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Chronic low-grade inflammation has been identified as a potential contributor to 

the pathophysiology of osteoporosis. A key mediator may be lipopolysaccharide (LPS) 

released from gram-negative bacteria in the gut that can enter circulation stimulating an 

inflammatory response and upregulate bone resorption. Since rodent models mimic the 

loss of bone mineral density (BMD) and structure that occurs in humans, rodents offer an 

accelerated model for studying these inflammation-mediated changes. Therefore, the 

objective of this thesis was to characterize a rodent model of LPS-induced bone loss 

using repeated in vivo μCT scans to establish a time course effect of LPS longitudinally 

and for this purpose three studies were conducted. Study 1 & 2 were run simultaneously 

using the same control mice. Study 1 demonstrated that repeated irradiation had a 

negative impact on trabecular bone in both male and female CD-1 mice, while cortical 

bone was only negatively impacted in the females. In study 2, continuous delivery of 

exogenous LPS via osmotic pumps for 12 weeks elevated serum LPS in both male and 

female CD-1 mice but did not alter trabecular or cortical bone structure or BMD at any of 

the scanning timepoints. Results from Study 2 may in part have been influenced by the 



 
 

effects of repeated irradiation from the in vivo μCT scans at 4-week intervals for a total of 

4 scans analyzed in Study 1. In study 3, a systematic review was conducted to better 

characterize a model of LPS induced bone loss and identify factors that may impact the 

effects of LPS on bone outcomes in rodent models. Regardless of study duration, 

exogenous LPS negatively impacted trabecular bone structure and BMD but not cortical 

bone structure, due to an upregulation in bone resorption. Together these data suggest that 

exogenous LPS can induce alterations in bone structure and BMD in rodent models, 

however a clearly defined model of exogenous LPS induced bone loss has yet to be fully 

characterized. 
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Chapter 1: Introduction 

 

Osteoporosis is defined by a loss of bone mass resulting in low bone mineral 

density (BMD) and weakened bone structure. The clinical definition of osteoporosis is a 

BMD greater than 2.5 standard deviations below the average of healthy individuals 

known as a T-score [1, 2]. A lower BMD increases the odds of an individual suffering a 

fragility fracture, which can have multifactorial consequences including decreased quality 

of life, increased risk of future fractures, morbidity, mortality, and a significant burden to 

the healthcare system [3]. Fractures due to osteoporosis are more common than heart 

attacks, strokes, and breast cancer combined, with 1 in 3 women and 1 in 5 men 

experiencing an osteoporotic fracture in their lifetime [4]. Osteoporosis has traditionally 

been attributed to endocrine mechanisms and been considered a women’s disease due to 

the exacerbated bone loss associated with the sharp decline in estrogen post-menopause 

[5]. However, emerging evidence suggests that chronic low-grade inflammation may be a 

contributor to osteoporosis in both men and women [6]. Higher circulating pro-

inflammatory markers have been associated with a greater risk of hip and vertebral 

fractures in both sexes [7, 8]. Given that osteoporosis is a disease that affects both men 

and women [9, 10] this thesis included both male and female CD-1 mice to investigate 

the effects of inflammation on outcomes of bone health.  

Chronic low-grade inflammation is associated with a wide variety of conditions 

and can affect the physiological function of many tissues, one of which is bone. Chronic 

systemic inflammation is a common attribute of the normal aging process [11], and 

osteoporosis typically afflicts older individuals [9]. This suggests that inflammation may 



 
 

 2 

play a role in the pathophysiology of osteoporosis. The process of bone remodelling is 

mediated by osteoblasts and osteoclasts, responsible for bone formation and resorption, 

respectively [12]. One such factor that can both directly and indirectly influence bone 

metabolism is lipopolysaccharide (LPS). Circulating LPS is known to stimulate 

inflammation eliciting an immune response [11] and can directly modulate bone cell 

metabolism [13]. In humans, circulating LPS has been identified as a causative factor of 

low-grade inflammation associated with obesity, metabolic syndrome, and type 2 

diabetes [14, 15] and has been demonstrated to be elevated with aging [16]. Limitations 

for studying this inflammatory aspect in humans include time required for longitudinal 

assessment and restricted techniques for measuring detailed bone outcomes. Since pre-

clinical rodent models are known to mimic the loss of bone mass that occurs in humans, 

rodents offer an accelerated model for studying these inflammation-mediated changes 

[17].  

In rodent models, previous studies have used slow release LPS pellets in varying 

doses and found an upregulation of circulating proinflammatory markers (IL-1b , IL-6, 

and TNF-a) and compromised bone structure. However, this was either in female 

C57BL/6J mice [18] or male Sprague Dawley rats [19] and bone structure was not 

measured longitudinally in the same animal. The ability to measure trabecular and 

cortical bone structure and volumetric bone mineral density (vBMD) longitudinally, in 

the same animal, reduces variation and allows a more precise measure of any changes in 

the lifespan being studied [20]. Microcomputed tomography (μCT) allows for non-

destructive analysis of bone structure; however, an important consideration is the 

irradiation exposure to the animals that can potentially impact bone outcomes. 
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Repeated in vivo μCT is a powerful tool to measure longitudinal responses to 

interventions in rodent models. It is important to determine the frequency of scans, 

number of scans, and corresponding radiation dose does not compromise bone structure 

while still quantifying alterations in bone structure due to the intervention. Previously, 

longitudinal scans at 2-month intervals (at 2, 4, and 6 months of age) for a total of 3 scans 

did not affect trabecular or cortical bone outcomes in male and female CD-1 mice [21]. 

However, depending on the intervention implemented it may be pertinent to perform 

more scans and at a shorter frequency (1-month intervals) to assess bone structure. 

Scanning frequency and total number of scans should be considered when designing a 

study, with prior verification that the protocol will not impair bone structure and evaluate 

the potential sex-specific responses. 

Therefore, the overall objective of this thesis was to establish a rodent model of 

LPS-induced bone loss. First, the effects of repeated irradiation at 4-week intervals were 

investigated to determine the potential influence of in vivo μCT irradiation exposure 

(Objective 1, Study 1). Simultaneously, bone outcomes were assessed using in vivo μCT 

analysis to monitor alterations in bone in response to exogenous LPS in male and female 

CD-1 mice (Objective 2, Study 2). Finally, a systematic review was used to identify 

factors that may impact the effects of LPS on bone outcomes, including intervention 

duration and design, sex of the animals, and rodent species and strain (Objective 3, Study 

3).  
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Chapter 2: Literature Review 

 

2.1 Bone 

2.1.1 Structure and Function Through the Lifespan 

 Bone is part of the musculoskeletal system that provides structural support 

allowing for locomotion, protection of vital organs, mineral homeostasis, and is also the 

site of hematopoiesis within the bone marrow cavity. In its simplest form, bone is mainly 

composed of mineralized hydroxyapatite [Ca10(PO4)6(OH)2] on woven type I collagen 

fibrils. These two components are integral to bone function. Bone mineral provides the 

rigidity to withstand mechanical loads, and collagenous proteins provides elasticity and 

flexibility to resist deformation. Bone is a dynamic tissue that is continually remodelled 

in response to mechanical forces, physiological changes, and to maintain mineral 

homeostasis [12].  

There are four general classifications of bones, including flat, irregular, short, and 

long bones, categorized according to their shape. Although these bones are structurally 

different, they are composed of the same two types of bone: trabecular and cortical. 

Trabecular bone is porous, composed of a network of struts with a high surface area to 

volume ratio. The space between these interconnecting trabeculae is filled with 

hematopoietic or fatty bone marrow. Whereas cortical bone is compact and dense. It is a 

system of columns called osteons, composed of lamellae bone concentrically surrounding 

the Haversian canals, which allows blood vessels, lymphatic vessels, nerves, and 

connective tissue to run through the compact bone [22] (Figure 2-1). Although the human 

skeleton contains approximately 80% cortical bone and 20% trabecular bone, trabecular 
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bone is much more metabolically active due to its higher surface area [12]. Within long 

bones there are distinct regions that contain high amounts of either trabecular or cortical 

bone. The three main regions in long bones are the diaphysis, metaphysis, and epiphysis. 

The diaphysis is the long hollow shaft composed of thick cortical bone, which houses the 

bone marrow. While the metaphysis and epiphysis, located at either end of long bones, 

are areas rich in trabecular bone housed within a thinner cortical outer layer. The 

metaphysis and epiphysis are separated by the epiphyseal line otherwise known as the 

growth plate. Due to the contrast in surface area between trabecular and cortical bone, the 

rates of bone remodelling differ between these sites, with trabecular bone being 

remodelled at a higher rate than cortical bone [12].  

 

Figure 2-1. Cortical bone structure.Cortical bone contains osteons composed of 
lamellae bone concentrically surrounding the Haversian canals, which allow for blood 
vessels, lymphatic vessels, and nerves to pass through. (Diagram created by K.B. using 
Biorender & cortical bone image is from Servier Medical Art) 
 

Peak bone mass, the maximum amount of bone accrued, is attained by young 

adulthood. This is followed by a maintenance period during middle age and then an 

inevitable decline in bone into senescence [22]. Young adulthood is therefore a critical 

timepoint to maximize bone accrual to prevent future fractures. The greater the amount of 
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bone accrued, the greater the margin for bone loss before there is a significant reduction 

in bone strength [23]. It is difficult to perform detailed analyses of bone structure and 

BMD over the lifespan in humans due to the required repeated irradiation exposure and 

longitudinal duration. Alternatively, rodent models offer an accelerated model to study 

bone outcomes in detail, as they mimic skeletal changes seen in humans over the lifespan 

[24]. Moreover, studies have shown that these bone outcomes follow sex specific 

trajectories. For example, alterations in bone structure have been characterized 

throughout the lifespan in both male and female C57BL6J mice, demonstrating that 

trabecular and cortical bone do not follow identical trajectories [24, 25]. In male and 

female C57BL/6J mice, ex vivo micro-computed tomography (μCT) of the lumbar 

vertebra and distal femur demonstrated that trabecular bone volume (BV/TV) peaks at 

approximately 1 to 2 months of age followed by a rapid decline until 6 months of age, 

after which there is maintenance. The decrease in BV/TV was characterized by a 

reduction in trabecular number (Tb.N) and reduced connectivity density (Conn.D). Not 

only did the females attain a lower BV/TV and Tb.N than males, this age-related decline 

in trabecular bone was more pronounced in females. However, unlike trabecular bone, 

cortical bone thickness and cross-sectional area increased until approximately 6 months 

of age before reaching a plateau [25]. This divergence in trabecular and cortical bone has 

similarly been shown in male C57BL/6J proximal tibia metaphysis and midpoint 

diaphysis [24]. The ability to analyze distinct skeletal sites and separately analyze 

trabecular and cortical bone is due to advances in bone imaging technology. The 

methodologies used to analyze bone structure and BMD will be further discussed in  

Methods for Assessing Bone section. 
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2.1.2 Bone Cells 

 There are three types of specialized bone cells: osteoclasts, osteoblasts and 

osteocytes [12]. Osteoclasts are large multinucleated cells that directly modulate the 

resorption of bone. They are derived from mononuclear precursor cells from the 

hematopoietic stem cell lineage housed in the bone marrow, which can also differentiate 

into immune cells including macrophages and myeloid dendritic cells [26]. It is the 

binding of macrophage colony-stimulating factor (M-CSF) that initiates the proliferation 

of osteoclast pre-cursor cells. When these mononuclear cells fuse to become immature 

multinucleated osteoclasts, this is associated with the expression of tartrate resistant acid 

phosphatase (TRAP), an enzyme required for bone resorption in mature osteoclasts. The 

differentiation, activation, and survival of osteoclasts is dependent on the receptor 

activator of nuclear factor-κB (RANK) receptor binding RANK ligand (RANKL) (Figure 

2-2) [26, 27].  

 
Figure 2-2. Regulation of osteoclast differentiation. M-CSF initiates the differentiation 
of hematopoietic stem cells into preosteoclasts. In the presence of M-CSF and RANKL, 
pre-osteoclasts will fuse to form multinucleated immature osteoclasts and begin to 
express TRAP enzyme. Continued exposure to RANKL is required for the development 
into mature osteoclasts that continue to express TRAP. M-CSF: macrophage colony 
stimulating factor; RANKL: receptor activator of nuclear factor-κB ligand; TRAP: 
tartrate resistant alkaline phosphatase. (Diagram created by K.B. using Biorender) 
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With the removal of bone by osteoclasts, new bone is synthesized by osteoblasts. 

These mononucleated cells are derived from mesenchymal stem cells, which can also 

differentiate into adipocytes, chondrocytes, or myoblasts [28]. Mesenchymal stem cells 

become committed to osteoblasts upon exposure to runt-related transcription factor 2 

(RUNX2) and osterix (Figure 2-3) [29, 30]. Osteoblasts secrete type I collagen for bone 

matrix synthesis and promote mineralization of hydroxyapatite by expressing bone 

alkaline phosphatase (BAP) and osteocalcin (OC) [27, 31]. Both RANKL and 

osteoprotegerin (OPG) secreted from osteoblasts regulate osteoclast differentiation and 

activity [32]. Mature osteoblasts that become embedded in the bone matrix are known as 

osteocytes. Osteocytes play an important role in signalling both osteoclasts and 

osteoblasts in response to the detection of mechanical stimuli and hormonal signalling 

[33]. It is the coordination between osteoclasts, osteoblasts, and osteocytes that facilitates 

bone remodelling. 

 

Figure 2-3. Regulation of osteoblast differentiation.RUNX-2 initiates the differentiation 
of mesenchymal stem cells into pre-osteoblasts. Continued exposure to RUNX-2 in 
addition to osterix are required for the development into mature osteoblasts that begin to 
express collagen I, BAP, and OC. BAP: bone specific alkaline phosphatase; OC: 
osteocalcin; RUNX-2: runt-related transcription factor 2. (Diagram created by K.B. using 
Biorender) 
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2.1.3 Bone Remodelling Process 

Bone undergoes continuous remodelling throughout the lifespan and this process 

is highly regulated by osteocytes, osteoblasts, osteoclasts, and signalling factors. The 

balance between bone forming osteoblasts and bone resorbing osteoclasts activity 

determines the rate of bone turnover and whether there is overall bone formation or 

resorption. Osteoblasts and osteoclasts form a basic multicellular unit (BMU), in which 

osteoclasts resorb bone followed by trailing osteoblasts that deposit new osteoid [34]. In 

an inflammatory state or diseases such as osteoporosis, characterized by low BMD and 

weakened bone microarchitecture, there is an imbalance in osteoclast and osteoblast 

activity that favours bone resorption [35]. Control of osteoblast and osteoclast activity is 

a result of multiple factors including hormones, growth factors, cytokines, and 

mechanical stimuli [34, 36].  

As previously mentioned, for differentiation of osteoclasts the RANK receptor 

must bind either directly with RANKL found on the osteoblast membrane or is activated 

by soluble RANKL secreted from osteoblasts and osteocytes. It is this binding between 

RANK and RANKL that activates osteoclasts and further promotes osteoclastogenesis 

and inhibits osteoclast apoptosis [32]. This is accomplished by activating nuclear factor-

κB (NF-κB), which is a multifunctional transcription factor that can also be activated by 

pro-inflammatory cytokines [37]. Osteoclasts are essential to the bone remodelling 

process to remove old bone for the maintenance and repair of the skeleton. Bone is 

resorbed by the secretion of both hydrogen ions to dissolve bone mineral and cathepsin K 

enzyme to digest the collagen matrix [38]. Osteoblasts and osteocytes also release OPG, 

which acts as a soluble decoy receptor for RANKL inhibiting the interaction of RANK 
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and RANKL thus inhibiting osteoclastogenesis. Hence, the ratio of RANKL to OPG is 

important for the rate of bone turnover [32].  Therefore, osteoblasts, osteocytes, and 

osteoclasts are integrally linked for bone remodeling (Figure 2-4). However, in disease 

states, such as those that often have underlying inflammation, this process becomes 

disturbed to favour bone resorption, negatively impacting overall bone structure and 

strength [39]. The effects of inflammation on bone remodelling will be further discussed 

in the Effects of lipopolysaccharide on bone metabolism section.  

 

 
 

Figure 2-4. Bone remodelling RANKL/RANK/OPG signalling between osteoblasts, 
osteocytes, and osteoclasts.Osteoblasts and osteocytes secrete RANKL which can bind 
to the RANK receptor on the surface of precursor and mature osteoclasts. The binding of 
RANKL and RANK stimulates the differentiation and activation of osteoclasts. OPG is 
also secreted from osteoblasts and osteocytes and acts as a soluble decoy receptor for 
RANK. RANKL: receptor activator of nuclear factor-κB ligand; RANK receptor 
activator of nuclear factor-κB; OPG: osteoprotegerin. (Diagram created by K.B. using 
Biorender) 
 



 
 

 11 

2.2 Methods for Assessing Bone 

Improving bone strength is the primary goal of interventions, which is often 

assessed using imaging technology. It is both the quantity and quality of bone that 

determine overall strength. BMD represents the quantity of bone within a given area per 

unit of volume, while bone structure is a measure of quality [40]. Among the most used 

techniques for assessing either the quantity and/or quality of bone are dual energy X-ray 

absorptiometry (DXA), quantitative computed tomography (QCT), high resolution 

peripheral quantitative computed tomography (HR-pQCT), and micro-computed 

tomography (μCT). The benefits of these techniques is that they are non-destructive and 

allow for the longitudinal assessment of bone outcomes [41]. 

