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Abstract

Obese and type 2 diabetic (T2D) patients have a 5-fold increased rate of infection following 

placement of an indwelling orthopaedic device. Though implant infections are associated with 

inflammation, periosteal reactive bone formation and osteolysis, the effect of obesity/T2D on these 

complicating factors has not been studied. To address this question, C57BL/6J mice were fed a 

high fat diet (60% Kcal from fat) to induce obesity/T2D, or a control diet (10% Kcal from fat) for 

three months, and challenged with a transtibial pin coated with a bioluminescent USA300 strain of 

S. aureus. In the resulting infected bone, obesity/T2D was associated with increased S. aureus 
proliferation and colony forming units. RNA sequencing of the infected tibiae on days 7 and 14 

revealed an increase in 635 genes in obese/T2D mice relative to controls. Pathways associated 

with ossification, angiogenesis, and immunity were enriched. MicroCT and histology on days 21 

and 35 demonstrated significant increased periosteal reactive bone formation in infected 

obese/T2D mice versus infected controls (p<0.05). The enhanced periosteal bone formation was 

associated with increased osteoblastic activity and robust endochondral ossification, with 

persistant cartilage on day 21 that was only observed in infected obesity/T2D. Osteolysis and 

osteoclast numbers in obesity/T2D were also significantly increased versus infected controls 

(p<0.05). Consistent with an up-regulated immune transcriptome, macrophages were more 

abundant within both the periosteum and the new reactive bone of obese/T2D mice. In conclusion, 

we find that implant-associated S. aureus osteomyelitis in obesity/T2D is associated with 

increased inflammation, reactive bone formation and osteolysis.
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INTRODUCTION

Primary total hip and knee arthroplasties are common procedures, with over 800,000 

occurring in the United States annually 1; 2. While rare, infection of an indwelling device is 

catastrophic to patients, causing significant morbidity, extended hospital stays, and on some 

occasions mortality 1; 3. The costs associated with infection are substantial, averaging 

$25,000–32,000 per patient 4. Further complicating this issue, Staphylococcus aureus is the 

infectious agent in approximately 60% of these cases, and over half of the cases are 

methicillin resistant 1. S. aureus has multiple mechanisms to promote immune evasion, 

including biofilm formation 5, and the ability to persist in necrotic bone 3; 6. Thus, 

reinfection after surgical intervention occurs in 10–30% of cases 7. While infection of 

indwelling orthopaedic devices is limited to 1–3% of joint surgeries 2, obese and diabetic 

patients have a 5-fold increase in infection risk 8–10. The cause of this increased risk is likely 

multifactorial, including impairments in innate 11; 12 and adaptive immunity 13; 14. 

Moreover, we have recently demonstrated that S. aureus adapts to the obese/T2D host by 

altering gene expression leading to increased virulence and persistence of orthopaedic 

infections in this population 15. Despite this, much needs to be determined concerning S. 
aureus orthopaedic infection in obesity/T2D, particularly the effects on bone parameters.

In the course of an implant-associated bone infection, considerable trabecular and cortical 

bone may become necrotic due to colonization of the osteocytic-canalicular network 16, or 

resorbed during sequestrum formation 3. The osteolysis can lead to implant loosening, 

impaired osseointegration, and pain. Furthermore, in many cases there will be a distinct 

periosteal reaction, associated with the formation of new bone on the periosteal bone 

surface, frequently away from the site of infection, often disorganized, and of poor quality 
3; 17. Despite a recognition of the pathologic changes in orthopaedic infection, the molecular 

mechanisms that drive these processes have not been well studied.

Recently, several S. aureus virulence factors have been demonstrated to be pathologic to 

bone in orthopaedic infection 17. Aureolysin, a S. aureus virulence factor regulated by the 

locus sae, was found to be critical for pathologic bone destruction in osteomyelitis 18. 

Similarly, the phenol soluble modulin sarA was recently shown to modulate bone loss in 
vivo and osteoblast cell death in vitro 19. It is also generally accepted that invading 

leukocytes and loss of vasculature contribute to bone necrosis 3. To date, the effect of 

obesity/T2D on bone structure following orthopaedic S. aureus infection has not been 

studied. In the absence of infection, we have shown that mice fed a high fat-diet have 

diminished trabecular bone volume because of increased osteoclastogenesis 20. We have also 

shown that obese/T2D mice have impaired fracture healing 21. A contributing factor in these 

skeletal effects may be the well documented increased systemic inflammation in 

obesity/T2D 22; 23. Here we build on our previous work in a mouse model of obesity/T2D 

and orthopaedic infection to test the hypothesis that the altered host environment of obesity/
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T2D, coupled with increased S. aureus virulence in this host, drives more severe pathologic 

bone changes, particularly more severe osteolysis and reactive bone formation.

