedic biotherapies. Ther. Adv. Musculoskelet. Dis. 12, 1759720X20966135. doi: 10.1177/1759720X20966135

 Yu, K. E., Kwon, H. K., Dussik, C. M., Cahill, S. V., Back, J., Alder, K. D., et al. (2022). Enhancement of impaired MRSA-infected fracture healing by combinatorial antibiotics and modulation of sustained inflammation. J. Bone Miner Res. 37 (7), 1352–1365. doi: 10.1002/jbmr.4570

 Yu, K., Song, L., Kang, H. P., Kwon, H. K., Back, J., and Lee, F. Y. (2020a). Recalcitrant methicillin-resistant Staphylococcus aureus infection of bone cells: Intracellular penetration and control strategies. Bone Joint Res. 9 (2), 49–59. doi: 10.1302/2046-3758.92.BJR-2019-0131.R1

 Zhou, Z., and Xiong, W. C. (2011). RAGE and its ligands in bone metabolism. Front. Biosci. (Schol Ed) 3 (2), 768–776. doi: 10.2741/s185




Publisher's note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Kwon, Cahill, Yu, Alder, Dussik, Jeong, Back and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-13-1230568-g002.jpg
H&E SAF O

B MRSA
® Lean-FX + HFHS-FX
H&E
Lean-MRSA HFHS-MRSA
Lean HFHS
P<0.01
P<0.01 7 1
[ |

Tissue Implant

Lean HFHS






OEBPS/Images/fcimb.2023.1230568_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiclogy

Parathyroid hormone therapy improves
MRSA-infected fracture healing in a murine
diabetic model





OEBPS/Images/fcimb-13-1230568-g005.jpg
® MRSA+ABX+PTH = PTH

e FX v MRSA ¢ MRSA+ABX

MRSA

HFHS

Lean

uea

P<0.001

|

P<0.05
P<0.05

L0°0>d
_H 10°0>d
L 2

_” 100°0>d

= S0'0>d
Sy 100°0>d
v

S
d gl .
Q.

SH4H

HFHS

Lean

HFHS

Lean

HFHS

Lean

HFHS

Lean

P<0.05

P<0.001

_” G0°0>d

P<0.05

P<0.05
1

G0°0>d

P<0.01

1100

000

00
80

S 100>d ®
s[
V
Q
| 2
o
S 50'0>d
S m_” o 100>d
e
qla M\U,_” >
o
n o+ M N
o o o o o
(ww) ds"q1
-_—
mm o |
< GO'0>de —Fo ]
Q 100°0>d ]
- 10°0>d fim |
%._H M_” 10°0>d ]
ol vV . +4
v Q&
Q s
e |
Q 9 22 8 8
o o o o o o
(ww) yr-qr
- 10°0>d
Qo 10°0>d
0_”5
g o.ﬁ
M S0°0>d
p 100°0>d
w m_” 100°0>d_
7Ly =
ol y
o 0 o n
N -~ -

(wwy/L) NaL

P<0.001
P<0.0001

P<0.001
P<0.01

P<0

o
G0'0>d
100 0>d

—
o
<
o
Y
Q
|

001

_H 100°0>d
G0°0>d

© O O o o o
© W O <« «

(;wwy,ww) Ag/SE





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Parathyroid hormone therapy improves MRSA-infected fracture healing in a murine diabetic model

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Type 2 diabetic mouse model

          



          		

            Glucose tolerance analysis

          



          		

            Histological analysis of fatty liver

          



          		

            MRSA inoculum preparation

          



          		

            Surgical open tibial fracture model

          



          		

            Antibiotic and teriparatide treatment

          



          		

            Colony-forming unit analysis

          



          		

            Radiographic and histologic fracture healing analysis

          



          		

            Micro-computed tomography analysis

          



          		

            Biomechanical testing

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Maintenance of a high-fat and high-sucrose diet contributed to the development of T2DM phenotypes in mice