2.2.1 Dual energy X-ray absorptiometry 

 In the clinical setting, DXA is the most used technique to measure BMD. DXA 

measures areal BMD (aBMD), expressed as g/cm2, by quantifying the bone mineral 

content within a given area.  These BMD results can be interpreted using the definition 

outlined by the World Health Organization, which classify a BMD T-score greater than 

2.5 standard deviations below the average of healthy premenopausal women as indicating 

the presence of osteoporosis [1, 2]. Similarly, some DXA systems can also be used to 

assess BMD and body composition in small rodents [42]. DXA utilizes an X-ray source 

that emits two energy levels, a high and a low, with a detector directly opposite to 

quantify the X-ray attenuation. By utilizing two energy levels the soft tissue and bone can 

be distinguished by the difference in their attenuation coefficients [42]. The whole body 

as well as the forearm, spine, and hip are sites typically analyzed using DXA [42, 43].  
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BMD is a defined predictor of fracture risk and the advantage of using DXA 

compared to other techniques that also measure BMD, such as computed tomography 

(CT), is that the irradiation exposure required for these scans is relatively low. However, 

the measurements are 2-dimensional and since a DXA scan measures the entire area of 

interest the results are dependent on bone size. Additionally, trabecular and cortical bone 

are not distinguished and morphological alterations in bone geometry and trabecular 

architecture cannot be assessed [44]. Although BMD provides important information 

about bone quantity, individuals can still suffer a fragility fracture without being 

categorized as having osteoporosis using their T-score [45]. Since bone quantity is only 

one part that determines overall bone strength, assessing bone structure is also important 

to understand potential risk of a fragility fracture though it requires a higher level of X-

ray exposure [40].  

 
2.2.2 Computed Tomography 

Bone structure can be measured using CT as this technique provides a 3-

dimensional assessment of bone geometry. CT can also measure volumetric BMD 

(vBMD), expressed as g/cm3 rather than areal BMD that is measured using DXA. Unlike 

DXA, CT allows for a more detailed analysis of trabecular and cortical bone. Moreover, 

based on the model generation, bone strength can also be predicted using finite element 

analysis based on specialized computer modelling [46]. There are different types of 

computed tomography varying in their scanning resolution and for application in humans 

versus animal models. In humans, quantitative computed tomography (QCT) and high 

resolution peripheral quantitative computed tomography (HR-pQCT) are used, while 

microcomputed tomography (μCT) is used in preclinical studies for small animal models 
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[41]. All of these systems use the same principle of capturing individual radiographs from 

different viewpoints using an X-ray and detector that rotate around the stationary subject 

to be analyzed [44]. Similar to DXA, it is the attenuation of the X-ray passing through the 

specimen that produces an image. A mineral standard or phantom is used to calibrate and 

quantify the vBMD independent of bone size [44]. The series of 2-dimensional trans-

axial projections, otherwise known as ‘slices’, can then be reconstructed to create a 3-

dimensional model for analysis using specialized software [41, 47]. However, the ability 

to 3-dimensionally model bone comes at a cost. Due to the number of radiographs and the 

scanning resolution required to produce the 3-dimensional models to assess bone 

geometry and vBMD there is a greater irradiation exposure compared to a DXA scan 

[48].  

Of the varying CT techniques, QCT delivers the lowest amount of irradiation with 

a voxel size of 300-500 mm and slice thickness of 1-3 mm. This allows for cortical 

thickness and volume to be quantified but trabecular microstructure cannot be 

characterized [41, 44]. A subset within QCT is peripheral QCT (pQCT), which provides 

higher resolution scans. However, these scans are limited to the appendicular skeleton, 

such as the tibia and radius, due to the higher radiation dose required to produce the 

higher quality images [41]. Since pQCT has limited capability to distinguish the details of 

trabecular microstructure, this led to the development of HR-pQCT. 

 HR-pQCT can be used in the clinical setting to both quantitatively and 

qualitatively analyze bone, including vBMD and both cortical and trabecular bone 

microstructure with a voxel size of approximately 80 mm. This technique provides high 

precision analysis that more accurately measures trabecular bone microstructure 
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compared to pQCT [44, 46]. As the name suggests the sites measured are in the periphery 

and is limited to the distal tibia and radius. The detriment of using this technique is the 

higher irradiation exposure required to obtain these high-resolution images and since it is 

a relatively new technology its use is currently limited to academic research [41]. 

Although HR-pQCT is promising for precise clinical bone assessment to capture the 

details of cortical and trabecular microstructure in humans, small rodents that are 

typically used as pre-clinical models require an even higher scanning resolution to assess 

bone microstructure. 

 

2.2.3 Micro-computed Tomography 

μCT is the gold standard for assessing trabecular and cortical bone microstructure 

and vBMD in small rodents [49]. This technique uses the same principles as a clinical CT 

scanner but at a much higher resolution and was first developed and described by 

Feldkamp et al. in 1989 [50]. Prior to advancements in imaging technology, DXA or ash 

weight was primarily used to determine bone quantity while histology was used to 

analyze structure in small rodents [42, 49]. μCT can be categorized into three main steps: 

the acquisition of the X-ray projections; the reconstruction of the images to create a 3-

dimensional model; and analysis of the 3-dimensional model using specialized software 

[51]. The major advantage of using μCT to analyze bone quantity is that a specific region 

within a bone can be analyzed while allowing trabecular and cortical bone to be 

segmented within the region of interest. In addition to determining bone quantity, μCT 

provides assessment of the detailed bone structure, which is indicative of bone quality 

[40]. Regions within a long bone can be analyzed, such as the metaphysis which is rich in 
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trabecular bone, or the diaphysis/ midpoint for cortical bone (Figure 2-5). Although the 

scanning resolution of µCT machines began at ~60 mm, advancements in technology 

have allowed µCT to improve its resolution to just a few mm [49]. This scanning 

resolution is sufficient to assess minute details in trabecular microarchitecture, since the 

thickness of trabeculae in mice is estimated to range from 30 to 50 mm [49]. This allows 

for bone microarchitecture to be tracked longitudinally in vivo with a high degree of 

accuracy in rodent models [20, 52-54]. This provides a powerful model to assess 

interventions at multiple timepoints within the same animal, reducing the number of 

animals required as the between animal variability among time points is eliminated [55].  

Alterations in bone structure provide insight into the status of bone remodelling. 

Trabecular and cortical bone microarchitecture is defined by a set of standard 

morphometric measures, with reporting guidelines established in 2010 [49]. According to 

these guidelines the minimal trabecular bone outcomes required to be reported include 

bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), 

trabecular separation (Tb.Sp). Other trabecular bone outcomes include degree of 

anisotropy (DA), structure model index (SMI), and vBMD [49]. BV/TV is the amount of 

bone within a given area, while Tb.N, Tb.Th, and Tb.Sp quantify the trabeculae within 

the region of interest. Given that changes in Tb.N, Tb.Th, and Tb.Sp are reflected in the 

BV/TV measure, it is often used for sample size calculations. DA refers to the trabeculae 

orientation, with a higher DA typically associated with poorer bone strength [56]. The 

SMI quantifies whether the trabecular bone possess more rod or plate like characteristics, 

with a value closer to 3 pertaining to rods and a value closer to 0 pertaining to plates [57]. 

Similarly the minimal required cortical bone outcomes include cortical area, (Ct.Ar), total 
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area (Tt.Ar), cortical area fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), while other 

pertinent measures include periosteal perimeter (Ps.Pm), endocortical perimeter (Ec.Pm), 

medullary area (Ma.Ar), and tissue mineral density (TMD) [49]. Although vBMD and 

TMD are both measures of bone quantity sharing the same unit of measure (g/cm3), it is 

important to note these two measures are different. Trabecular bone quantity is measured 

as vBMD, which analyzes the density of the entire area of interest and may include some 

porosity. Whereas, TMD is a measure of the density of bone itself since it excludes both 

voids and surrounding soft tissue [49].  

Changes in the trabecular and cortical bone within the same animal can be tracked 

longitudinally using in vivo scans. Scanning at a smaller voxel size generates a higher 

scan resolution and as a result improved image quality, allowing for more minute 

structural details to be quantified. To accurately assess the trabecular bone 

microarchitecture in mice and rats a voxel size of less than 10 mm and 20 mm is 

recommended, respectively [55]. Other scanning parameters that can be adjusted to alter 

the image quality include the voltage and amperage of the X-ray, exposure time, and 

rotation step around the specimen. However, this improved image quality comes at a 

trade off with longer acquisition time and as a result increased irradiation exposure [55]. 

Although CT imaging techniques provide a powerful tool for longitudinally measuring 

bone outcomes, the irradiation exposure from in vivo μCT scans to assess bone 

microarchitecture is an important consideration as this can negatively affect bone 

outcomes [58, 59].  
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Figure 2-5. Structure of mouse long bone. Representative image of 20-week old CD-1 
mouse tibia from Chapter 4 & 5: Study 1 & 2. Trabecular bone is located within the 
epiphysis and metaphysis at the proximal (shown here) and distal ends of the long bone. 
These regions are separated by the epiphyseal line and surrounded by a thin cortical layer. 
The diaphysis contains the medullary cavity within the thick cortical shaft. (Diagram 
created by K.B.). 
 

2.2.4 Effects of Longitudinal Irradiation on Bone Mineral Density and Structure 

Although in vivo μCT scans provide a powerful model to track longitudinal 

changes in bone structure, this is accompanied by unavoidable irradiation exposure of the 

animals. Absorbed radiation dose is quantified in units of gray (Gy), which is defined as 

the absorption of one joule of radiation per kilogram of matter [60]. In terms of radiation 

exposure to rodents, milligray (mGy) is typically the unit reported representing one mJ of 

radiation per mg (1 Gy = 1000 mGy) [55]. A dosimeter is used to quantify the associated 
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ionizing radiation with the selected scanning parameters [21]. Ionizing radiation can 

damage tissues with residual radiation damage accumulating. This can potentially alter 

trabecular and cortical bone metabolism which may eventually result in alterations in 

BMD and structure. As a result, the impact of irradiation exposure to live animals used in 

longitudinal studies must be considered in the experimental design and protocols [54, 61].  

It is a combination of the amount of irradiation exposure per scan, the frequency 

of scans, and the number of scans that determines whether bone may be negatively 

impacted. Other considerations include the age of the rodents at which these µCT scans 

occur as well as species, strain, and bone site [62]. Given the number of factors that 

impact the sensitivity of bone to irradiation exposure, it is important to quantify the 

radiation dose within a given longitudinal study design. There are a limited number of 

studies investigating the effects of irradiation exposure in rodent models varying in 

radiation dose, frequency and number of scans, and age of the animals [21, 58, 59, 63-

65]. Though, such studies serve as important reference protocols that that can minimize  

the effect of irradiation within an intervention study. Thus, a first step may be 

establishing the effects of the irradiation exposure associated with specific scanning 

parameters, including the frequency and number of scans. It is also prudent to consider 

which time points are most critical to evaluate the response of an animal to an 

intervention, while taking into consideration potential developmental time points. The 

goal is to ensure the magnitude of the intervention is greater than the associated 

alterations due to the irradiation exposure. Moreover, in vivo µCT requires a balance 

between obtaining high quality images to accurately assess bone microarchitecture and 

the resulting irradiation exposure [61]. Previous studies have investigated the effects of 



 
 

 19 

irradiation exposure varying in the dose, frequency, and number of μCT scans on bone 

outcomes in both rats [58, 63-65] and mice [21, 58, 59]. Since rats are larger than mice, 

they are less susceptible to radiation negatively impacting bone outcomes [58, 63-65]. In 

rats, weekly and monthly scans at radiation doses up to approximately 1000 mGy does 

not affect trabecular or cortical bone structure [58, 63, 64]. However, there is an upper 

tolerable limit, with weekly scans using a radiation dose greater than 1000 mGy 

negatively affecting trabecular bone structure [65].  However, mice are more susceptible 

to radiation, demonstrated by the negative impact on bone outcomes in mice exposed to 

three scans at 2-week intervals using 776 mGy per scan [59] and four scans at 1-week 

intervals using 846 mGy per scan [58]. Given the negative effects of repeated in vivo 

µCT scans in mice using 3 to 4 scans at 1- to 2-week intervals, our lab examined the 

effects of repeated irradiation exposure in male and female CD-1 mice scanning at 2-

month intervals testing varying radiation exposures at 222, 261, and 460 mGy per scan. 

The results demonstrated no alterations in trabecular or cortical bone outcomes in both 

sexes. Although there was no alteration in bone outcomes with the varying radiation 

doses, the higher radiation resulted in better resolution and image quality [21]. These 

differences between rodent species, scanning intervals, and scanning parameters 

highlights the importance of appropriate study design for assessing intervention effect. 

The results from these studies have been summarized in Table 2- 1.  

In part due to the effects of irradiation exposure and the feasibility of frequent 

clinical scans, the time course of osteoporosis development is not closely monitored in 

humans. Animal models provide important information within this context and closely 

monitoring bone allows for the potential of critical time points to be identified for 
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interventions. Therefore, building upon the above-mentioned previous work in our lab, 

within this thesis the effects of repeated irradiation from in vivo µCT scans in male and 

female CD-1 mice were examined using an increased scanning frequency and number of 

scans discussed in detail in Chapter 4: Study 1. 
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Table 2-1. Summary of the effects of repeated in vivo μCT scans on bone outcomes 
in mice. 
Reference Model (age, 

sex, species, 
strain) 

Radiation 
Dose/scan 
(mGy) & 
voxel size 

Bone Site & 
Scanning 
Frequency 

Bone Structure 
Outcomes 

Klinck, 2008 12-week old 
female 
C3H/HeJ, 
C57BL/6J, & 
BALB/cByJ 
mice 

846 mGy & 
10.5 μm 

Tibia 
1-week 
intervals (12, 
13, 14, 15, 16 
weeks of age) 

C3H/HeJ ê 
BV/TV and é 
Tb.Sp 
C57BL/6J ê 
Tb.N 
BALB/cByJ ê 
BV/TV and 
Tb.N, é Tb.Sp 

Laperre, 2011 10-week old 
male C57BL/6J 
mice 

776 mGy & 9 
μm 

Tibia 
2-week 
intervals (10, 
12, 14 weeks 
of age) 

ê BVTV and 
Tb.N, no 
change in 
Tb.Th 
No change 
Tt.Ar, Ct.Ar, or 
Ct.Th 

4- & 16-week 
old male 
C57BL/6J mice 

434 mGy & 9 
μm 
166 mGy & 18 
μm 

Tibia 
2-week 
intervals (4, 6, 
8 & 16, 18, 20 
weeks of age) 

No change 
BV/TV, Tb.N, 
or Tb.Th  
No change 
Tt.Ar, Ct.Ar, or 
Ct.Th 

Sacco, 2017 8-week old 
male & female 
CD1 mice 

222 mGy & 9 
μm 
261 mGy & 9 
μm 
460 mGy & 9 
μm 

Tibia 
8-week 
intervals (8, 
16, 24 weeks 
of age) 

No change 
BV/TV, Tb.N, 
Tb.Th, Tb.Sp, 
DA, Conn.D 
No change 
Ct.Ar/Tt.Ar, 
Ct.Th, Ps.Pm, 
Ec.Pm, Ma.Ar, 
or Ecc 

 
Abbreviations: bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular 
number (Tb.N), trabecular separation (Tb.Sp), degree of anisotropy (DA), volumetric 
BMD (vBMD), cortical area fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), periosteal 
perimeter (Ps.Pm), endocortical perimeter (Ec.Pm), total area (Tt.Ar), medullary area 
(Ma.Ar).  
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2.3 Osteoporosis 

Osteoporosis is a disease characterized by exacerbated bone loss resulting in low 

bone mass and deterioration in bone microarchitecture, increasing bone fragility and 

compromising bone strength. Over the past 20 years, the Canadian osteoporosis 

guidelines have shifted in order to promote the prevention of fragility fracture rather than 

just treating low BMD [3]. To implement the most effective prevention strategies we 

must understand the mechanisms driving this exacerbated bone loss. Rodent models can 

be used to understand the underlying mechanisms of osteoporosis in humans.  