MATERIALS AND METHODS

Animals

All handling of mice and associated experimental procedures were reviewed and approved 

by the University Committee on Animal Resources at the University of Rochester Medical 

Center. Male C57BL/6J mice purchased from Jackson Laboratories (Bar Harbor, ME) were 

housed five per cage in one-way housing on a 12-hour light/dark cycle at the University of 

Rochester. To model obesity and T2D, mice were placed on a high fat (60% kcal, D12492) 

or low-fat (10% kcal D12450J) diet for three months beginning at five weeks of age (Open 

Source Diets, Research Diets Inc., New Brunswick, NJ). Prior to infection, fasting blood 

glucose levels were measured using One Touch glucose meters (Lifescan Inc., Milpitas, CA) 

after an overnight fast. Glucose tolerance testing was also performed on mice fasted 

overnight. Lean and HF-fed mice had an average fasting blood glucose of 120mg/dL and 

190mg/dL, respectively. All metabolic changes due to HF feeding were comparable to those 

that we have reported previously 13; 15; 20; 24.

Orthopaedic implant surgery and infection

An orthopaedic implant, coated with S. aureus, was placed as described previously 13. In 

brief, a flat stainless steel surgical wire was cut to .02 × .5 × 4mm length, and bent at 1mm 

to make an L shaped pin. The pins were then sterilized, and placed in an overnight culture of 

USA300 LAC::lux methicillin resistant S. aureus25 for at least twenty minutes. The 

inoculation dose was determined to be 200,000 colony forming units by sonicating 

individual pins and performing serial dilutions on tryptic soy agar plates. Mice were given 

60mg/kg ketamine and 4mg/kg xylazine as well as a pre-operative dose of buprenorphine. 

The right leg was then shaved and washed with 70% ethanol and surgical scrub. A 3–5mm 

incision was made on the medial aspect of the tibia. The medial tibia was then predrilled 

using successive 30g and 26g needles before the pin was placed through the defect. The 

surgical site was closed using 5-0 interrupted sutures. To monitor the infection 

longitudinally, bioluminescence at the tibia was measured using a Xenogen IVIS camera 

system (Almeda, CA). BLI is reported as the magnitude of the signal above the noise level 

(uninfected leg).

Colony Forming Units

S. aureus was isolated and colony forming units quantitated from infected tibia at sacrifice. 

Necrotic soft tissue surrounding the infection site was first removed. The remaining tissue 

was disarticulated from the tibia, the pin was removed, and the tibia was placed in 2mL of 

PBS. Tissues were then homogenized using an IKA T-10 handheld homogenizer 

(Wilmington, NC). Serial dilutions were then prepared in PBS, and 100uL aliquots were 

plated on tryptic soy agar. Plates were then placed at 37C for 24 hours before counting 

colonies.
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Micro-computed tomography (μCT)

Tibiae were isolated at the indicated time points and fixed for 3 days in 4% neutral buffered 

formalin. Specimens were then rinsed in three changes of phosphate buffered saline 

followed by distilled water. μCT method: Tibiae with infected or sterile pins were harvested 

21 and 35 days postoperatively by disarticulating the right lower-extremity at the knee and 

cutting the tibia just distal to origin of the fibula. High-resolution micro-computed 

tomography (vivaCT 40; Scanco Medical AG, Basserdorf, Switzerland) was used to render a 

three-dimensional image of the tibia 26; 27. Bone volume was accessed using the following 

parameters: 55 kV energy setting, 300 millisecond integration time, 10.5 μM voxel size, 10 

μM slice increment, and a threshold of 210. To analyze reactive bone volume, two contours 

were created for each slice; the first traced the perimeter of the external reactive bone and 

the second surrounded all cortical bone from the adjacent uninjured cortices. Subtraction 

included all mineralized tissues above the threshold between the two contour lines, which 

encompassed the entire periosteal reaction. Osteolysis was determined from the medial 

cortex by measuring the total volume of voxels at the pin site.