          



          		

            Evaluation of tibial open fracture healing and osteomyelitis in the setting of T2DM

          



          		

            Dual antibiotic treatment subsides infection but impaired fracture healing persists in T2DM mice

          



          		

            Adjuvant iPTH treatment improves fracture healing in T2DM mice

          



          		

            Biomechanical parameters of fracture healing

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-13-1230568-g003.jpg
A B

MvRSA infection (1 x 10° CFU)

7 28

0
H+++++———(Day)

Day 28
w
MRSA El
— A 2

)

_FX

MRSA

MRSA

SAF O

MRSA+ABX

Gram






OEBPS/Images/fcimb-13-1230568-g001.jpg
Blood glucose (mg/dl) ¢

Liver

B

-~ Lean - HFHS
60 P<0.0001 800 P<0.001 £0000 P<0.0001
5 u = P<0.01 P<0.0001 -
e 9 800 60000
=3 E
Q 40 400
: 2 < 40000
]
Q30 3 200
= @ 20000
20
LGaH HFHS Lean HFHS Omin 15min 30min 60min 120min Lean HFHS
P<0.0001 D E
P<0.0001 -~ Lean & HFHS
300 60 800 - 80000 P<0.01
5 - P<0.05 "pe0.001
250 S 600
£ E B 60000 .
200 g 40 3 400 S
2 I 40000 0
2z - 8
S 30 3 200
a o 20000
100 20
Lean HFHS Lean HFHS Omin 15min 30min 60min 120min Lean HFHS
Lean HFHS 4 o 25 15 28
2ol S . . ° P<001 § P<0.001 o 3 P<0.01
I S 20 8 3
63 2 @ g6
H 2 c 1.0 8
» 3, 1.5 5 <)
22 ] E 2 34
8 = 10 £ 2
3 1 54 £ 05 g 5
& 5 05 8 2
" [ = —
ND. 2 N.D E g
0l oo = ool —eee—— 0.0 2o

T i X
Lean HFHS Lean HFHS Lean HFHS Lean HFHS





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-13-1230568-g004.jpg
PTH (40 pglkg)
ABX (VAN (30mg/kg)+ RIF (20mg/kg))
MRSA (1 x 106 CFU)

FX

VYV Y VY v

\AA A

v

v

L e e e e e B

0 7 28 (Day)
MRSA

ABX

P-value

Groups MRSA+A MRSA+A
BX+PTH BX+PTH
AV [ sD

RUST score

. Lean-MRSA
. Lean-MRSA+ABX
. Lean-MRSA+ABX+PTH
vs. HFHS-FX

0.0016

0.0149

vs. HFHS-MRSA

<0.0001

<0.0001

vs. HFHS-MRSA+ABX

0.9897






OEBPS/Images/fcimb-13-1230568-g006.jpg
® MRSA+ABX+PTH = PTH

e FX v MRSA ¢ MRSA+ABX

HFHS

Lean

HFHS

Lean

HFHS

Lean

- 10°0>d
O <
Sl © 10°0>d
Rﬁmﬁ
Q.
[ ]
lp)
5 S
Ol «— m\u
il ’ .
-y G0'0>d
o
NDLNOWOLW
<t <EOOMN
[ww N] anbuo] xep
0 10°0>d
S| o 10°0>d
Rﬁmﬁ
Q.
5 <
O o
y m_Hm S0'0>d ¢
s o._H
alg 10°0>d
[
(=) o o
o o o
- =
[peJ/,ww N] AipI6ry |euoisio]
O
S| «
ol O
S| 2
Pﬁmﬁ
| — Tp)
S8 S
y O.T G0'0>d® v
VIV
Q.

Q

[wuwyN] ssauyns

01

S.ova
O.T S.ovn:
0
o
Q.

P<

NS
oo

ENNgeN
T 000

[pes ww N]

anbuo| xep 03 ssauybno |