Traditionally, the pathophysiology of osteoporosis has emphasized endocrine 

mechanisms, due to the sharp decline in estrogen post-menopause, as it is an important 

hormone for maintaining bone [5]. However, more recent evidence suggests that chronic 

low-grade inflammation may be an underlying cause of osteoporosis. Both primary and 

secondary osteoporosis have been linked with increased circulating pro-inflammatory 

cytokines, which negatively affect bone metabolism to favour resorption [39]. Primary 

osteoporosis is the age-related dysregulation of bone formation and resorption, while 

secondary osteoporosis is associated with other clinical disorders or diseases [66, 67]. 

Estrogen withdrawal following menopause has been linked with an altered immune 

system associated with increased pro-inflammatory cytokines contributing to primary 

osteoporosis [39, 68]. Similarly, secondary osteoporosis that is associated with an 

underlying disease or medication has also often been linked to chronic low-grade 

inflammation. This is exemplified in a number of inflammatory diseases that exhibit low 

BMD including inflammatory bowel disease [69], pancreatitis [70], rheumatoid arthritis 

[71], non-alcoholic fatty liver disease [72], and cardiovascular disease [73].  
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The role of chronic low-grade inflammation and pro-inflammatory cytokines in 

modulating bone metabolism resulting in the accelerated decline of bone has recently 

come to the forefront of bone research [39]. Currently, rodent models mimicking post-

menopausal osteoporosis due to estrogen deficiency are generated by ovariectomy and 

this model is associated with upregulated pro-inflammatory cytokines [74]. However, 

unlike the slow transition through menopause in women, ovariectomy in rodents results 

in an abrupt end to hormone production due to the complete removal of the ovaries and 

the role of inflammation cannot be distinguished from the broad hormonal changes. Other 

models of osteoporosis include disuse via tail suspension or hindlimb immobilization, 

glucocorticoid treatment [74], osteoarthritis [75], and colitis [76, 77], however, results 

from these models are confounded by altered mobility/weight-bearing activity and 

nutrient malabsorption. To date, an animal model of chronic low-grade inflammation 

affecting bone structure and BMD has yet to be fully established.  

 

2.4 Lipopolysaccharide 

Lipopolysaccharide (LPS), also known as endotoxin, is a major component of the 

outer membrane of Gram-negative bacteria that elicits an immune response [78]. LPS has 

long been recognized as a driving factor in septic shock but has more recently been 

identified as a potential underlying cause of chronic low-grade inflammation. LPS from 

Gram-negative bacteria found in the gut can enter circulation, eliciting an innate immune 

response in the form of upregulated pro-inflammatory cytokines [11].  

Structurally LPS has three components: an immunogenic lipid component termed 

lipid A; a core oligosaccharide chain; and an O-antigen polysaccharide chain. The 
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structure and composition of the O-antigen polysaccharide determines the LPS serotype 

[79], but it is the conserved lipid A that confers the toxicity and is recognized by toll-like 

receptor 4 (TLR4) [80].  Within this thesis the Escherichia coli O55:B5 LPS serotype 

was used in the CD-1 mouse model, this study will be discussed in Chapter 5: Study 2. 

First, circulating LPS is bound to lipopolysaccharide-binding protein and interacts with 

the surface receptor cluster of differentiation 14 [81] to initiate signalling through TLR4 

[80]. TLR4 is a transmembrane protein expressed in multiple cells, including osteoblasts, 

osteoclast, and macrophages [13]. The importance of TLR4 for LPS signalling has been 

demonstrated in C3H/HeJ mice that are hyporesponsive to LPS due to a mutation of the 

receptor [82, 83]. Additionally, it has been demonstrated that TLR4 is absolutely required 

for LPS-induced bone resorption [84].  

 

2.4.1 Effects of lipopolysaccharide on bone metabolism 

LPS both directly and indirectly influences bone metabolism, by increasing 

overall bone resorption by osteoclasts and decreasing bone formation by osteoblasts. As 

previously mentioned LPS activates the innate immune system stimulating an 

inflammatory response that indirectly influences bone metabolism and directly alters 

bone metabolism through its interaction with TLR4 that activates various signalling 

pathways to favour bone resorption [85-87].  

Even before the discovery of the RANK/RANKL/OPG triad in the 1990’s, LPS 

was recognized to stimulate osteoblasts to release granulocyte M-CSF resulting in 

increased osteoclasts [88, 89]. LPS directly promotes the survival and fusion of 

preosteoclasts to form multinucleated osteoclasts independent of inflammatory cytokines 
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[85]. While indirectly, LPS stimulates macrophages to release pro-inflammatory 

cytokines, including IL-1b, IL-6, and TNF-a, that also increase bone resorption [90]. The 

RANKL, LPS, IL-1b, and TNF-a signalling cascades activate NF-κB, which results in 

increased osteoclast differentiation and activation [91]. Furthermore, in osteoblasts IL-1b, 

IL-6, and TNF-a have been demonstrated to activate NF-κB, thereby inhibiting bone 

formation [92].  

LPS and inflammation not only upregulate bone resorption but also inhibits bone 

formation. Suda et al. [93] demonstrated in co-cultured osteoblasts and bone marrow 

cells, following LPS binding to TLR4 on osteoblasts this initiated a signalling cascade 

that results in a concomitant decrease in OPG and increase in RANKL. Within this same 

study, since the intracellular signalling cascade for TLR4 is similar to IL-1 receptor they 

also demonstrated that IL-1b stimulates osteoclast differentiation [93]. Additionally, it 

has been demonstrated that osteocytes are also stimulated to up-regulate the expression of 

RANKL and IL-6 with LPS in MLO-Y4 cells [94]. Taken together, LPS-induced 

inflammation creates a positive feedback loop, perpetuating the further release of pro-

inflammatory cytokines. This dysregulated bone metabolism can translate to alterations in 

trabecular bone structure (Figure 2-6). 
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Figure 2-6. Effects of lipopolysaccharide (LPS) and inflammatory cytokines on bone 
metabolism.LPS and pro-inflammatory cytokines decrease OPG production while 
increasing RANKL signalling, resulting a shift in bone metabolism that favours bone 
resorption. LPS: lipopolysaccharide; TNF-α: tumor necrosis factor alpha; IL-1: 
interleukin-1; IL-6: interleukin-6; RANKL: receptor activator of nuclear factor-κB 
ligand; RANK receptor activator of nuclear factor-κB; OPG: osteoprotegerin. (Diagram 
created by K.B. using Biorender) 
 
 
2.5 Lipopolysaccharide Induced Bone Loss in Rodent Models 

Within biomedical research animal models that mimic aspects of human disease 

are used to study the pathophysiology, diagnosis, prevention, and potential interventions 

[95]. The most common models of osteoporosis include ovariectomy induced 

postmenopausal, tail suspension or immobilization induced disuse, and glucocorticoid 

treatment. A range of animal models are used for this purpose including, mice, rats, 

sheep, rabbits, dogs, and nonhuman primates [74]. However, small rodents such as mice 

and rats allow for the detailed analysis of bone structure using µCT and the advantage of 
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lower costs for housing and maintenance. To characterize a rodent model of LPS induced 

bone loss, many aspects that may influence results must be considered. Characterizing a 

model that provides reliable and predictable alterations in bone outcomes in response to 

LPS will allow for future interventions to be investigated to mitigate bone loss.  

The clearance rate of LPS has previously been tested in 6-8 week old female 

C3H/St and C3H/HeJ mice by intravenously injecting a low dose of LPS (14 μg) 

demonstrating that LPS has a half-life of approximately 10-11 hours [96]. Similarly, 

another study using a single intraperitoneal injection of either 0.5 or 1.0 mg LPS/kg 

(equivalent to 12.5 μg or 25 μg LPS, respectively, estimated for a 25 g mouse) in 3-4 

week old female C57BL/6 mice approximated the LPS half-life to be 12 hours [97]. 

Multiple injections for a longer term LPS exposure are impractical due to greater stress 

on the animal and inconsistent exposure. As a result, the use of slow-release pellets 

containing LPS implanted in the dorsal region of the neck in both mice [18, 98, 99] and 

rats [19, 100-103] has been used to study the effects of chronic low-grade inflammation 

on bone.  

A study by Droke et al. [18] first tested the LPS-dose response by using three 

different concentrations including 0.133, 1.33, and 13.3 μg LPS/day. The 1.33 μg 

LPS/day was selected based on peripheral blood smears that quantified the differential 

leukocyte counts. This dosage resulted in the greatest decrease in the percentage 

lymphocytes and increase in percentage neutrophils, indicative of an inflammatory state. 

Following 4 weeks of 1.33 μg LPS/day in female C57BL/6J mice trabecular bone 

structure at the distal femur was compromised, with a decrease in BV/TV and Tb.N along 

with an increase in Tb.Sp. However, Tb.Th remained unaltered along with all of the 
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cortical parameters. As a result, the trabecular bone strength was compromised in 

response to LPS as determined by finite element analysis. Additionally, 

immunohistochemical staining of the metaphyseal region of the tibia demonstrated the 

localized upregulation of the proinflammatory cytokine TNF-a [18]. These LPS induced 

bone alterations have also been demonstrated in male C57BL/6J mice following a similar 

4-week LPS exposure using 0.1 mg LPS/kg body weight/day (approximately 2.5 μg/day 

estimated for a 25 g mouse). In this study the lumbar vertebra had decreased BMD and 

BV/TV, which coincided with decreased Tb.N and increased Tb.Sp with no change in 

Tb.Th. Although there was a non-significant decrease in proximal tibia BV/TV, finite 

element analysis still demonstrated compromised trabecular bone strength in both the 

tibia and lumbar vertebra. The immunological response was also assessed using a blood 

smear, which found a decreased percent lymphocytes and increased percent monocytes 

[99]. Similarly, a longer term LPS exposure for 13 weeks using a dose of 1.5 μg/day 

decreased BV/TV and Tb.Th and increased Tb.Sp with no change in Tb.N at both the 

distal femur and lumbar vertebra in in female C57BL/6J mice. Following suit with 

previous studies, cortical bone remained unaltered in response to the LPS exposure. The 

alterations in trabecular bone were associated with increased osteoclastogenesis along 

with increased bone resorption and inhibited bone formation. LPS increased bone marrow 

osteoclast differentiation as well as serum tartrate-resistant acid phosphatase (TRAP) 

concentrations, while decreasing serum bone-specific alkaline phosphatase (BAP) [98].  

The negative effect of exogenous LPS on bone outcomes have also been reported 

in male [19] and female rats [104-107]. A dose dependent response was observed in male 

Sprague-Dawley rats exposed to either a low (3.3 μg/day) or high (33.3 μg/day) LPS 
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dose. As an indicator of systemic inflammation, neutrophil counts were elevated in both 

groups 30 days post LPS pellet implantation, but only remained elevated in the high dose 

at the end of the 90 days. The inflammatory state of these rats was not only systemic, but 

also localized within the bone. Immunohistochemical staining of the tibia demonstrated 

an increase in proinflammatory mediators including cyclooxygenase-2, interleukin 1β 

(IL-1β), and tumor necrosis factor alpha (TNF-α) [19], which can interfere with normal 

bone metabolism to upregulate bone resorption and inhibit bone formation [108, 109]. 

The evidence of both systemic and local inflammation were pertinent to establish the 

animals had not developed a tolerance to the long term LPS administration [110]. The 

LPS reduced femoral BMD in both LPS groups, but the higher dose was required to 

induce BMD loss in the lumbar vertebra. While at the proximal tibia, although the 

reduction in BV/TV did not reach statistical significance, a decrease in Tb.N and increase 

in Tb.Sp still resulted in compromised bone strength as determined by finite element 

testing. However, regardless of the LPS dose cortical bone remained unaltered [19]. The 

33.3 μg LPS/day dosage established by Smith et al. [19] was adopted for a series of 

studies investigating the capacity of green tea polyphenols, alfacalcidol, and vitamin D3, 

to mitigate the effects of exogenous LPS in female Sprague Dawley rats over the course 

of 12 weeks [100-103]. These studies reported a decrease in femoral BMD [100-103] 

along with a deterioration in trabecular bone structure at the proximal tibia [100, 101] and 

distal femur [100]. Although there was no change in tibia cortical bone structure in 

response to LPS, a direct measure of cortical bone strength by a 3-point bending test still 

demonstrated compromised bone strength [100, 101]. The LPS induced bone loss was 

supported by an increased expression of TNF-α at the proximal tibia using 
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immunohistochemistry. Additionally, osteocalcin, a serum biomarkers of bone formation, 

remained unaltered following LPS administration, but TRAP biomarker associated with 

bone resorption was increased [102, 103].  

Taken together, these studies demonstrate that low dose LPS exposure induces 

inflammatory bone loss in both mice and rats, with changes occurring primarily in the 

trabecular bone microarchitecture rather than cortical bone. A summary of the effects of 

LPS delivered via slow-release pellets on bone outcomes is included in Table 2-2. It is 

important to note the above-mentioned studies have only assessed bone outcomes ex vivo 

and not directly measured the delivery of exogenous LPS. These previous studies have 

been conducted in male [19, 111] and female [19, 100-103, 112, 113] rodents without any 

indication of sex differences, however, no study has simultaneously analyzed male and 

female rodents to investigate this aspect. To date, no studies have longitudinally tracked 

bone outcomes in vivo and analyzed serum LPS as a direct measure of LPS delivery. 

Based on these previous studies the effects of exogenous LPS exposure at varying doses 

of 0.9 μg/day, 3.6 μg/day, and 14.4 μg/day for a duration of 12 weeks was examined here. 

The LPS dosages were based on the study in mice by Droke et al. testing varying doses 

for a duration of 4 weeks resulting in reduced trabecular bone structure [112]. Unlike 

previous studies bone outcomes were measured every 4 weeks by in vivo μCT analysis to 

longitudinally monitor trabecular and cortical bone alterations in male and female CD-1 

mice, this study is discussed in Chapter 5: Study 2.  

Although LPS delivered via slow-release pellets has been demonstrated to 

negatively alter bone structure, BMD, and strength in both mice [18, 98, 99] and rats [19, 

101, 102], the potential issue with this delivery method is an inconsistent release rate. 
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Slow-release pellets incorporate the delivery substrate, in this case LPS, into a 

biodegradable matrix that begins to dissolve once subcutaneously implanted. Previous 

studies delivering 17b-estradiol via slow-release pellets have reported inconsistent release 

rates by measuring plasma estradiol, which is indicative of pellet release rate. More 

specifically, these studies found that 17b-estradiol either significantly fluctuated over the 

course of 28 day treatment [114] or resulted in an initial extreme supraphysiological dose 

followed by a substantial decrease over the course of 42 days [115] and 90 days [116]. To 

date, the release rate of LPS from slow-release pellets has not yet been investigated. 

Therefore, studies using slow-release pellets as the delivery method of exogenous LPS 

may not accurately represent a chronic inflammatory state Alternatively, osmotic pumps 

have an established consistent release rate for long-term administration [117, 118]. The 

osmotic pump consists of semipermeable membrane and osmotic layer that surround a 

collapsible reservoir. This system uses the principle of osmosis by drawing water from 

the tissue in which it is implanted into the osmotic layer which compresses the flexible 

reservoir forcing the stored solution out through the flow moderator [118]. The release 

rate and delivery duration are determined by the composition of the semipermeable 

membrane and released in a controlled manner [119]. To maintain chronically elevated 

circulating LPS slow-release pellets or osmotic pumps are ideal due to their continuous 

release rate and release duration, which can range from weeks to months depending on 

the selected model. For this reason, osmotic pumps were used to consistently deliver 

exogenous LPS in male and female CD-1 mice in Chapter 5: Study 2 of this thesis.  

Finally, to better characterize a rodent model of LPS induced bone loss, a 

systematic review assessing all forms of systemic exogenous LPS delivery (e.g., 
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injections and slow-release pellets) and duration and its effects on bone outcomes was 

conducted. The influence of sex, LPS dosage, delivery method, study duration, will be 

discussed in Chapter 6: Study 3.  