Histological analysis

Following μCT analysis, samples were decalcified in EDTA for 7 days and then placed in 

70% alcohol. Samples were then embedded in paraffin, and 5 micron transverse or sagittal 

sections were prepared. Safranin O, alcian blue hematoxylin, and tartrate-resistant acid 

phosphatase staining was performed as previously described 21; 28. Quantification of 

histological sections was performed using Osteomeasure (Osteometrics, Decatur GA, USA). 

Immunofluorescent staining: sodium citrate (Dako, Carpinteria CA) was diluted per 

manufacturers instructions and slides were incubated at 95°C for 40 minutes. Following 

antigen retrieval, blocking was performed with 10% donkey serum in PBS for 2 hours at RT. 

Primary antibodies: rabbit anti-osteocalcin (Abcam, Cambridge USA) and anti-F4/80 (Santa 

Cruz Biotechnology, Dallas USA) at 1:200 in PBS were incubated overnight at 4 °C. Anti-

rabbit secondary antibody conjugated to Alexa Fluor 594 (ThermoFisher, Waltham, MA) or 

mIgGκ BP-CFL 594 (Santa Cruz, Dallas USA) were used at 1:200 for 1 hour in tris-buffered 

saline, followed by DAPI staining (ThermoFisher), and fixation using ProLong gold antifade 

mounting reagent (Life Technologies, Eugene, OR). All slides were visualized using an 

Olympus VS120 virtual slide scanning microscope with Olympus OlyVIA software. 

Quantification of osteocalcin: Osteocalcin staining area was determined using Visiopharm 

software (Brookfield, CO).

RNA extraction and sequencing

Infected tibia were placed in RNAprotect (Qiagen) immediately after isolation and stored at 

−80°C. Prior to extraction of RNA, bone was pulverized at liquid nitrogen temperatures. 

RNA was then extracted by mechanical lysis in ice-cold acid phenol using the Fast-Prep-24 

instrument (MP Biomedicals) at a setting of 5.5 for 40s. Extracted RNA was purified using 

RNeasy mini-columns (Life Technologies). Contaminating genomic DNA was removed 

using TurboDNase (Ambion). Illumina library construction for RNAseq: Libraries were 

prepared from rRNA-depleted RNA (Ribo-Zero; Epicenter) using the ScriptSeq v2 RNAseq 

library preparation kit (Epicentre) per the manufacturer’s instructions. Libraries were 
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sequenced on an Illumina HiSeq2500 platform with 4–5 libraries multiplexed per lane and 

~50 million 100nt single-direction reads for each sample. Initial sequence data from the 

HiSeq2500 was evaluated for quality. The low-quality sequence reads were removed prior to 

final analysis using Seqclean (http://sourceforge.net/projects/seqclean/). The remaining high 

quality processed reads were then mapped or aligned to the mouse genome (mus musculus) 

with SHRiMP version 2.2.3 29 to match sequence reads to specific mouse genes. Differential 

expression levels of all genes were determined using Cufflinks (cuffDiff2) version 2.0.2 30 

and a false discovery rate (FDR) of 0.05, which calculates gene expression as the number of 

sequence reads that map to each gene. Genes significantly increased or decreased were 

subjected to pathway analysis using David bioinformatics database 31 and were sorted based 

on biological process gene ontology terms. Differentially expressed genes between lean and 

obese/T2D mice at day 14 were also analyzed using BioGPS gene annotation software 32. 

Genes with significantly increased or decreased expression were annotated to the cell type 

most likely to express the enriched gene. At least three mice were used per group for 

RNAsequencing experiments. All RNA-Seq data (raw sequence reads and primary analysis) 

were deposited at NCBI and SRA.

Statistics

Multiple analyte comparisons were measured using two-way ANOVA and Bonferroni’s post 

test. Unpaired t-test was used when two groups were compared, including area under the 

curve measurements. All statistics were analyzed using Graphpad Prism.

RESULTS

Increased MRSA infection in obese/T2D mice

Consistent with our previous studies 13; 15, obese/T2D mice when infected with a USA300 

lac::lux MRSA-coated transtibial pin showed an increase in S. aureus colony forming units 

(CFU) in the infected tibia (Obese/T2D: 1.12E6 CFU, control: 2.60E5 CFU) (Figure 1A). No 

mortality was observed in either lean or obese mice to day 21. In agreement with the CFU 

data, an increase in the longitudinal bioluminescence from this strain of S. aureus was 

observed over the 21 day infection in obese/T2D mice compared to controls (Figure 1B, C). 