 
Table 2- 2. Summary of the effects of lipopolysaccharide delivered via slow-release 
pellets on bone outcomes in rodent models. 
Reference Model 

(age, sex, 
species, 
strain) 

Lipopolysaccharide 
(strain, serotype, 
dosage, duration, 
delivery) 

Bone Analysis 
Techniques 

Effects of LPS on 
Bone Structure 
Outcomes 

Mouse Studies 
Droke, 2007 
[18] 

• 8-week 
old 
female 
C57BL/6J 
mice 

 
 

• E. coli serotype 
0127:B8 
• 1.33 µg LPS/day 
• 30 days 
• Slow-release pellets 
 

• µCT ex vivo femur 
 
  

• Trabecular bone 
ê BV/TV and 
Tb.N and é 
Tb.Sp, no change 
in Tb.Th 
• Cortical bone no 

change Ct.Th, 
Ct.Ar, Ma.Ar, or 
Ct.Po 
 

Chongwatpol, 
2015 [99] 

• 8-week 
old male 
C57BL/6 
mice  

 

• Not specified 
• 0.1 mg/kg body 

weight 
• 4 weeks 
• Slow-release pellets 
 

• DXA ex vivo 
lumbar vertebra 
(LV4 and LV5) 
•  µCT ex vivo 

lumbar vertebra 
(LV4) and tibia 

 

• LV4 & LV5 ê 
BMD 
• LV4 trabecular 

bone ê BV/TV, 
Tb.N, ConnDen, 
and é Tb.Sp and 
SMI, no change 
in Tb.Th or DA 
• Tibia trabecular 

bone é SMI, no 
change in 
BV/TV, Tb.N, 
Tb.Th, Tb.Sp, 
Conn.D,  
• Tibia cortical 

bone no change 
Ct.Th, Ct.Ar, 
Ma.Ar, Ct.Po 

 
Cao, 2017 
[98] 

• 6-week 
old female 

• E.coli serotype 
127:B8 
• 1.5 µg LPS/day 

• µCT ex vivo 
lumbar vertebra 
(LV2) and femur 

• LV2 trabecular 
bone ê BV/TV, 
Tb.N, Tb.Th, 
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C57BL/6 
mice 

• 13 weeks 
• Slow-release pellets 

Conn.D and é 
Tb.Sp, SMI  
• Femur trabecular 

bone ê BVTV, 
Tb.N, Tb.Th, 
Conn.D and é 
Tb.Sp, SMI 
• Femur cortical 

bone no change in 
Ct.Th, Ct.Ar, 
T.Ar, Ma.Ar 
 

Rat Studies 
Smith, 2006 
[19] 

• 12-week 
old male 
Sprague 
Dawley 
rats 

 
 

• E. coli Serotype 
0127:B8 
• low (3.3 µg 

LPS/day), high 
(33.3 µg LPS/day) 
• 90 days 
• Slow release pellets 
 
 

• DXA in vivo 
femur & lumbar 
vertebra (LV) 
• µCT ex vivo tibia 
 
 

• Femur ê BMD in 
both LPS groups 
• LV ê BMD high 

LPS group only 
• Tibia trabecular 
ê Tb.N and é 
Tb.Sp in high 
LPS group only, 
no change in 
BV/TV or Tb.Th 
in both LPS 
groups 
• Tibia cortical 

bone no change in 
Ct.Th, Ct.Ar, 
Ct.Po in both LPS 
groups 
 

Shen, 2010 
[102] 
 

• 12-week 
old female 
Sprague 
Dawley 
rats 

• E. coli Serotype 
0127:B8 
• 33.3 µg LPS/day 
• 12 weeks 
• Slow release pellets 
 

• DXA ex vivo 
femur 

•  Femur ê BMD 

Shen, 2010 
[103] 
 

• 12-week 
old female 
Sprague 
Dawley 
rats 

• E. coli Serotype 
0127:B8 
• 33.3 µg LPS/day 
• 12 weeks 
• Slow release pellets 

 

• DXA ex vivo 
femur 

• Femur ê BMD 

Shen, 2011 
[101] 
 

• 12-week 
old female 

• E. coli Serotype 
0127:B8 

• DXA ex vivo 
femur 

• Femur ê BMD 
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Sprague 
Dawley 
rats 

• 33.3 µg LPS/day 
• 12 weeks 
• Slow release pellets 

• Histomorphometry 
tibia  
• µCT ex vivo femur 

 

• Tibia 
histomorphometry     
ê BV/TV and 
Tb.Th and é 
Tb.Sp, no change 
in Tb.N 
• Tibia cortical 

bone 
histomorphometry 
no change in 
T.Ar. Ct.Ar, 
Ma.Ar 
• Femur trabecular 

bone no change 
BV/TV, Tb.Th, 
Tb.N, Tb.Sp 
• Cortical bone no 

change 
Ct.Ar/Tt.Ar, 
Ct.Th, Ct.Ar, 
Ma.Ar 
 

Shen, 2011 
[100] 

• 12-week 
old female 
Sprague 
Dawley 
rats 

• E. coli Serotype 
0127:B8 
• 33.3 µg LPS/day 
• 12 weeks 
• Slow release pellets 
 

• DXA ex vivo 
femur 
• Histomorphometry 

tibia 
• µCT ex vivo femur 

• Femur ê BMD 
• Tibia trabecular 

bone 
histomorphometry 
ê BV/TV, Tb.N, 
and Tb.Th, é 
Tb.Sp 

• Tibia cortical 
bone 
histomorphometry 
no change Tt.Ar, 
Ct.Ar, Ma.Ar 

• Femur trabecular 
bone ê BV/TV, 
Tb.N, Tb.Th, no 
change Tb.Sp 
 

 
Abbreviations: bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular 
number (Tb.N), trabecular separation (Tb.Sp), connectivity density (Conn.D), structural 
model index (SMI), degree of anisotropy (DA), volumetric BMD (vBMD), cortical area 
fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), periosteal perimeter (Ps.Pm), 
endocortical perimeter (Ec.Pm), total area (Tt.Ar), medullary area (Ma.Ar), cortical 
porosity (Ct.Po), bone mineral density (BMD).  
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Chapter 3: Objectives & Hypotheses 

 

3.1 Objectives 

The overall purpose of this thesis was to establish a rodent model of exogenous 

LPS- induced bone loss and investigate the influence of irradiation associated with μCT 

scanning in this longitudinal model. The specific objectives of this thesis are three-fold 

and consider both male and female rodents: 

1. Determine whether repeated irradiation from in vivo µCT scans at 4-week 

intervals for a total of 4 scans (460 mGy per scan) would alter trabecular or 

cortical bone structure outcomes and/or BMD in both male and female CD-1 mice 

(Study 1). 

2. Assess the longitudinal response of trabecular and cortical bone structure and 

BMD to continuously administered LPS via osmotic pumps for a duration of 12 

weeks in both male and female CD-1 mice (Study 2). 

3. Characterize a rodent model of inflammatory bone loss induced by exogenous 

LPS that alters bone, including compromised bone structure and reduced BMD in 

a manner that mimics what is observed in humans who experience osteoporosis 

(Study 3). 
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3.2 Hypotheses 

 
1. Repeated irradiation exposure (460 mGy per scan) at 4-week intervals for a total 

of 4 scans would not affect either trabecular or cortical bone outcomes or BMD in 

either male or female CD-1 mice (Objective 1, Study 1). 

2. Both male and female CD-1 mice exposed to LPS via osmotic pumps for 12-

weeks would have compromised bone structure and BMD over the time course of 

the study (Objective 2, Study 2). 

3. A systematic review of the literature would show that exogenous LPS exposure in 

rodent models would result in compromised bone structure and BMD. These 

alterations would be more pronounced in long term studies compared to shorter 

term studies and the magnitude of change would be correlated to the LPS 

exposure. No sex differences were anticipated (Objective 3, Study 3). 
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Chapter 4: Study 1 

Sex-specific responses in trabecular and cortical 
microstructure of tibia due to repeated irradiation from micro-
computed tomography in adult CD-1 mice 
 
Kirsten N. Bott, Jenalyn L. Yumol, Sandra J. Peters, Wendy E. Ward 
 
Published in: Bone Reports 12: 1-7, 2019 
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4.1 Introduction 

In vivo micro-computed tomography (μCT) allows for the longitudinal visualization 

and assessment of bone structure and bone mineral density (BMD) in rodent models [54, 

120]. The advantage of performing in vivo analysis is the ability to track bone outcomes 

longitudinally within the same animal, reducing variation within measurements as well as 

the overall numbers of research animals required [121]. μCT can be used to monitor bone 

outcomes during ovariectomy [64, 121-123] or states of disease [124, 125], and in 

relation to a variety of interventions such as drugs [125-127], diet [128-132], or exercise 

[133]. However, an unavoidable limitation of in vivo μCT is the exposure of animals to 

ionizing radiation, potentially damaging the tissues depending on the cumulative 

radiation dose [58, 59, 120]. As a result, it is imperative to ensure that any modulation 

caused by irradiation exposure does not exceed the effect of the experimental 

intervention.  

Image quality is modifiable by radiation dose, with higher resolution scans and 

resulting X-ray doses producing better images, however, this is not necessarily practical 

for in vivo imaging due to potential radiation exposure, prolonged anesthetic use, and 

long-term storage of large file sizes (6-7 GB per scan) [134]. Radiation dose must be 

considered within protocols for longitudinal scanning of the hindlimb using μCT in live 

animals since residual radiation damage accumulates and can cause tissue damage in the 

trabecular and cortical bone compartments [54, 61]. Previously, the effects of radiation 

exposure on bone tissue have been investigated using varying radiation doses, exposure 

frequencies, and total number of scans in rodents at various ages [21, 58, 59, 63-65]. Both 

rats and mice are commonly used experimental models, but rats are less susceptible to 
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ionizing radiation exposure than mice as they absorb less radiation due to their larger 

skeletal size [58, 63-65]. In rats, repeated in vivo μCT scans ranging from weekly to 

monthly intervals with radiation doses up to 939 mGy per scan did not affect tibia bone 

structure [58, 63, 64]. However, within rats there is a tolerable upper limit before bone 

structure is compromised; nine radiation exposures at weekly intervals either at 1650 

mGy or 2470 mGy, but not at 830 mGy, resulted in compromised trabecular bone 

structure [65]. As previously stated, mice are generally more sensitive to radiation 

exposure; three radiation exposures of 776 mGy per scan in adult male C57BL/6J mice at 

2-week intervals [59] and four radiation exposures to 846 mGy per scan in adult female 

mouse strains (C3H/HeJ, C57BL/6J, and BALB/cByJ) at 1-week intervals [58] both 

impacted bone outcomes. In our lab, we followed up these studies by testing lower doses 

of radiation at 222 mGy and 460 mGy per scan with less frequent exposure during key 

stages of bone growth and development at 2, 4, and 6 months of age in male and female 

adult CD-1 mice. Based on previous studies, 2-month intervals were chosen since they 

were hypothesized to have no impact on bone structure. Regardless of radiation dose, 

trabecular and cortical bone outcomes were similar between the repeatedly irradiated tibia 

and non-irradiated control [21]. While the effect of repeated irradiation on bone outcomes 

has been reported using a variety of different mouse strains, it is important to recognize 

that these previous findings may not be fully translatable among strains. 

Here, we focused on mice due to their susceptibility to radiation and as a research 

model they can be used to produce transgenic strains, for nutritional programming studies 

[128, 129], and are typically more cost effective compared to rats [135]. Several studies 

in mice have incorporated longitudinal assessment of bone structure using in vivo μCT to 
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study the effect of diet interventions, with some studies identifying sex-specific responses 

to these interventions [128-131]. Therefore, it was important to test the sex-specific 

effects of repeated irradiation. While longitudinal μCT at 2-month intervals for a total of 

three scans did not affect tibial trabecular or cortical bone outcomes [21], it may be 

pertinent to perform more scans at a shorter frequency to assess bone structure and BMD. 

A shorter duration between scans may be especially important during periods of rapid 

alterations in bone, such as those during adolescence. Previously, bone structure and 

BMD across the lifespan was characterized in male and female C57BL/6J mice using ex 

vivo μCT scans of the lumbar vertebra and distal femur. Trabecular bone volume peaks 

between 1 and 2 months of age followed by a rapid decline until about 6 months of age, 

while cortical bone cross sectional area and cortical thickness increase until 6 months of 

age before plateauing [25]. However, it is important to recognize that the changes in bone 

structure and BMD may vary among strains. Additionally, responses to interventions 

during the first months of life may be detectable with shorter intervals among scans due 

to the responsiveness of bone structure during development. Thus, the objective of this 

study was to determine whether repeated irradiation exposure from μCT scans at 1-month 

intervals for a total of four scans would alter trabecular or cortical bone structure 

outcomes and/or BMD in both male and female CD-1 mice. We hypothesized that the 

repeated irradiation exposure would not affect either trabecular or cortical bone outcomes 

or BMD, based on our previous findings scanning at 2-month intervals using a radiation 

dose of 460 mGy [21]. 
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4.2 Materials and Methods 

4.2.1 Animals 

All procedures that involved animals were in compliance with the Canadian 

Council on Animal Care [136] and approved by the Brock University Animal Care 

Committee (AUP #17-06-01). Seven-week old male (n = 12) and female (n = 11) CD-1 

mice were obtained from Charles River (St Constant, QC, Canada) and acclimatized for 

one week. Females were housed 4-5 per cage, while males were housed individually. 

Mice were kept on a standard 12-hour light: 12-hour dark cycle and had ad libitum access 

to food and water. The standard AIN-93G diet (TD.94045, Harlan Teklad, Mississauga, 

ON) was provided to all mice.  

 

4.2.2 Experimental Design 

 In vivo hindlimb scans were performed to assess bone structure and BMD of the 

right tibia at 2, 3, 4, and 5 months of age, while the contralateral left tibia was only 

scanned at 5 months. This experimental design allows for within subject comparisons, the 

left tibia serving as a non-irradiated internal control that can be directly compared to the 

repeatedly irradiated right tibia [21].  

 

4.2.3 Micro-computed tomography of hindlimb  

Scans were completed using μCT (SkyScan 1176, Bruker-microCT, Kontich, 

Belgium) and host software (1176 version 1.1, Bruker-microCT, Kontich, Belgium) as 

previously described [21, 134]. In brief, mice were anaesthetized in an induction chamber 

with isoflurane at a constant flow rate of 2-5% and transitioned to a nose cone housed 
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inside the μCT for maintenance of the anesthetic for the duration of the scan. Mice were 

provided with ophthalmic gel applied to their eyes to prevent dryness. On the scanning 

bed, the mouse was positioned on its back with the leg to be scanned extended and the 

foot secured in a foam holder lined with dental wax to prevent slippage. The foam was 

then inserted into the plastic holder attached to the scanning bed. The non-scanning leg 

and tail were secured away from the scanning region, towards the head [134]. 

The μCT scans were set to an isotropic resolution of 9 μm with a 1 mm aluminum 

filter. The scanning parameters consisted of 40 kV, 300 μA, 0.8° rotation step, 3350 ms 

exposure time, over 180° with no frame averaging. Previously, these specific scanning 

parameters were determined using a MOSFET portable dosimeter (TN-502RD-H, Best 

Medical Canada, Ottawa, Canada) to yield a radiation dose of 460 mGy [21]. This 

radiation dose provides images that could be used to evaluate trabecular and cortical bone 

microarchitecture and vBMD. The total tibia length was measured ex vivo using digital 

calipers (Ex Cal 1P54 digital caliper, iGaging, California, United States). 

 

4.2.4 Image processing and analysis 

 Cross-sectional images were reconstructed using GPUReconServer program 

(version 1.7.3.2, Bruker-microCT) and NRecon Reconstruction (version 1.7.3.1, Bruker-

microCT). All images were reconstructed using variable post-alignment compensations 

within +5/-5, along with smoothing (4), beam hardening (40%), and ring artifact (6), 

while dynamic image range for the X-ray attenuation coefficient was set for all males and 

females (0.00- 09392).  
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 Reconstructed images were then reoriented using DataViewer (version 1.5.6.2, 

Bruker microCT), following which the region of interest (ROI) for the trabecular and 

cortical bone was selected using CTAnalyzer software (version 1.17.7.2+, Bruker-

microCT). The transaxial slice at which the primary spongiosa of the proximal tibia 

metaphysis disconnects and the formation of the mineralized cartilage “bridge” is formed 

was used as the landmark for ROI selection. To examine trabecular bone structural 

properties at the proximal tibia metaphysis, the top slice of ROI was set with a 75 slices 

(0.66 mm) separation from metaphyseal side of the growth plate. The total ROI consisted 

of 70 slices (0.62 mm) extending towards the ankle and was selected by manually 

contouring a few pixels within the endocortical shell. While cortical structure in the 

diaphysis was analyzed using a ROI consisting of 200 slices (1.76 mm) extending 

towards the ankle with an 850 slice (7.47 mm) separation from metaphyseal side of the 

growth plate. To select cortical bone for analysis, the marrow cavity was excluded by 

manually contouring a subtractive ROI and saved, followed by drawing a new ROI 

around the periosteal perimeter. Trabecular and cortical bone ROIs in relation to the 

described landmarking have been outlined in Figure 4-4C. For segmentation a global 

threshold of 65-255 and 105-255 was used for trabecular and cortical bone, respectively, 

for all animals to binarize the bone tissue from non-bone tissue. Two standard phantoms 

with a known density of 0.25 g/cm3 and 0.75 g/cm3 were used to calibrate the µCT for 

BMD analysis. 

 Proximal tibia metaphyseal trabecular bone outcomes assessed using 3D analysis 

included: bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular 

number (Tb.N), trabecular separation (Tb.Sp), degree of anisotropy (DA), structural 
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model index (SMI), volumetric BMD (vBMD), and tissue mineral density (TMD)  [49]. 

Cortical bone outcomes assessed using 2D analysis included: cortical area fraction 

(Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), periosteal perimeter (Ps.Pm), endocortical 

perimeter (Ec.Pm), total area (Tt.Ar), medullary area (Ma.Ar), and tissue mineral density 

(TMD) [49] (CTAnalyzer, version 1.17.7.2+, Bruker-microCT).  