The largest difference in bioluminescence was at day 1 post-infection (Figure 1B). No 

difference in bioluminescent signal was noted at 7 days post-infection. Interestingly, there 

was a trend towards an increase in obese/T2D mice until sacrifice at day 21. Together, these 

results demonstrate an increase in S. aureus proliferation and survival in obesity/T2D 

compared to lean-fed control mice.

Gene expression in infected tibiae indicate increased ossification and inflammation in 
obese/T2D mice following infection

To investigate obese/T2D effects on host responses during S. aureus bone infection, we 

performed whole transcriptome sequencing on RNA from infected tibiae of obese/T2D and 

control mice harvested on days 7 and 14. Obese/T2D and control mice shared 143 genes that 

were differentially expressed from day 7 to day 14 (Figure 2A). Pathway analysis 

demonstrated enrichment for GO terms associated with collagen organization and 

catabolism, inflammation and immune responses, and bone mineralization (Figure 2B). 
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There were 635 gene changes from day 7 to day 14 that were unique to obese/T2D mice 

(Figure 2A). Multiple Gene Ontology terms associated with bone formation were enriched 

in the obese/T2D mice, including ossification, angiogenesis, osteoblast differentitation, and 

skeletal system development (Figure 2C, Figure S-1A). Interestingly, multiple terms 

associated with immune function, including immune response, cellular response to IL-1, 

defense response to gram positive bacteria, and anti-bacterial humoral response were 

enriched only in obese/T2D mice. Pathway analysis of the significantly different genes 

between obese/T2D and control mice at day 14 again demonstrated enrichment for genes 

associated with immune responses in obesity/T2D (Figure 2D, Figure S-1B). Moreover, 

anaylsis using Ingenuity Pathway Analysis Software further indicated an enrichment in 

multiple inflammatory pathways with a positive Z-score (Figure S-1C). Other significantly 

enriched terms included cell migration in angiogenesis, cytolysis, and fat cell differentiation. 

Utilizing BioGPS, mast cells, osteoblasts, and macrophages were the cell types most 

associated with enriched terms in obese/T2D mice. Together, these results indicate altered 

expression of genes associated with bone formation and immune responses in obese/T2D 

mice.

Increased periosteal reactive bone formation in obese/T2D following orthopaedic infection

To validate day 14 RNAseq results indicating an obese/T2D-induced bone response during 

orthopaedic infection, we performed histology and microCT analyses on implanted tibiae 

both 21 and 35 days post-infection. Histological analysis of the infected tibiae at day 21 

revealed new, disorganized bone formation peripheral to the cortical bone in both obese/T2D 

and co ntrol mice (Figure 3A, B). This new bone formation was consistent with radiographic 

findings in the osteomyelitis of human patients 3, which indicated robust periosteal reactive 

bone formation. Quantification of bone volume by microCT revealed twice as much 

periosteal reactive bone in obese/T2D mice (Figure 3A–C) at 21 and 35 days post-infection. 

Sterile implants were associated with minimal reactive bone in either group at day 21, 

indicating that periosteal reactive bone formation is dependent on S. aureus infection, and 

not disruption of the periosteum by an indwelling orthopaedic device (Figure 3A–C). 

Considerable periosteal reaction was present on both the medial (nearest to pin insertion 

site) and lateral portion of the tibia at day 21, with more bone evident in both locations in 

obese/T2D mice (Figure 3A). Similarly, sagittal sectioning at day 35 revealed more 

periosteal reaction on the anterior surface of the infected tibia of obese/T2D mice (Figure 

3A).

In both obese/T2D and control mice, new bone formation extended from the tibial plateau to 

the insertion of the fibula at day 14 (Figure 3A,4A). This rapid formation of reactive bone 

was consistent with intramembranous ossification 33. However, histological sections of 

infected tibiae at day 14 from obese/T2D mice but not control mice revealed robust numbers 

of chondrocytes at or near the infection site (Figure 4A, B) and a markedly greater area of 

proteoglycan rich matrix at the infection site (Figure 4C). Both are indicative of 

endochondral bone formation. Overall, the majority of periosteal reactive bone does not 

appear to be endochondreal bone except near the implant site. The latter bone formation is 

essentially limited to the obese/T2D host. As anticipated, cells associated with new bone 

stained for osteocalcin, a marker for terminally differentiated chondrocytes and osteoblasts. 
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Consistent with the formation of more bone in the obese/T2D mice, significantly more 

osteocalcin staining was observed in the tibia of obese/T2D mice compared to control mice 

(Figure 4D, E). Moreover, there was a trend towards an increase in osteocalcin area per bone 

area (Figure 4F). In obese/T2D mice, but not control mice, there was positive osteocalcin 

staining in both terminally differentiated chondrocytes and osteoblasts (Figure 4D). 