 

4.2.5 Statistical Analysis 

 All values are presented as means ± standard error (SEM). Comparisons were 

made using a paired t-test. All statistical analysis was done using GraphPad Prism 

(version 6.0h) with statistical significance set to p < 0.05. 

 

4.3 Results 

4.3.1 Animal Characteristics 

Body weight at the beginning of the study (2 months of age) for males was 

32.7±2.3 g and for females was 28.0±1.5 g. Endpoint body weight (5 months of age) for 

males was 39.2±5.7 g and for females was 35.7±4.5 g, resulting in similar weight gain 

over the course of the study between males (6.4±4.3 g) and females (7.7±3.8 g). All 

trabecular and cortical bone outcomes from in vivo scans of the right tibia at 2, 3, 4, and 5 

months of age and the left tibia at 5 months have been summarized in Table 4- 1 & 4- 2. 
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Table 4-1. In vivo μCT scans trabecular bone outcomes. 
    2 months 3 months 4 months 5 months 

    
Right 
(irradiated) 

Right 
(irradiated) 

Right 
(irradiated) 

Right 
(irradiated) 

Left (non-
irradiated) 

Trabecular             
BV/TV (%)        
    Male  19.28 ± 5.18 8.47 ± 2.65 6.66 ± 2.26 6.74 ± 2.89 9.14 ± 3.67 
    Female   20.49 ± 3.75 12.30 ± 2.12 8.21 ± 2.61 5.04 ± 2.05 6.73 ± 2.86 
Tb.N (mm1)        
    Male  2.521 ± 0.582 1.154 ± 0.380 0.879 ± 0.300 0.821 ± 0.354 1.111 ± 0.476 
    Female   2.239 ± 0.328 1.311 ± 0.195 0.872 ± 0.228 0.557 ± 0.188 0.695 ± 0.238 
Tb.Th (mm)        
    Male  0.076 ± 0.006 0.074 ± 0.006 0.076 ± 0.008 0.083 ± 0.009 0.083 ± 0.005 
    Female   0.091 ± 0.007 0.094 ± 0.007 0.093 ± 0.011 0.089 ± 0.014 0.094 ± 0.012 
Tb.Sp (mm)        
    Male  0.226 ± 0.049 0.387 ± 0.081 0.447 ± 0.071 0.473 ± 0.079 0.427 ± 0.102 
    Female   0.313 ± 0.045 0.425 ± 0.029 0.486 ± 0.038 0.522 ± 0.030 0.499 ± 0.028 
DA (no unit)        
    Male  2.053 ± 0.146 1.973 ± 0.155 1.976 ± 0.243 1.970 ± 0.346 1.872 ± 0.145 
    Female   1.976 ± 0.162 1.958 ± 0.192 1.985 ± 0.148 1.899 ± 0.247 1.748 ± 0.199 
SMI        
    Male  2.224 ± 2.053 2.635 ± 0.130 2.692 ± 0.115 2.660 ± 0.151 2.600 ± 0.197 
    Female   2.256 ± 0.183 2.564 ± 0.187 2.765 ± 0.202 2.813 ± 0.197 2.813 ± 0.197 
vBMD 
(g/cm3)        
    Male  0.254 ± 0.029 0.175 ± 0.021 0.156 ± 0.019 0.167 ± 0.020 0.185 ± 0.026 
    Female  0.226 ± 0.021 0.181 ± 0.013 0.155 ± 0.017 0.132 ± 0.015 0.139 ± 0.019 
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Table 4-2. In vivo μCT scans cortical bone outcomes. 
  2 months 3 months 4 months 5 months 

   
Right 
(irradiated) 

Right 
(irradiated) 

Right 
(irradiated) 

Right 
(irradiated) 

Left (non-
irradiated) 

Cortical       
Ct.Ar/T.Ar 
(%)        
    Male  65.30 ± 1.79 65.47 ± 1.79 66.34 ± 1.92 67.37 ± 1.78 67.45 ± 2.38 
    Female   66.07 ± 3.18 67.93 ± 3.39 69.90 ± 3.92 69.69 ± 4.20 68.43 ± 3.45 
Ct.Th (mm)        
    Male  0.232 ± 0.015 0.234 ± 0.012 0.237 ± 0.013 0.243 ± 0.011 0.242 ± 0.012 
    Female   0.231 ± 0.014 0.241 ± 0.013 0.252 ± 0.015 0.251 ± 0.019 0.248 ± 0.014 
Ps.Pm (mm)        
    Male  7.258 ± 0.352 7.38 ± 0.427 7.356 ± 0.355 7.395 ± 0.470 7.353 ± 0.458 
    Female   6.762 ± 0.247 6.724 ± 0.323 6.721 ± 0.390 6.794 ± 0.371 6.999 ± 0.418 
Ec.Pm (mm)        
    Male  2.743 ± 0.172 2.782 ± 0.211 2.722 ± 0.170 2.702 ± 0.224 2.686 ± 0.234 
    Female   2.554 ± 0.187 2.475 ± 0.219 2.404 ± 0.250 2.440 ± 0.255 2.521 ± 0.244 
Tt.Ar (mm2)        
    Male  1.292  ± 0.116 1.322 ± 0.124 1.317 ± 0.109 1.337 ± 0.131 1.323 ± 0.126 
    Female   1.183 ± 0.049 1.191 ± 0.066 1.211 ± 0.082 1.225 ± 0.076 1.267 ± 0.098 
M.Ar (mm2)        
    Male  0.448 ± 0.042 0.457 ± 0.056 0.444 ± 0.048 0.437 ± 0.057 0.432 ± 0.065 
    Female   0.402 ± 0.045 0.383 ± 0.054 0.367 ± 0.063 0.373 ± 0.063 0.401 ± 0.061 
TMD 
(g/cm3)        
    Male  1.07 ± 0.03 1.11 ± 0.03 1.13 ±0.03 1.22 ± 0.03 1.21 ± 0.03 
    Female   1.15 ± 0.03 1.19 ± 0.02 1.22 ± 0.03 1.25 ± 0.03 1.23 ± 0.02 
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4.3.2 Trabecular Bone Outcomes 

Tibial length was unaffected by the repeated irradiation in both males and females 

(Figure 4-1). Proximal tibia metaphyseal trabecular bone was compromised with repeated 

irradiation in both male and female mice (Figure 4-2). BV/TV (%) of the right tibia in 

males was 22% lower compared to the left (p < 0.05) and in females was 22% lower in 

the right tibia compared to the left (p < 0.01; Figure 4-2A). Repeated irradiation also 

resulted in significant changes in other trabecular bone outcomes. Tb.N (mm-1) was 22% 

lower in males (p < 0.05) and 18% lower in females (p < 0.05; Figure 4-2B), while there 

was no difference in Tb.Th (mm) for either males or females (Figure 4-2C), and a 14% 

increase in Tb.Sp (mm) in males (p < 0.05) and 5% increase in females (p < 0.01; Figure 

4-2D) in the repeatedly irradiated right tibia compared to the control left tibia. DA (no 

units) (Figure 4-2E) and SMI (Figure 4-2F) was unaffected by the repeated irradiation in 

both males and females. In males, trabecular vBMD (g/cm3) was 9% lower in the right 

tibia compared to the left (p < 0.05) but did not differ between the left and right tibia in 

females (Figure 4-2G). 

 

 
Figure 4-1. Repeated irradiation from µCT scans does not alter tibia length in both 
males and females. The right tibia was scanned at 2, 3, 4, and 5 months of age and the 
left tibia was scanned only at 5 months of age. 
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Figure 4-2. Repeated irradiation from µCT scans alters some measures of 
trabecular bone structure at the proximal tibia in both males and females. 
Trabecular bone structure and volumetric bone mineral density (vBMD) of the non-
irradiated left tibias (filled bars) and irradiated right tibias (empty bars) of male (n = 12) 
and female (n = 11) CD-1 mice. (A) Bone volume fraction (BV/TV) of the right tibia was 
lower compared to the left in males (p < 0.05) and females (p < 0.01). (B) Trabecular 
number (Tb.N) of the right tibia was lower compared to the left in males (p < 0.05) and 
females (p < 0.01). (C) Trabecular thickness (Tb.Th) was unchanged in the right tibia 
compared to the left in both males and females. (D) Trabecular separation (Tb.Sp) was 
increased in the right tibia compared to the left in males (p < 0.01) and females (p < 
0.01). (E) Degree of anisotropy (DA) was unchanged in the right tibia compared to the 
left in both males and females. (F) Structural model index (SMI) was unchanged in the 
right tibia compared to the left in both males and females. (G) Trabecular vBMD (g/cm3) 
of the right tibia was lower compared to the left in males (p < 0.01) but not females. Data 
represented as mean±SEM, statistical significance denoted as * p < 0.05, and ** p <0.01. 
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4.4.3 Cortical Bone Outcomes 

 Cortical bone structure was compromised in females but not males with repeated 

irradiation. Both Ct.Ar/Tt.Ar (%) and Ct.Th (mm) were unaffected by the repeated 

irradiation as the left and right tibia had similar results in both males and females (Figure 

4-3A & 4-3B). Ps.Pm (mm) was unaffected in males but decreased by 3% in the right 

tibia compared to the left tibia in females (p < 0.05; Figure 4-3C), while Ec.Pm (mm) was 

unaffected by repeated irradiation in both males and females (Figure 4-3D). Tt.Ar (mm2) 

was unaffected in males but decreased 3% in the right tibia compared to the left in the 

females (p < 0.01; Figure 4-3E) and Ma.Ar (mm2) was unaffected in males but decreased 

by 7% in the right tibia compared to the left in the females (p < 0.05; Figure 4-3F). 

Cortical TMD (g/cm3) was unchanged in the right tibia compared to the left in males but 

increased by 4% in the right tibia compared to the left in females (p < 0.05; Figure 4-3G). 
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Figure 4-3. Repeated irradiation from µCT scans alters some measures of cortical 
bone structure in females but not males. Cortical bone structure and tissue mineral 
density (TMD) of the non-irradiated left tibias (filled bars) and irradiated right tibias 
(empty bars) of male (n = 12) and female (n = 11) CD-1 mice. (A) Cortical area fraction 
(Ct.Ar/Tt.Ar) was unchanged in the right tibia compared to the left in both males and 
females. (B) Cortical thickness (Ct.Th) was unchanged in the right tibia compared to the 
left in both males and females. (C) Periosteal perimeter (Ps.Pm) of the right tibia was 
lower compared to the left in females (p < 0.05) but not males. (D) Endocortical 
perimeter (Ec.Pm) was unchanged in the right tibia compared to the left in both males 
and females.  (E) Total area (Tt.Ar) of the right tibia was lower compared to the left in 
females (p<0.01) but not males. (F) Medullary area (Ma.Ar) of the right tibia was lower 
compared to the left in females (p < 0.05) but not males. (G) Cortical TMD (g/cm3) of the 
right tibia was greater compared to the left in females (p < 0.01) but not males. Data 
represented as mean±SEM, statistical significance denoted as * p < 0.05 and ** p <0.01. 
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Figure 4-4. Representative grey scales images.(A) trabecular and (B) cortical trans-
axial cross-sections from a male and female mouse that most closely represented the 
average of the BV/TV for both the right and left proximal tibia. The same mouse was 
used for both trabecular and cortical bone images. White lines in panels (A) and (B) are 1 
mm for the tibial trabecular and cortical bone images. (C) Representative tibia 
landmarking. The dashed line represents the reference point at which the primary 
spongiosa of the proximal tibia metaphysis disconnects. Using this reference point an 
offset of 75 (0.66 mm) slices to the trabecular region of interest and 850 slices (7.47 mm) 
to the cortical region of interest was set. The trabecular region of interest was set at 70 
(0.62 mm) slices and cortical was set at 200 slices (1.76 mm), both extending into the 
diaphysis outlined by the solid lines.  
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4.5 Discussion 

In this study, we investigated the effects of longitudinal in vivo µCT scans on 

male and female CD-1 mouse tibia trabecular and cortical bone structure and vBMD. 

Trabecular bone structure in both male and female CD-1 mice was affected by repeated 

irradiation from longitudinal µCT scans at 1-month intervals at 2, 3, 4, and 5 months of 

age for a total of four scans. More specifically, the repeatedly irradiated right tibia had a 

lower BV/TV compared to the non-irradiated left tibia as a result of lower Tb.N and 

increased Tb.Sp, however, vBMD was only lower in the irradiated tibia in the males but 

not females. Tibia length growth was not compromised by repeated irradiation. 

Furthermore, these results suggest that females were more affected, as both trabecular 

and cortical outcomes, including Ps.Pm, Tt.Ar, and Ma.Ar were impacted. 

The longitudinal radiation dose had a consistent effect on the trabecular findings 

for both males and females, highlighting the susceptibility of the trabecular bone 

regardless of sex. The differential response of cortical bone between males and females to 

the repeated irradiation highlights the need to study sex differences and that different 

types of bone may respond differently by sex. Though, it is important to note that for 

outcomes of cortical bone structure, some but not all measures were affected by repeated 

irradiation in females. Previously reported in C57BL/6J mice, males and females follow 

slightly different age-related changes in trabecular bone structure during adolescence 

from 1 through 6 months of age, with females undergoing a more rapid decline than 

males [25]. As previously mentioned, mice are more susceptible to radiation exposure 

than rats due to their smaller size and lower bone volume [58]. This may explain the sex-

differences reported here, as female CD-1 mice are generally smaller than males and as a 
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result, may be absorbing a slightly higher amount of radiation. Here, the cortical bone 

from the females was affected to a lesser degree (differences of 3-7%) compared to the 

trabecular bone (differences of 5-22%) with some inconsistencies. Repeated irradiation of 

the right tibia resulted in a decreased Ps.Pm, Tt.Ar, and Ma.Ar compared to the non-

irradiated left tibia suggestive of smaller bones, and this can explain the increase in TMD, 

though Ct.Ar/Tt.Ar, a main outcome of cortical structure, remained unaffected. A 

previous study used 12-week old female C3H/HeJ and C57BL/6J mice scanning at 1-

week intervals using scanning parameters generating 846 mGy per scan. Similar to our 

results, this study also reported alterations in cortical bone outcomes due to repeated μCT 

scans to be less severe and more inconsistent (differences of 3-6%) in comparison to the 

trabecular bone outcomes (differences of 8-20%) [58]. Trabecular and cortical bone both 

contribute to overall bone strength and follow different trajectories over the lifespan. 

Trabecular bone peaks around 1 to 2 months of age followed by a rapid age associated 

bone loss until 6 months of age, while cortical bone continues to develop up until about 6 

months of age [25]. Capturing alterations in bone structure may require more frequent 

scans, especially during critical time points of rapid development in which an 

intervention may incur a specific response, and possibly in a sex-specific manner. Indeed, 

a previous study showed that maternal exposure to citrus flavonoids resulted in improved 

bone structure at 4 and 6 months of age in male offspring while female offspring 

experienced a detrimental response at 2 and 4 months of age that disappeared by 6 

months of age [128, 129]. Since scans in the above-mentioned study were performed at 2-

month intervals, more frequent scanning would have provided a more comprehensive 
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time-course and insight into potential opportunities to intervene with other dietary 

components to positively impact bone structure.   

Bone marrow houses osteoprogenitor cells that can differentiate into osteoblasts, 

which are integral to bone formation. During a μCT scan of the leg, bone marrow is 

inevitably irradiated, which could alter bone formation rates and potentially affect overall 

bone structure [65, 137]. In vitro osteoblast differentiation and activity was previously 

reported to be unaffected by a single radiation exposure up to 400 mGy [137]. 

Furthermore, a study in female Wistar rats, exposed to 939 mGy of radiation exposure for 

eight in vivo μCT scans at 1 week intervals, reported having an effect on bone marrow 

cell viability [63]. A limitation of this study is that we cannot distinguish whether the 

impact of repeated irradiation on trabecular and cortical bone outcomes is due to altered 

osteoblast or osteoclast activities.  

A major strength of the present study was the study design, which allowed for the 

left leg to serve as an internal control to the repeatedly irradiated right leg. Additionally, 

the in vivo μCT analyses allowed for bone to be tracked longitudinally within the same 

animal. While a limitation of this study was that bone strength was unable to be tested 

since the right and left tibias were stored under different conditions for future follow-up 

within a larger study. 