Hypertrophic chondrocytes, proteoglycan deposition, and osteoblast formation are hallmarks 

of endochondral ossification. Thus, the increased periosteal reaction in obese/T2D may be 

due, at least in part, to a different healing process in the bone following infection.

Increased osteolysis in obese/T2D mice

Orthopaedic infection is associated with bone resorption and osteolysis 3; 33. Expanding on 

this, RNAsequencing (Figure 2) indicated enrichment for genes associated with regulation of 

bone resorption in obese/T2D mice. TRAP staining of histologic sections from infected 

tibiae at day 14 detected osteoclasts along bone surfaces in both obese/T2D and lean mice 

(Figure 5A) with significantly more in obese/T2D mice (Figure 5B), and more bone surface 

lined with TRAP+ osteoclasts (Figure 5C). Moreover, there was more TRAP staining per 

bone surface in either obese/T2D and lean infected mice compared to mice receiving a 

sterile implant (Figure 5C), indicating that the robust osteoclast activation was a result of S. 
aureus infection, not bone trauma due to insertion of the implant through the cortex of the 

tibia. The majority of the osteoclasts were found within the reactive bone (Figure 5A, D). 

Obese/T2D mice had more osteoclast staining within the periosteal reactive bone and along 

cortical surfaces than lean-fed control mice (Figure 5D). However, the results do not show 

globally increased osteolysis. Interestingly, there was less osteoclast staining along 

trabecular surfaces in infected high fat fed-fed mice compared to infected lean-fed mice. 

One major factor is that obese mice have only 50% of trabecular bone volume of lean mice 

at the time of infected pin placement20 (Fig 5E). For unknown reasons, this depleted 

trabecular bone appears to be markedly less targeted by osteoclasts despite increased 

osteoclast activity (TRAP staining) in reactive and cortical bone of obese infected mice.

Both obese/T2D and control mice given a sterile implant had very little osteolysis and bone 

loss around the implant (Figure 5F,H) compared to mice given a S. aureus-coated implant 

(Figure 5F,H). Consistent with increased osteoclast staining (Figure 5D), osteolysis (hole 

size) was greater in obese/T2D mice (Figure 5F,H). No difference was noted in the volume 

of sequestrum (dead infected bone) between obese/T2D and control mice (Figure 5G), and 

no osteoclasts were detected, consistent with this bone being necrotic and inaccessible to 

host cells. Taken together, obesity/T2D is associated with increased osteoclast activity and 

osteolytic bone loss following orthopaedic S. aureus infection.

Increased macrophage numbers in infected bone in obesity/T2D

Mapping of overexpressed genes in obese/T2D mice to a potential cellular source revealed 

an enrichment in genes associated with macrophages (Figure 2E). To validate these results 

we performed immunohistochemistry for F4/80+ macrophages in infected tibiae, which 

revealed a significant increase in obese/T2D compared to control mice (Figure 6A, B). 

Macrophages were most prominently located within the marrow space (Figure 6A). 

However, many macrophages were also noted in the periosteal reactive bone in obese/T2D 

Farnsworth et al. Page 7

J Orthop Res. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice (Figure 6B). There was a positive correlation between with the number of F4/80+ 

macrophages in the reactive bone, and the volume of the reactive bone as measure by μCT 

(Figure 6C).

DISCUSSION

In this study, high fat-fed obese and T2D mice had more periosteal reactive bone, osteolysis, 

osteoclast activation, and macrophage invasion into the involved bone compared to lean-fed 

control mice following placement of identical S. aureus coated orthopaedic implants. While 

bone infection is associated with osteolysis and periosteal reaction, whether obesity and 

diabetes affect these pathological processes had not been determined. It has been shown 

experimentally that S. aureus osteomyelitis is associated with the formation of periosteal 

reactive bone following S. aureus injection into the tibia 18. Our study demonstrates the 

formation of robust periosteal reactive bone in the clinically relevant context of an 

orthopaedic implant pre-coated with USA300 S. aureus. We also demonstrate for the first 

time in an experimental model that obesity/T2D drives a more aggressive periosteal reactive 

bone formation. The periosteal reaction is dependent on an infection at the implant site, as 

mice given a sterile implant and simultaneously infected systemically (via a tail vein 

inoculation) had no reactive bone (data not shown). These studies expand upon our earlier 

reports which demonstrated more severe implant-associated S. aureus infections in our high 

fat-diet model of obesity/T2D13. Taken together, this obesity/T2D mouse model 

recapitulates the key clinical features of implant-associated orthopaedic infection in these 

patients9; 34; 35. Note that only male C57BL/6 mice were utilized in this study due to the 

consistency with which they develop a chronic inflammatory state with obesity and glucose 

intolerance. Female C57BL/6 mice respond more modestly and less consistently to the HF 

diet with less inflammation, body mass gain and glucose intolerance. This male:female 

difference in response to HF diet is not seen in human subjects. Based on this more modest 

obesity/T2D phenotype in female C57BL/6 mice on a HF diet, it is speculated that female 

C57BL/6 mice would have a less severe infection, but this will require further investigation.

Recent reports indicate that bacterial virulence genes expressed at the site of infection are 

the primary triggers for bone remodeling in osteomyelitis 18; 19. Our previous study 

demonstrated a 5-fold (although not statistically significant) increase in sarA expression in 

S. aureus isolated from obese/T2D infected mice compared to S. aureus isolated from 

control mice15. SarA has been shown to be an important virulence factor driving bone 

destruction in osteomyelitis 19, raising the possibility that the increased osteolysis in 

obese/T2D mice may be driven by S. aureus gene expression changes representing 

adaptation to the unique environment of the obese/T2D host. Our additional reporting of 

markedly upregulated gene expression of S. aureus matrix-binding proteins in bacteria 

isolated from infected bone of obese/T2D mice further supports this premise of adaptation.

Our findings confirm previous studies demonstrating S. aureus causes significant bone 

destruction in osteomyelitis. Both obese/T2D and control mice had significant cortical bone 

loss at the implant site compared to mice administered a sterile pin. Furthermore, osteolysis 

in cortical bone of obese mice, as assessed by μCT, was greater at day 21 than in lean 

controls. This more robust osteolysis in infected cortical bone of obese mice was further 
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supported by increased TRAP+ osteoclast staining at day 14. In contrast to cortical bone that 

showed both increased osteolysis and increased TRAP staining, the strong positive TRAP 

staining in periosteal bone of obese mice was associated with increased formation. In light 

the large periosteal reactive bone formation, both robust bone formation and osteoclast-

mediated resorption appear to be occurring with the balance in favor of bone formation. 

Trabecular bone of infected lean mice showed positive TRAP staining that was associated 

with a 50% loss of bone volume (Fig 5E). Surprisingly, trabecular bone of obese infected 

mice showed minimal TRAP staining and no loss of bone volume. High fat diet-fed obese 

mice, however, have only 50% of the trabecular bone of lean mice (Fig. 5E and ref. 20). This 

depleted trabecular bone appears to be resistant to targeting by osteoclasts during infection.

There is a temporal and spatial association between periosteal reactive bone formation, 

TRAP+ staining, and macrophage presence. This suggests that the increased 

osteoclastogenesis is driven by factors related to an increased inflammatory environment in 

the infected bone of the obese/T2D host. For example, TNF, a common inflammatory 

mediator in infection and a cytokine that is elevated in obesity/T2D, is well known to 

enhance osteoclastogenesis 36. Similarly, inflammation has been suggested to be a 

contributor to reactive bone formation 37. Future investigations with this mouse implant 

infection model in the context of obesity/T2D will be designed to address these 

relationships. In general, the increased bone loss in an infected orthopaedic implant in 

obesity/T2D such as modeled here would increase the risk for implant loosening and failure, 

and reduce available bone surface for any subsequent revision surgery 3.