 
4.6 Conclusions 

Repeated irradiation exposure at 1-month intervals for a total of four scans affects 

trabecular bone in both male and female CD-1 mice. Specifically, some but not all 

outcomes of cortical bone structure are affected in females while males show no 

differences in these same outcomes. The results of this study highlight the importance of 
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studying sex differences and careful study design to best optimize μCT scan frequency 

and number while still capturing any potential effect of an intervention. Establishing the 

effects of radiation exposure becomes more pertinent for interventions that induce more 

subtle alterations such as diet [128-131], whereas ovariectomy [122, 123, 132] and drug 

interventions [126, 127] may result in more profound effects on bone. Although repeated 

μCT scans at 1-month intervals resulted in decreased BV/TV and Tb.N along with 

increased Tb.Sp, this frequency may be usable as long as the magnitude of the 

intervention is greater than that of the irradiation. Another consideration is that these 

results are from CD-1 mice only and whether other mouse strains respond similarly 

should be verified. 
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5.1 Introduction 

 Inflammation is an important response to injury or infection that signals the 

immune system to repair damaged tissues or protect the body from foreign invaders. 

Whereas, chronic low-grade inflammation is often characterized by low concentrations of 

circulating pro-inflammatory cytokines [138]. Chronic low-grade inflammation has been 

implicated in the pathogenesis of a number of diseases in both humans and animals 

including, inflammatory bowel disease [69], pancreatitis [70], rheumatoid arthritis [71], 

non-alcoholic fatty liver disease [72], and cardiovascular disease [73] - all of which have 

been associated with low bone mineral density (BMD). Bone is continuously remodeled 

throughout the life span, mediated by the activity of bone forming osteoblasts and bone 

resorbing osteoclasts [36]. However, in the presence of elevated pro-inflammatory 

cytokines, the balance between osteoblast and osteoclast activity becomes dysregulated in 

favor of bone resorption. Specifically, interleukin (IL) 1b, IL-6, and tumor necrosis 

factor-a (TNF-a) are associated with chronic low-grade inflammation [39] and increased 

bone resorption by upregulating osteoclastogenesis, preventing osteoclast apoptosis, and 

inhibiting osteoblastogenesis [109]. Upregulated bone resorption leads to lower bone 

mass and increases the risk of fragility fractures. Fragility fractures are associated with 

high rates of morbidity and mortality and are a public health concern as they are costly 

and reduce an individual’s quality of life [139]. Since chronic low-grade inflammation 

has been identified as a cause for exacerbated bone loss it is important to develop models 

to investigate potential prevention or treatment strategies. 

Lipopolysaccharide (LPS) is a component of the outer membrane of Gram-

negative bacteria such as those found in the gut microbiota (e.g. Bacteroides, Prevotella, 
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Escherichia). LPS can be released from these bacteria, with limited amounts passing 

through the gut epithelium into circulation under normal conditions. However, with 

increased intestinal permeability, which has been associated with obesity and even aging 

[140], there is an elevation in circulating LPS that can stimulate chronic low-grade 

inflammation. LPS can also directly alter bone metabolism through its interaction with 

toll-like receptors (TLRs) that activate various signaling pathways to favour bone 

resorption [13]. These TLRs link the immune and skeletal systems by detecting 

pathogens; specifically, TLR4, which is expressed on the membranes of osteoblasts, 

osteoclasts, and macrophages, binds circulating LPS [13]. Previously, slow-release pellets 

containing LPS have been subcutaneously implanted to induce chronic low-grade 

inflammation with a focus on bone outcomes in both mice [18, 98, 99] and rats [19, 101, 

102]. These studies demonstrated that LPS treatment negatively impacted trabecular bone 

structure, BMD, and bone strength in both males [19, 99] and females [18, 98, 101, 102]. 

However, only endpoint bone outcomes were analyzed and, in some cases, LPS treatment 

was for a relatively short duration; longitudinal measurement of bone outcomes is 

important for identifying key timepoints for developing intervention strategies. Moreover, 

although Droke et al. [18] quantified the lymphocytes to neutrophil ratio to assess the 

inflammatory state, serum LPS was not measured in any of the studies; analyzing serum 

LPS provides information on the release rate of the employed delivery system. 

Slow-release pellets – not containing LPS - have been reported to have 

inconsistent release rates [114-116], but studies using slow-release pellets to deliver LPS 

have observed an inflammatory effect [18, 19, 98, 99, 101, 102]. Whether a controlled 

and consistent dose of LPS stimulates a similar inflammatory effect while possibly more 
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closely mimicking the scenario in humans, remains to be determined [14]. Previous 

studies using slow-release 17b-estradiol pellets demonstrated that plasma estradiol, 

indicative of pellet release rate, either significantly fluctuated [114] or resulted in an 

initial extreme supraphysiological dose followed by a substantial decrease [115, 116]. 

This suggests that pellets do not provide a consistent dose. Animal models using LPS to 

investigate this association should reflect this consistently elevated circulating LPS to 

induce chronic low-grade inflammation. An alternative to pellets for long-term 

administration with an established consistent release rate are osmotic pumps [117, 118]. 

This system uses the principle of osmosis; once implanted, body water enters the salt 

layer through the semipermeable membrane, resulting in compression of the reservoir 

pushing out the solution through the exit port. The composition of the membrane 

determines solution release rate and delivery duration, which can range from weeks to 

months [119]. 

Although the link between LPS and its negative effects on bone metabolism via 

the suppression of osteoblast and upregulation of osteoclast activities is known [13], to 

date trabecular and cortical bone structure outcomes and BMD have not been tracked 

longitudinally. Repeatedly measuring outcomes within the same animal over time not 

only increases the power of the study design by serving as internal controls, but also 

allows for critical time points to be identified for potential interventions. The CD-1 

mouse was selected since it is an outbred strain providing more heterogeneity to reflect 

variability among human population and mice represent an accelerated model for tracking 

bone outcomes longitudinally that allows for multiple in vivo μCT scans. The objective of 

this study was to assess the longitudinal response of trabecular and cortical bone structure 
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and BMD to continuously administered LPS for a duration of 12 weeks in both male and 

female CD-1 mice. We hypothesized that male and female CD-1 mice implanted with 

osmotic pumps filled with LPS from 8 to 20 weeks of age would negatively affect bone 

structure and BMD over the time course of the study measured at 4-week intervals.  

 

5.2 Methods 

5.2.1 Animals 

All procedures that involved animals were in compliance with the Canadian 

Council on Animal Care and approved by the Brock University Animal Care Committee 

(AUP #17-06-01). Both male and female 7-week old CD-1 mice (male weight 32.2±2.5 

g, n = 42; female weight 27.1±1.6 g, n = 38) were ordered from Charles Rivers (Canada) 

and allowed to acclimatize for 5 days in the Comparative Bioscience Facility. Females 

were housed 4-5 per cage, while males were housed individually. All mice were kept on a 

standard 12-hour light: 12-hour dark cycle and had ad libitum access to food (AIN-93G 

diet (TD.94045), Harlan Teklad, Mississauga, ON) and water.  

 

5.2.2 Experimental design 

 Lipopolysaccharide (LPS; Escherichia coli Serotype O55:B5 by phenol 

extraction; Sigma, St. Louis, MO) was mixed in sterile PBS at a concentration of 4 

μg/mL for the high-dose (14.4 μg/d) and serially diluted to 1 μg/mL for the mid-dose (3.6 

μg/d) and 0.25 μg/mL for the low-dose (0.9 μg/d). These concentrations were selected 

based on a previous study by Droke et al. that used slow-release pellets which delivered 

0, 0.133, 1.33, and 13.3 μg LPS/d [18]. All LPS solutions were filtered through a PVDF 
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0.22 mm filter (Millex, Duluth, GA) then aliquoted and stored at -20°C until use. Mice 

were randomly assigned to one of four groups (n = 9-12/group): placebo (received only 

PBS; 0 μg/day), low-dose LPS (0.9 μg/day), mid-dose LPS (3.6 μg/day), or high-dose 

LPS (14.4 μg/day). To ensure the average and standard deviation for baseline body 

weight was not significantly different among groups and could potentially influence final 

results, the original allocation of a mouse to a specific group was changed.  

The microcomputed tomography (μCT) scanning parameters and analysis have 

previously been published [141] for the male and female control group as they were a 

part of this larger study. Mice underwent in vivo scans of the hindlimb at 8, 12, 16, and 

20 weeks of age by μCT. Pumps were filled the day prior to scans and primed in sterile 

PBS for subdermal implantation. Immediately following the scan performed at 8, 12 and 

16 weeks of age, an Alzet osmotic pump (Durect Corporation, Cupertino, CA), with a 

release rate of 0.15 mL/hour designed to provide a consistent dose for 42 days (model 

2006), was subcutaneously implanted in the dorsal region of the neck. This was for a total 

of three pump implantations over the course of the study and occurred immediately after 

a μCT scan while mice were still anesthetized. The LPS dosage calculations have been 

summarized in Table 5- 1 and the experimental design has been summarized in Figure 5-

1. Metacam was subcutaneously injected to assist with any discomfort and bupivacaine 

was applied to the incision site as a nerve blocker. In short, an incision was made on the 

dorsal region of the neck, hemostat forceps were used to create a subcutaneous pocket, 

the pump was inserted, and the incision was closed. Initially, surgical glue was used to 

close the incisions but was switched to surgical staples to minimize the reopening of 

incisions. Mice were monitored daily to ensure proper incision healing. If an incision 



 
 

 62 

reopened, mice were anaesthetized, and the incision was closed with either surgical 

staples or sutures. 

 
Table 5-1. Lipopolysaccharide (LPS) calculations. 
 
Dose LPS 

concentration 
Alzet pump 
release rate 
(µL/hr) 

LPS delivery 
(LPS concentration x release rate 
x 24 hrs) = LPS µg/day 

Placebo 0 µg/µL 0.15 µL/hr 0 µg/day 
Low- dose 0.25 µg/µL 0.15 µL/hr 0.9 µg/day 
Mid-dose 1 µg/µL 0.15 µL/hr 3.6 µg/day 
High-dose 4 µg/µL 0.15 µL/hr 14.4 µg/day 
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Figure 5-1. Experimental design.  
 

5.2.3 Determination of Trabecular Structure and Bone Mineral Density, and Cortical 

Bone Structure and Tissue Mineral Density in Tibia  

 
In vivo scanning using µCT 

Scans were completed using μCT (SkyScan 1176, Bruker-microCT, Kontich, 

Belgium) and host software (1176 version 1.1, Bruker-microCT, Kontich, Belgium) as 

previously described [21, 134, 141]. To ensure consistent animal sedation during the in 

vivo scans isoflurane anesthetic was used since the flow rate could be tightly controlled 

and allowed mice to remain still throughout the scan, essential for obtaining a clear scan. 

In short, mice were anaesthetized in an induction chamber with isoflurane at a constant 
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flow rate of 2-5% and transitioned to a nose cone housed inside the μCT for maintenance 

of the anesthetic. Ophthalmic gel was applied to the eyes to prevent dryness. Scans of the 

hindlimb were performed with the mouse positioned on its back with the scanning leg 

extended and non-scanning leg and tail secured away from scanning region, as previously 

described [134]. Scans were set to an isotropic resolution of 9 μm with a 1 mm aluminum 

filter and scanning parameters were specified at 3350 ms exposure time, 40 kV and 300 

μA using a rotation step of 0.8° over 180° with no frame averaging [141] (Table 5- 2). 

Scanning parameters are summarized in Table 5- 2. To minimize any potential effect of 

scan order, one mouse from each group was scanned (placebo, low, mid, and high) and 

this order was subsequently repeated until each mouse had been scanned.  

 

Image processing and analysis 

 As previously described, GPURecon Server program (version 1.7.3.2, Bruker-

microCT) and NRecon Reconstruction (version 1.7.3.1, Bruker-microCT) were used to 

reconstruct cross-sectional images [141]. The same reconstruction parameters were 

applied to all images for males and females: variable post-alignment compensations 

within +5/-5, smoothing (4), beam hardening (40%), ring artifact (6), and dynamic image 

range for the X-ray attenuation coefficient (0.00000- 09392) (Table 5- 2). Reconstruction 

parameters are summarized in Table 5- 2. Images were reoriented using DataViewer 

(version 1.5.6.2, Bruker microCT), followed by region of interest (ROI) selection for 

trabecular and cortical bone using CTAnalyzer software (version 1.17.7.2+, Bruker-

microCT). ROI selection was landmarked at the formation of the mineralized cartilage 

“bridge” where the primary spongiosa of the proximal tibia metaphysis disconnects. 
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Using the landmarked transaxial slice, the top slice of the trabecular ROI was offset by 75 

slices (0.66 mm) from the metaphyseal end of the growth plate. Trabecular bone was 

analyzed at the proximal tibia metaphysis with a 70 slice (0.62 mm) ROI extending 

distally towards the ankle and was manually contoured within the endocortical shell. 

Cortical bone was analyzed in the tibia metaphysis using an 850 slice (7.47 mm) offset 

from the landmarked transaxial slice with a 200 slice (1.76 mm) ROI extending distally 

towards the ankle. The cortical bone ROI was selected by excluding the marrow cavity by 

manually contouring a subtractive ROI, followed by manually contouring around the 

periosteal perimeter from the previously saved subtractive ROI. To separate trabecular 

and cortical bone from non-bone tissue, a global threshold of 65-255 and 105-255 was 

applied, respectively. Standard phantoms with known densities of 0.25 g/cm3 and 0.75 

g/cm3 were used to calibrate the μCT for BMD analysis. 

 Proximal tibia trabecular bone outcomes assessed using 3D analysis included: 

bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), 

trabecular separation (Tb.Sp), degree of anisotropy (DA), structural model index (SMI), 

and volumetric BMD (vBMD) [49]. Cortical bone outcomes assessed using 2D analysis 

included: cortical area fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th), periosteal 

perimeter (Ps.Pm), endocortical perimeter (Ec.Pm), total area (Tt.Ar), medullary area 

(Ma.Ar), and tissue mineral density (TMD) [49] (CTAnalyzer, version 1.17.7.2+, Bruker-

microCT).  
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Table 5-2. Parameters used for µCT acquisition scans and reconstruction of images. 
µCT scanning parameters 
Isotropic resolution 9 μm 
Filter 1 mm aluminum 
Voltage 40 kV 
Current 300 μA 
Rotation step 0.8° 
Exposure time 3350 ms 
Reconstruction Parameters 
Post-alignment compensations +5/-5 
Smoothing 4 
Beam hardening 40% 
Ring Artifact 6 
Dynamic threshold 0.00000 - 0.09392 

 
 
Serum LPS and leukocyte count 

 At the end of the study, mice were anesthetized, and blood was collected via 

cardiac puncture. Leukocytes were counted via manual microscopy of blood smears. 

Briefly, a small drop of blood was smeared across a slide and allowed to air dry. 

Following which 100 mL of the Wright stain (Harleco®, Millipore Sigma, St. Louis, MO) 

was added for two minutes and then mixed with 100 mL dH2O for one minute followed 

by an additional 100 mL of dH2O for two minutes. Excess liquid on the slide was 

discarded. The blood smears were viewed on a Leica HC microscope at 20x 

magnification. Because the amount of blood applied to a slide varied, we averaged the 

number of leukocytes per field of view – for a total of 10 fields of view - instead of 

quantifying the entire slide. Remaining blood was centrifuged to collect serum for 

determination of circulating LPS concentrations. Serum LPS was analyzed using a mouse 

LPS ELISA kit (Cusabio Technology LLC, Wuhan, China) according to manufacturer 

instructions. This kit has been used to analyze serum LPS in previous studies [142-144]. 
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5.2.4 Statistics 

All values are presented as means ± standard error (SEM). For serum LPS a one-way 

ANOVA was used to compare all groups. Due to the overall similarity in serum LPS 

among LPS treatment groups, the low, mid, and high LPS groups were combined for 

analysis. A two-tailed unpaired t-test with Welch’s correction was used to compare LPS 

treatment to the placebo group for both the serum LPS and leukocyte count. Trabecular 

and cortical bone outcomes were analyzed using a two-way ANOVA (LPS treatment x 

time) with Bonferroni correction for multiple comparisons. All statistical analysis was 

done using GraphPad Prism (version 8.3.0) with statistical significance set to p < 0.05. 