The disorganization and the rate at which periosteal reactive bone appeared was consistent 

with intramembranous bone formation in both control and obese/T2D mice 33. In general, 

the histologic results supported this conclusion. However, there was evidence of 

endochondral bone formation in obese/T2D mice proximal to the implant insertion site but 

not in control mice (Figure 2, 3). Consistent with endochondral bone formation 33, there 

were markedly more chondrocytes and substantially more proteoglycan deposition in 

infected bone from obese/T2D mice. The proteoglycan-rich matrix was most evident at the 

periosteum nearest the site of the infection. While the stimulus for this endochondral bone 

formation is unclear at this time, it is intriguing that it occurs essentially only in obese/T2D 

mice that have a more severe osteomyelitis. RNAsequencing indicated an enrichment in GO 

terms in the infected bone of obese/T2D mice that are associated with ossification, 

osteoblast differentiation, angiogenesis, and skeletal system development. This was certainly 

consistent with the more abundant reactive bone of obese/T2D mice as well as the 

endochondral ossification. Increased osteocalcin staining in the infected bone of obese/T2D 

mice demonstrated more abundant osteoblasts and further supported the RNA sequencing 

data. Taken together, the RNA sequencing data coupled with histologic and microCT 

imaging data demonstrate that a more severe periosteal reactive bone formation occurs in the 

S. aureus bone infections of obesity and type 2 diabetes.

Together, the current data indicate an increase in both pathological bone loss and new 

periosteal reactive bone formation in obese/T2D mice. As revealed by the RNA sequencing 

data and pathway analysis, these two pathologic bone processes coincided with increased 

immune cell recruitment and inflammation in bone of obese/T2D mice. Multiple GO terms 
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associated with inflammatory responses, such as antibacterial humoral response, immune 

response, cellular response to IL-1, and defense response to gram-positive bacteria were all 

enriched in obese/T2D mice from day 7 to day 14 following infection. Additionally, when 

aligned with the mRNA reference bank BioGPS, several upregulated genes associated with 

macrophages and mast cells were elevated in bone of obese/T2D mice. These data were 

corroborated by our immunohistochemical evidence of more abundant F4/80+ macrophages 

within and lining the periosteal reactive bone in obese/T2D mice (Figure 5). It is also 

tempting to link in a cause and effect relationship the increase in pro-inflammatory cells 

recruited to the infected bone of obese/T2D mice to the increases in both the osteolysis and 

periosteal bone formation. Additionally, the pro-inflammatory cells may at least in part be 

more abundant because of the increase in S. aureus load in obesity/T2D. Further 

investigations are required to establish the relationships between the critical events in this 

pathologic process. Nonetheless, proposing causal linkage between the above events is not 

without support. Several labs have reported that IL1-β, an inflammatory cytokine produced 

primarily by macrophages, is sufficient to induce differentiation of human MSCs to 

osteoblasts 38; 39. IL-6, a pro-inflammatory cytokine produced by macrophages that is 

known to be elevated in high fat-fed mice 22, has been shown to positively regulate 

chondrogenic differentiation of MSCs 40. Moreover, multiple pro-inflammatory cytokines 

such as TNF 36 and IL-6 41 have been shown to be involved in osteoclast activation. 

Therefore, we speculate that the increased inflammatory state in the infected bone of 

obese/T2D mice is the primary driver of both the increased periosteal reactive bone and bone 

destruction in obese, type 2 diabetic hosts. Future studies will be conducted to further test 

this hypothesis.

In conclusion, it is demonstrated here that implant-associated S. aureus infection and 

accompanying bone responses of periosteal reactive bone formation and osteolytic bone 

destruction are more severe in the obese/T2D host. Controlling these pathologic processes 

may be a therapeutic strategy in treating the complications of osteomyelitis in the obese/T2D 

population.
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Figure 1. Increased S. aureus proliferation in obese/T2D mice following orthopaedic infection
Mice were fed a high fat-diet to induce obesity/T2D or a control diet for 3 months. Mice 

were then infected with a trans-tibial pin pre-coated with S. aureus USA300 lac::lux. A. At 

21 days post infection, tibia were harvested and S. aureus CFUs were quantitated. n ≥ 9. B. 
Time course of bioluminescent signal emitted at the implant site from luminescent S. aureus 
containing the lux a-e operon indicating S. aureus proliferation. n = 5. C. Area under the 

curve for B. * P<.05, ** p<.01. Unpaired student T test for A and C. Two way Anova was 

used for B with Tukey post-hoc test. In A, C, each point represents one mouse.
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Figure 2. RNA sequencing and pathway analysis in infected bone indicate enrichment in terms 
associated with inflammation and ossification in obese/T2D mice
Obese/T2D mice and control mice were infected as before and harvested at days 7 and 14 

post-infection. Infected tibiae were isolated, homogenized, RNA isolated, and 

RNAsequencing was performed. A. The number of changed genes from day 7 to day 14 in 

control mice only, obese/T2D mice only, and control and obese/T2D. B. Enriched pathways 

represented by the 143 genes differentially expressed in both obese/T2D and control mice. 