 

5.3 Results 

5.3.1 Serum LPS & leukocyte count 

 Endpoint serum LPS concentrations did not differ between any of the treatment 

groups for the males (p > 0.05; Figure 5-2A) and only the low-dose group had higher 

serum LPS compared to the placebo group for the females (p < 0.05; Figure 5-2B) with 

none of the other groups differing. Thus, data from the three LPS dosages were combined 

to create one LPS group by sex. Here, LPS treatment for 12-weeks was found to 

significantly elevate circulating LPS by 36% in males (p < 0.05; Figure 5-2C) and by 

58% in females (p < 0.01; Figure 5-2D) compared to placebo. Leukocyte counts were not 

statistically different between the placebo and LPS groups for both males (p > 0.05; 

Figure 5-3A) and females (p > 0.05; Figure 5-3B). Additionally, placebo and LPS groups 

similarly gained body weight throughout the 12-weeks for both male (Figure 5-4A) and 

female (Figure 5-4B) mice. 
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Figure 5-2. Endpoint serum lipopolysaccharide (LPS) concentrations. Serum LPS 
was unchanged among the different LPS groups (low 0.9 μg/d, mid 3.6 μg/d, and high 
14.4 μg/d dosages), therefore, LPS groups were combined for analysis. (A) Male serum 
LPS was not different between any of the groups, placebo (n = 4), 0.9 μg/d (n = 4), 3.6 
μg/d (n = 4), or 14.4 μg/d (n = 5) (p > 0.05). (B) Female serum LPS was elevated in the 
0.9 μg/d group (n = 5) compared to the placebo group (n = 5) (p < 0.05), but did not 
differ between any of the other groups, 3.6 μg/d (n = 5) or 14.4 μg/d (n = 5) . (C) When 
male groups receiving LPS were combined, serum LPS was increased in the LPS group 
(n = 13) compared to the placebo group (n = 4) (p < 0.05). (D) When female groups 
receiving LPS were combined, serum LPS was increased in the LPS group (n = 15) 
compared to the placebo group (n = 5) (p < 0.01). Data represented as mean ± SEM, 
statistical significance denoted as *p < 0.05, and **p < 0.01.  
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Figure 5-3. Blood smear leukocyte counts. Leukocytes counts were unchanged 
following 12-weeks of lipopolysaccharide (LPS) exposure in both (A) males (n = 9-17) 
(B) and females (n = 11-27). Ten fields of view per sample were analyzed, captured at 
20x magnification. 
 



 
 

 70 

 

Figure 5-4. Βody weight. Lipopolysaccharide (LPS) treatment did not affect body 
weight. (A) Male body weight showed a significant main effect for time (p < 0.01) but no 
significant time x LPS interaction (p > 0.05), and no significant differences (p > 0.05 for 
LPS treatment effect) between the placebo (n = 12) and LPS group (n = 30). (B) Female 
body weight showed a significant time x LPS treatment interaction (p < 0.01) and main 
effect for time (p < 0.01), but with no significant differences (p > 0.05 for LPS treatment) 
between the placebo (n = 11) and LPS group (n = 27). Data represented as mean ± SEM. 
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5.3.2 Trabecular bone outcomes 

In male mice, trabecular bone outcomes at the proximal tibia metaphysis showed 

no significant LPS x time interaction for any of the outcomes (Figure 5-5). As expected, 

there was a main effect for time, which reflects an overall decrease from 8-weeks to 20-

weeks of age for BV/TV (p < 0.01; Figure 5-5A), Tb.N (p < 0.01; Figure 5-5B),  DA (p < 

0.01; Figure 5-5E), and vBMD (p < 0.01; Figure 5-5G), and an increase for Tb.Th (p < 

0.01; Figure 5-5C), Tb.Sp (p < 0.01; Figure 5-5D), and SMI (p < 0.01; Figure 5-5F).  
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Figure 5-5. Male trabecular bone structure and volumetric bone mineral density 
(vBMD) at proximal tibia metaphysis.  Trabecular bone structure and vBMD were 
unaltered with 12-weeks of lipopolysaccharide (LPS) treatment between the placebo (n = 
12) and LPS group (n = 30). (A) Bone volume fraction (BV/TV) (B) Trabecular number 
(Tb.N) (C) Trabecular thickness (Tb.Th) (D) Trabecular separation (Tb.Sp) (E) Degree of 
anisotropy (DA) (F) Structural model index (SMI) (G) Trabecular vBMD (g/cm3). Data 
represented as mean±SEM. Significant differences between timepoints (main effect for 
time) are denoted with lowercase letters. 
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In female mice, there was a significant main effect for time and a significant LPS 

x time interaction for BV/TV (p < 0.05; Figure 5-6A), Tb.N (p < 0.05; Figure 5-6B), 

Tb.Sp (p < 0.05; Figure 5-6F), and vBMD (p < 0.01; Figure 5-6G). However, there was 

no effect for LPS treatment for any of these trabecular bone outcomes. Thus, further post-

hoc analysis confirmed significant changes over time, with BV/TV (p < 0.01; Figure 5-

6A), Tb.N (p < 0.01; Figure 5- 6B), and vBMD (p < 0.01; Figure 5-6G) decreasing and 

Tb.Sp (p < 0.01; Figure 5-6D) increasing from 8-weeks to 20-weeks of age, but the 

differences between the LPS and placebo groups were not significant. A significant LPS 

x time interaction was also found for Tb.Th (p < 0.05; Figure 5-6D), but with no 

significant main effect for either time or LPS treatment. For DA, there was no significant 

LPS x time  interaction and no main effect for either time or LPS (Figure 5-6E) reflecting 

that DA was unaltered with time in both groups. Likewise, there was no significant LPS x 

time interaction for SMI and no main effect for LPS, but the main effect for time was 

significant (p < 0.01; Figure 5-6F) reflecting that SMI (p < 0.01; Figure 5- 6F) increased 

over time regardless of group.  
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Figure 5- 6. Female trabecular bone structure and volumetric bone mineral density 
(vBMD) at proximal tibia metaphysis. Trabecular bone structure and vBMD were 
unaltered with 12-weeks of lipopolysaccharide (LPS) treatment between the placebo (n = 
11) and LPS group (n = 27). (A) Bone volume fraction (BV/TV) (B) Trabecular number 
(Tb.N) (C) Trabecular thickness (Tb.Th) (D) Trabecular separation (Tb.Sp) (E) Degree of 
anisotropy (DA) (F) Structural model index (SMI) (G) Trabecular vBMD (g/cm3). Data 
represented as mean±SEM. Significant differences between timepoints (main effect for 
time) are denoted with lowercase letters; Significant differences between timepoints 
within a group (interaction effect) are denoted with Greek letters for placebo group and 
uppercase letters for LPS group.  
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5.3.3 Cortical bone outcomes 

Cortical bone outcomes at the tibia midpoint had no LPS x time interaction for 

any of the outcomes in male mice (Figure 5-7). With the exception of Ec.Pm and Ma.Ar, 

all cortical bone outcomes had a significant main effect for time, but no significant main 

effect for LPS treatment. The main effect for time reflected an overall increase from 8-

weeks of age to 20-weeks of age for Ct.Ar/Tt.Ar (p < 0.01; Figure 5-7A), Ct.Th (p < 

0.01; Figure 5- 7B), Ps.Pm (p < 0.01; Figure 5-7C), Tt.Ar (p < 0.01; Figure 5-7E), and 

TMD (p < 0.01; Figure 5-7G). In contrast, Ec.Pm (p > 0.05; Figure 5-7D) and Ma.Ar (p > 

0.05; Figure 5-7F) were unchanged over time.  
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Figure 5-7. Male cortical bone structure and tissue mineral density (TMD) at tibia 
midpoint. Cortical bone outcomes and TMD were unaltered with 12-weeks of 
lipopolysaccharide (LPS) treatment between the placebo (n = 12) and LPS group (n = 
30). (A) Cortical area fraction (Ct.Ar/Tt.Ar) (B) Cortical thickness (Ct.Th) (C) Periosteal 
perimeter (Ps.Pm) (D) Endocortical perimeter (Ec.Pm) (E) Total area (Tt.Ar) (F) 
Medullary area (Ma.Ar) (G) Cortical TMD (g/cm3). Data represented as mean±SEM. 
Significant differences between timepoints (main effect for time) are denoted with 
lowercase letters. 
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In the female mice, there was no significant main effect for LPS treatment, but 

there was a main effect for time, reflecting an overall increase in Ct.Ar/Tt.Ar (p < 0.01; 

Figure 5-8A), Ct.Th (p < 0.01; Figure 5-8B), Ps.Pm  (p < 0.01; 5- 8C), Tt.Ar (p < 0.01; 5- 

8E), and TMD (p < 0.01; Figure 5-8G), and an overall decrease in Ec.Pm (p < 0.01; 5- 

8D) and Ma.Ar (p < 0.01; 5- 8F). In addition, there was a significant LPS x time 

interaction for Ps.Pm (p < 0.01; Figure 5-8C), Ec.Pm (p < 0.01; Figure 5-8D), Tt.Ar (p < 

0.01; Figure 5-8E), and Ma.Ar (p < 0.05; Figure 5-8F). Post-hoc comparisons revealed 

that the placebo and LPS groups tracked each other, with the exception of Tt.At which 

only increased in the LPS group but not in the placebo, and both Ec.Pm and Ma.Ar which 

only decreased in the placebo group but not the LPS from 8-weeks to 20-weeks of age. 
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Figure 5- 8. Female cortical bone structure and tissue mineral density (TMD) at 
tibia midpoint. Cortical bone outcomes and TMD were unaltered with 12-weeks of 
lipopolysaccharide (LPS) treatment between the placebo (n = 11) and LPS group (n = 
27). (A) Cortical area fraction (Ct.Ar/Tt.Ar) (B) Cortical thickness (Ct.Th) (C) Periosteal 
perimeter (Ps.Pm) (D) Endocortical perimeter (Ec.Pm) (E) Total area (Tt.Ar) (F) 
Medullary area (Ma.Ar) (G) Cortical TMD (g/cm3). Data represented as mean±SEM. 
Significant differences between timepoints (main effect for time) are denoted with 
lowercase letters; Significant differences between timepoints within a group (interaction 
effect) are denoted with Greek letters for placebo group and uppercase letters for LPS 
group.  
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5.4 Discussion 

 In this study, we investigated the effects of chronic LPS exposure delivered via 

Alzet osmotic pumps on trabecular and cortical bone structure and BMD in male and 

female CD-1 mice. We selected a duration of 12-weeks to allow for changes in bone 

structure and density to establish the time-course effect of LPS longitudinally. Since there 

was no dose-dependent serum LPS response, the low, mid, and high LPS groups were 

combined for analysis. Although serum LPS was elevated in the combined LPS group 

compared to the placebo at the end of the 12-week study in both male and female mice, 

this was not sufficient to induce either an inflammatory response based on blood smear 

leukocyte counts or negatively impact trabecular and cortical bone outcomes in either 

sex. However, based on previous studies [25, 130, 131, 145] during this life period from 

8 to 20 weeks of age we did observe the expected alterations in bone outcomes with an 

age-related decline in trabecular bone structure and BMD and increase in cortical bone 

structure and TMD. 

 Although there is no set cut-off for the concentration of circulating LPS that alters 

bone structure or BMD, it remains well recognized that pro-inflammatory markers are an 

underlying cause to many diseases including osteoporosis [69-73]. The immune system 

can be activated by LPS, which elicits a whole-body response inducing increased 

circulating pro-inflammatory cytokines [13]. Previous studies have demonstrated that 

chronic LPS exposure induces a pro-inflammatory state that can negatively affect bone 

metabolism to favour resorption, resulting in compromised bone structure in rodent 

models [18, 19, 98, 99, 101, 102]. Although we were unable to measure circulating pro-

inflammatory cytokines in the present study, the elevated serum LPS concentrations 
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(males 0.63 ng/mL; female 0.54 ng/mL) did not reach the threshold to negatively impact 

bone outcomes. 

 The lack of LPS-induced alterations on bone outcomes in our study could be 

explained by the delivery system. Previous research investigating the influence of LPS on 

bone structure has used slow-release pellets [18, 19, 98, 99, 101, 102]. In a study by 

Droke et al. [18] they first established the LPS dose required for chronic inflammation 

induced bone and cardiovascular deterioration. Based on blood smears the mid-dose (1.33 

μg/day) was established to induce the greatest difference in the ratio of lymphocytes to 

neutrophils with no further change with the high-dose (13.3 μg/day). Although we based 

our LPS dosage on this previous work, we found no differences in blood smear 

leukocytes between any of the groups. Trabecular bone structure at the distal femur 

metaphysis, but not cortical bone at the femur mid-diaphysis were compromised after 4-

weeks of LPS exposure. The negative effects of LPS induced alterations in bone structure 

may be explained by the upregulation of TNF-a expression in the tibia metaphyseal 

region that could impair bone turnover [18].  

Other studies have reported similar results using subcutaneously implanted LPS 

slow-release pellets in both 14-week old male C57BL/6J mice at a dose of 0.1 mg/kg 

body weight/day (approximately 2.5 μg/day estimated for a 25g mouse) for 4 weeks [99] 

and 6-week old female C57Bl/6J mice at a dose of 1.5 μg/day for 13 weeks [98]. More 

specifically, 4-weeks of LPS exposure in male C57BL/6J mice resulted in reduced 

vertebral body BMD, BV/TV, and Tb.N, which led to reduced bone strength evaluated 

using finite element analysis. Interestingly, unlike the vertebral body, the reduction in 

BV/TV at the proximal tibia metaphysis did not reach statistical significance, but 
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proximal tibia strength was still reduced. This 4-week exposure to LPS did not alter 

cortical bone outcomes [99]. In the other study, Cao et al. [98] explained the 

compromised bone structure at the distal femur and second lumbar vertebra induced by 

13-weeks of LPS exposure in female C57BL/6J mice as the result of increased 

osteoclastogenesis and decreased bone formation. Tartrate-resistant phosphatase, a 

marker of bone resorption, was elevated in the serum along with an increase in bone 

marrow osteoclast differentiation. Compounding the elevated bone resorption, bone 

formation was suggested to be decreased as serum bone-specific alkaline phosphatase 

concentration was reduced [98].  

Altered bone formation and resorption can translate to alterations in trabecular 

bone structure, as demonstrated in Sprague-Dawley rats, implanted with LPS slow-

release pellets. LPS caused an up-regulation of proinflammatory cytokines, IL-1b and 

TNF-a, resulting in a reduced BV/TV, Tb.N, and an increased Tb.Sp, which translated to 

impaired biomechanical strength [19]. Similarly, a decrease in circulating osteocalcin and 

increased tartrate-resistant phosphatase along with a decrease in femur bone mineral 

content and BMD have been reported in response to 12-week LPS exposure in 12-week 

old female CD rats [102]. It is important to note that these previous studies only analyzed 

bone outcomes ex vivo using either histomorphometric analysis, dual energy X-ray 

absorptiometry, or μCT. In the present study, we used in vivo analysis to track bone 

outcomes longitudinally to better understand how bone is altered with LPS exposure and 

over time. Performing multiple scans allowed us to determine that the placebo and LPS 

groups did not differ over the course of the 12-week LPS treatment at any of the scanning 

timepoints – at 8, 12, 16, or 20 weeks of age. However with time, outcomes of both 
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trabecular and cortical bones were altered and the direction of these changes were 

expected based on previous studies by our lab [130, 131] and others [25, 145].  The CD-1 

mouse strain used for this study may in part explain our findings due to the inherent 

variability of an outbred strain. Although LPS was demonstrated to negatively alter bone 

outcomes in the outbred Sprague-Dawley and CD rats [19, 102], these results may not be 

transferable between species and requires more investigation. Previous studies in mice 

have used in the inbred C57BL/6J strain [18, 98, 99] and this may account for some of 

the differences in our results. 

Multiple injections to deliver LPS longitudinally are not preferable since the half-

life of LPS is suggested to be around 12 hours [97]. Although no studies have specifically 

investigated the release rate of LPS from slow-release pellets, previous work has 

demonstrated that pellets containing 17b-estradiol had an initial supraphysiological 

release followed by a substantial decline in both 42-day [115] and 90-day interventions 

[116]. This would suggest that the LPS pellets used in previous studies may provide an 

initial bolus followed by a substantial decline which may not be representative of 

delivering a continuous dose of LPS over time, though it is important to note that an 

inflammatory response was still observed. Whereas, Alzet osmotic pumps have a very 

consistent release rate [117, 118]. Combining the low, mid, and high LPS groups for 

analysis due to the lack of dose-response is a limitation in the present study. Although the 

LPS dosages were modelled after previous studies using slow-release pellets [18], the 

present study highlights that greater variations between dosages may be required when 

using osmotic pumps for delivery. To better understand administering LPS via osmotic 

pumps and the half-life of LPS, serum LPS should be measured longitudinally. This was 
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not feasible in the present study due to the amount of blood that would be required. 

Future studies should compare osmotic pumps versus slow-release pellets to address LPS 

release rate and establish a representative model of chronic low-grade inflammation. 