C. Enriched pathways represented by the 635 genes differentially expressed in obese/T2D 

mice. D. Pathways represented by differentially expressed genes between obese/T2D and 

control mice at day 14. E. The 25 genes with the greatest change were mapped to the cell 

type most likely to express the gene using BioGPS. Genes associated with macrophages and 

osteoblasts were more highly enriched in obese/T2D mice compared to control mice. n = 3 

mice per group.
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Figure 3. Increased periosteal reactive bone following implant associated S. aureus infection in 
obesity/T2D
Mice received trans-tibial implants as in Figure 1, and tibiae were harvested at days 21 and 

35 after infection. A. Saggital sections of sterile and infected tibiae at day 21 and coronal 

sections of infected tibiae at day 35 were stained with Alcian blue orange G hematoxylin. 

Periosteal reactive bone is outlined in black dashed lines. B. Radiographs and μCT 

reconstructions of affected tibiae with new bone formation distinguished using density 

thresholding. C. Quantitation of new bone from B. Scale bars in A. are 2mm. *p<.05, ** p 

<.01. #p<.001 vs infected mice (D21 or D35). Two way ANOVA and Tukey’s post-hoc test. 

N = 3–5 with each point representing one mouse.
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Figure 4. Increased chondrocytes and osteoblasts proximal to the infected implant site in 
obese/T2D mice
Infected tibiae from obese/T2D and control mice were harvested at day 14. A. Sections 

stained with safranin O revealed proteoglycan-rich areas near the infection site only in 

obese/T2D mice. Osteomeasure software was utilized to quantify B. hypertrophic 

chondrocytes and C. proteoglycan area. D. Infected tibiae were stained for osteocalcin (Red) 

and counterstained with DAPI to visualize osteoblasts and terminally differentiated 

chondrocytes. Visiopharm software was used to quantify E. total osteocalcin area and F. 
osteocalcin area/reactive bone area. * p<.05, **p<.01. Unpaired Student T-test used for 

B,C,F. Mann Whitney u test used for E. White dashed lines outline the periosteal reactive 

bone. # identifies the distal edge of the periosteum and * identifies cortical bone. In B, C, E, 

and F, n = 5 mice per group with each point representing one mouse.
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Figure 5. Increased osteoclast activity and osteolysis in infected tibiae of obese/T2D mice
Infected tibiae from obese/T2D and control mice were harvested at day 21. A. tartrate-

resistant acid phosphatase staining of histologic sections. B. the number of osteoclasts per 

section was quantified. C. Osteomeasure software was used to quantitate total perimeter of 

osteoclast (Trap+), and D. Trap+ staining in each bone compartment. μCT was used at day 

21 to quantify E. total trabecular bone, F. osteolytic hole size at the pin insertion site, and G. 
sequestrum (infected necrotic bone). H. Representative μCT scans at day 21 post-infection. 

* p <.05, ** p<.01, *** p <.001. # p <.001 when compared to infected counterpart. #p<.001, 

$ p<.0001 when comparing non-infected control to infected. Unpaired T-test was used for B, 

D, and H. Two way ANOVA was used for C, E, and G with Bonferoni correction. n = 4 – 5 

mice per group. Each point represents one mouse.
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Figure 6. Increased F4/80+ macrophages in infected tibiae of obese/T2D mice
Mice were harvested at day 35 post placement of infected implant. Histological sections 

were immunostained for F4/80 to visualize macrophages. A. Representative images 

demonstrating increased macrophages in the marrow space and periosteal reactive bone of 

obese/T2D mice. Paired Alcian blue hematoxylin stained sections reveal the region of 

interest. Periosteal reactive bone is outlined with dashed lines and denoted with #. B. 
Quantitation of F4/80+ cells in the ROI (Inside dashed lines in A.). C. Linear regression 

analysis demonstrating the correlation between number of macrophages within the periosteal 

reactive bone ROI and the volume of reactive bone within the ROI. Scale bar length is 2mm. 

* p<.05 unpaired t test. n ≥ 3. Each point represents one mouse.
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