Additionally, circulating LPS and pro-inflammatory cytokines should be analyzed at 

different time points to ensure there is a consistent inflammatory response. This proves 

difficult with mice as the amount of serum required using currently available kits can 

only be obtained upon euthanasia. In conclusion, despite the elevated serum LPS in both 

the male and female CD-1 mice, a 12-week exposure to LPS delivered via osmotic pumps 

did not compromise trabecular or cortical bone outcomes.  
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Chapter 6: Study 3 

Rodent models of exogenous lipopolysaccharide-induced 
alterations in bone tissue: A systematic review 
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6.1 Introduction 

Approximately 200 million women worldwide have osteoporosis [146], a disease 

characterized by low bone mineral density (BMD) and weakened bone structure, with 1.8 

million women in Canada living with diagnosed osteoporosis [9]. Corresponding 

statistics in men are less clear; however, it is estimated that 1 in 3 women and 1 in 5 men 

will suffer an osteoporotic fracture in their lifetime [147]. Individuals can still sustain a 

fragility fracture without surpassing the BMD T-score of -2.5 to be clinically diagnosed 

with osteoporosis [45]. This emphasizes the importance of also assessing bone structure, 

for understanding the potential risk of a fragility fracture [40]. Fragility fractures can 

result in decreased quality of life, increased risk of future fractures, morbidity, mortality, 

and are a significant financial burden on the healthcare system [148, 149]. Given that an 

estimated 158 million individuals worldwide were at a high risk of an osteoporotic 

fracture in 2010 and this is expected to double by 2040 [150], research investigating 

intervention strategies are essential. Human studies are limited by the duration required 

and analysis techniques that can be performed, therefore preclinical rodent models are 

useful for studying bone loss. Rodents are commonly used since they are an accelerated 

model for studying bone outcomes and mimic skeletal changes observed in humans over 

the lifespan [151]. These models are necessary for mechanistic studies to provides 

powerful information about disease pathophysiology and for the development of novel 

treatment interventions. 

Traditionally the pathophysiology behind osteoporosis has emphasized endocrine 

mechanisms, however, more recent evidence suggests that inflammation is also a 

contributor to this disease [5]. Bone is continually remodelled throughout the lifespan, a 
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process mediated by bone forming osteoblasts and bone resorbing osteoclasts. The 

differentiation, activity, and survival of osteoblasts and osteoclasts is a tightly regulated 

process; however, this becomes disrupted in inflammatory environments, 

disproportionately favouring bone resorption [152]. Both human and animal research 

suggests that the loss of estrogen following menopause is associated with an increase in 

pro-inflammatory cytokines, including IL-1b, Il-6, and TNF-a, that activate osteoclasts 

increasing bone resorption [39]. Inflammation has been associated with a higher risk of 

hip fracture in older women [8] and is also suggested to play a role in the risk of hip or 

vertebral fracture in men [7]. Furthermore, this disproportionate bone resorption is seen 

in diseases linked to inflammation such as rheumatoid arthritis [71], inflammatory bowel 

disease [69], pancreatitis [70], non-alcoholic fatty liver disease [72], and cardiovascular 

disease [73], which are often related to secondary osteoporosis. Since both primary and 

secondary osteoporosis are linked to inflammation, understanding inflammatory bone 

loss is important for the development of treatment strategies. Although there is strong 

evidence for the role of inflammatory cytokines in osteoporotic bone loss [39], there is 

not an established consensus on a preclinical rodent model of systemic inflammation that 

induces a deterioration of bone tissue that mirrors osteoporosis. 

One such way to induce systemic inflammation is with lipopolysaccharide (LPS), 

a component of the outer membrane of gram-negative bacteria found in the intestines or 

in diet that can enter circulation. In humans the translocation of LPS into systemic 

circulation has been linked with multiple disease states and is hypothesized to be a trigger 

for continued low grade inflammation [11]. LPS is a potent inducer of bone resorption by 

upregulating the differentiation and activity of osteoclasts [153] and inhibiting bone 
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forming osteoblasts [154].  Systemic LPS also stimulates the immune system to release 

pro-inflammatory cytokines (e.g., IL-1b, IL-6, TNF-a) that can further contribute to this 

altered bone metabolism that favours bone resorption [13]. This dysregulated bone 

metabolism can translate to alterations in bone structure and BMD. Although, 

ovariectomy in rodent models mimics the estrogen deficiency seen in women post-

menopause and is associated an upregulation in inflammatory cytokines [74], the role of 

inflammation cannot be distinguished from the extensive hormonal changes. Other rodent 

models of inflammatory bone loss include osteoarthritis [75] and colitis [76, 77], 

however, results from these models are confounded by alterations in mobility/weight-

bearing activity and nutrient malabsorption, respectively. Since LPS induces an immune 

response and has previously been demonstrated to upregulate pro-inflammatory cytokines 

with no changes in health status [155], exogenous LPS administered to rodents is a viable 

model for inducing systemic inflammatory bone loss to better understand the 

inflammatory component of osteoporosis. 

 Therefore, the objective of this systematic review was to characterize a rodent 

model of inflammatory bone loss induced by exogenous LPS that alters bone (e.g., BMD, 

compromised bone structure) in a manner that mimics osteoporosis in humans. We 

reviewed and performed a meta-analysis of rodent studies reporting systemic exogenous 

LPS exposure and the following bone related outcomes: bone structure, BMD, bone 

strength, bone cell staining (osteoblast and osteoclasts), and serum biomarkers of bone 

formation and resorption. These outcome measures were selected to provide a 

comprehensive understanding of the potential impact of exogenous LPS on bone. 
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6.2 Methods 

 This systematic review was conducted in accordance with PRISMA guidelines 

(Supporting information S1) [156] and the protocol was registered in advance on 

PROSPERO (https://www.crd.york.ac.uk/PROSPERO/), ID CRD42020203892.  

 

6.2.1 Search Strategy 

The systematic search strategy was developed with support from Brock 

University’s library services. Medline-Ovid, Embase, CINAHL, Proquest Dissertations 

and Theses, Web of Science were searched January 13, 2021, for studies that included in 

vivo exogenous LPS administration in rodent models and examined bone outcomes (see 

Table 6- 1). Language was restricted to English with no restrictions on publication date. 

All citations returned by this search were imported into Covidence (www.covidence.org) 

and duplicates were removed.  

 

Table 6-1. Structure of systematic literature search. 

Lipopolysaccharide 
lipopolysaccharide OR endotoxin OR LPS OR lipoglycans OR lipid A OR O Antigen 
 
Bone 
bone and bones OR femur OR leg bones OR fibula OR tibia OR arm bones OR 
diaphysis OR epiphysis OR spine OR lumbar vertebra bone tissue OR bone density OR 
bone loss OR bone microarchitecture or bone histomorphometry OR cancellous bone 
OR spongy bone OR trabecular bone OR cortical bone OR cortical thickness OR 
compact bone* OR bone volume OR trabecular number OR trabecular thickness OR 
trabecular separation OR bone strength OR mineral apposition rate OR bone mineral 
OR bone structure 
 
Rodent Models 
rodentia OR rodent OR mouse OR mice OR mus OR rat OR rats OR guinea pig OR 
cricetinae OR hamster 

Search terms within each concept were linked with “OR” and concepts with “AND”. 
Data-base specific syntax, truncation options and proximity operators were used. 
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6.2.2 Eligibility Criteria & Study Selection 

Study selection was conducted in two stages, the first stage consisted of title and 

abstract screening followed by the acquisition of full text versions of the references for 

full text screening in the second stage. In the first stage, study titles and abstracts were 

independently screened for inclusion/exclusion by the principal researcher (KB) and one 

of two other researchers (SP, WW). Studies were excluded if any of the following 

applied, (1) not an original study, (2) not a full-text publication in English, (3) animal 

models other than rodents, human, or cell culture studies (4) no systemic in vivo delivery 

of exogenous LPS (local injections or diet-induced), (5), a lethal dose of LPS causing 

septic shock or death, (6) none of the specified bone outcomes reported, (7) no 

comparator group. If it was unclear from a study title and abstract whether the study 

should be excluded, the study was included in the full text screening for more 

information. Published research articles and dissertations were considered for inclusion, 

while research in progress, conference proceedings/ abstracts were excluded since these 

forms of research had not yet undergone peer review. Any disagreements between the 

two reviewers on a study was resolved by the third study author that did not originally 

review the abstract for the study.  

Full text selected studies were then assessed in full text by one reviewer (KB) and 

studies which met all inclusion criteria were included in the systematic review. Studies 

that met the following criteria were included, (1) experimental study was performed in a 

rodent model (mouse, rat, guinea pig, hamster), (2) the intervention administered 

exogenous LPS in vivo systemically, (3) a control group was used for comparison, (4) 

bone outcomes were examined. Bone outcomes from the following analysis methods 
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were included, calipers/measuring tape, dual energy X-ray absorptiometry, micro-

computed tomography (μCT), mechanical strength testing, microindentation, bone 

ashing, histology, dynamic bone histomorphometry, specific bone cell staining, blood 

biomarkers related to bone formation or resorption. In the case that a decision for study 

inclusion was not straightforward, input from the other reviewers (SP, WW) was 

discussed and all decisions were documented. 

 
6.2.3 Data Extraction 

 Data extraction was performed by the principal researcher (KB). The following 

characteristics were extracted from the included studies: bibliographic information (first 

author, year of publication, journal, funding source), information about the animal model 

(species, strain, age, sex, number of animals per group), LPS intervention (serotype, 

dosage, route of administration, duration, delivery schedule), bone outcome measures 

(trabecular and cortical bone structure, bone quantity, bone strength, bone cell staining, 

serum bone biomarkers). None of the reviewed studies performed microindentation or 

bone ashing. Data was extracted from tables/text first and in the case that data was only 

presented in a graphical format corresponding authors were contacted via email 

requesting additional information. In the case that no response was received within two 

weeks, graphical data was extracted using Web Plot Digitizer 

(https://apps.automeris.io/wpd/). Data extraction was double checked by one other person 

to ensure accuracy. 
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6.2.4 Risk of Bias Assessment 

 Individual studies were assessed using the Systematic Review Center for 

Laboratory animal Experimentation (SYRCLE) risk of bias tool [157] by the principal 

researcher (KB). This tool consists of ten questions to identify selection, performance, 

detection, attrition, and reporting bias in studies. A ‘yes’ indicated a low risk of bias, a 

‘no’ indicated a high risk of bias and ‘unclear’ indicated there was not enough 

information to evaluate the risk of bias.  

 Briefly, item 1, sequence generation, was scored as “yes” when authors described 

the random component in the allocation sequence generation, “no” for no mention of 

sequence allocation, and “unclear” when randomization was mentioned but not specified 

how the allocation sequence was generated. Item 2, baseline characteristics, was scored 

as “yes” when groups were equally distributed by body weight between study groups at 

baseline, scored as “no” if no body weight data was reported, and “unclear” when 

baseline body weight was reported but distribution between study groups was not 

mentioned. Item 3, allocation concealment, was scored as “yes” when sufficient detail 

was provided on the method for concealing animal intervention allocation and scored as 

“unclear” when no information was provided. Item 4, random housing, was scored as 

“yes” when animals were randomly housed during the study and scored as “unclear” 

when no information was provided. Item 5, performance bias blinding, was scored as 

“yes” when sufficient detail regarding the measures taken to blind the caregivers and 

researchers from the animal intervention groups and scored as “unclear” when no 

information was provided. Item 6, random outcome assessment, was scored as “yes” 

when animals were randomly selected for outcome assessment and scored as “unclear” 
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when no information was provided. Item 7, blinding of outcome assessors, was scored as 

“yes” when researchers were blinded during analysis from animal intervention groups 

and scored as “unclear” when no information was provided.  Item 8, attrition bias, was 

scored as “yes” when the sample size between the methods and results was clearly 

explained, “no” when the sample size did not match between the methods and results 

with no explanation, and “unclear” when the sample size matched between the methods 

and results with no explanation. Item 9, selective outcome reporting, was scored as “yes” 

when details regarding outcome reporting were selected and scored as “unclear” when no 

explanation was included. Item 10, other sources of bias, was scored as “yes” when any 

other potential sources of bias were discussed in sufficient detail and scored as “unclear” 

when no other information was discussed.  

 

6.3 Results 

Study Selection & Characteristics 

 The search strategy returned a total of 1554 studies for assessment after removal 

of duplicates. Following title and abstract screening 344 studies were selected for full text 

assessment of which a total of 113 studies met the inclusion criteria. During data 

extraction, it was noted that there were 3 sets of studies that included the same control 

and LPS data in two papers such that we used one data set from these studies. This 

resulted in the exclusion of 3 additional studies. These studies had distinct objectives and 

the duplication of the control data between studies would be to reduce the number of 

animals required. Taken together, this brought the total number to 110 studies included in 
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the systematic review. The process of identification, screening, eligibility, and inclusion 

is summarized in Figure 6-1. 

Of the included studies, 83% (n = 91) had an experimental duration of less than 2 

weeks and 17% of studies (n = 19) used an experimental duration of greater than 2 

weeks. There were 2 studies included in the short term experimental duration that used a 

2 week LPS intervention but examined the effects on bone outcomes either 6 weeks [158] 

or 8 weeks [159] after the initial LPS exposure. The LPS exposure duration has been 

summarized in Figure 6-2. In terms of LPS administration, 92% of studies (n = 101) used 

injections while 8% of studies (n = 9) used LPS incorporated into slow-release pellets. 

Only 5% of the studies (n = 5) were in rats, all of which were Sprague-Dawley strain, 

while 95% of studies (n = 105) used mice including ICR, C57BL/6J, BALB/c, ddY, 

DBA/1J, and DBA/2 mouse strains with some studies not specifying the mouse strain. 

The sex of the rodents utilized in experimental duration of less than 2 weeks included 

64% (n = 58) males, 5% (n = 5) females and 31% (n = 28) of studies sex was not 

specified, while experimental durations of greater than 2 weeks included 19% (n = 6) 

males, 58% (n = 11) females, and 11% (n = 2) of studies sex was not specified.  
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Figure 6-1. Flow chart of study screening and selection process.  
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Figure 6-2. Duration of lipopolysaccharide administration in the included studies. 
 

6.3.1 Risk of Bias 

 All studies were considered to have an unclear risk of bias according to the 

SYRCLE risk of bias tool. For selection bias, 37% (n = 41) of studies reported 

randomization to groups, but none provided information on the methods used to generate 

the allocation sequence. Although 17% (n = 19) of studies reported body weight either at 

baseline or for the duration of the study, only 2% (n = 2) used body weight to randomize 

animals to ensure group body weights were similar at baseline. There was no reported 

allocation concealment, random housing, or random outcome assessment in any of the 

studies. In one study, weight loss and disease severity were monitored in a “blinded 

manner” to avoid performance bias and in one other study (1%), μCT analysis was 

blinded to avoid detection bias. Determining the attrition bias for incomplete data 

reporting was difficult given that only 21% (n = 23) of studies reported the number of 
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animals used in the experiment and in the data analysis. However, details were lacking 

and therefore the studies that did report the number of animals in the experimental design 

and analysis were classified as unclear. The reporting bias and reporting of measures 

against other types of bias were not mentioned in any of the studies. The results of the 

risk of bias evaluation are presented in Figure 6-3.  

 

 
Figure 6-3. Results of the risk of bias. (N = 110) according to the SYRCLE risk of bias 
tool. The stacked bars represented the percentage of studies and the numbers within each 
bar represents the number of studies. 

6.3.2 Bone Structure & BMD 

 Bones analyzed using μCT and DXA included the tibia, femur, and lumbar 

vertebra. Experimental durations less than 2 weeks generally consisted of 2 to 3 

injections of LPS ranging from 5 to 10 mg/kg body weight per injection with bones 

collected for ex vivo analysis within 2 weeks of the first LPS exposure. This type of 

experimental design consistently demonstrated negative effects of LPS on trabecular 

bone structure, including BV/TV, Tb.N, and Tb.Sp, in the femur [160-236] and tibia 
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[186, 237-242]. In studies that reported negative effects of LPS exposure on trabecular 

bone structure, approximately half (22/47) also reported a decrease Tb.Th in the femur 

[166, 173, 177, 188, 195, 199, 206, 207, 212, 215-219, 225, 226, 232, 235, 241] and tibia 

[237, 238, 240]. These alterations in trabecular bone structure were in conjunction with 

reduced vBMD of the femur [166, 176, 178, 179, 183, 184, 186, 195, 197, 198, 200, 201, 

213, 217, 220, 221, 224-227, 232-234, 239] and tibia [186] measured using μCT and 

aBMD of the femur [167, 168, 176, 229, 243, 244] and tibia [242] measured using DXA. 

Cortical bone structure, including Ct.Ar/Tt.Ar and Ct.Th, remained unchanged in 3/4 

studies [216, 224, 235], but 2/2 studies that analyzed TMD reported negative effects of 

LPS exposure [182, 183]. Notably, the two studies that utilized a LPS exposure for less 

than 2 weeks but examined the lingering effects either 4 or 8 weeks after the first LPS 

injection also reported negative effects of LPS on BV/TV, Tb.N, and Tb.Sp with no 

change in Tb.Th [158, 159]. 

 Experimental durations greater than 2 weeks demonstrated negative effects of 

LPS on trabecular bone structure, including BV/TV, Tb.N, and Tb.Sp, in the femur [107, 

112, 113, 245-249], tibia [250-252], and lumbar vertebra [111, 113, 250, 253]. Similar to 

shorter duration LPS exposure, 7/11 studies that reported negative effects on trabecular 

bone structure also reported a decrease in Tb.Th in the femur [107, 113, 247-249], tibia 

[254], and lumbar vertebra [255]. These alterations in bone structure were also reflected 

in a reduced vBMD of the femur [245, 247, 249, 256-258] and lumbar vertebra [253] 

measured using μCT analysis and aBMD of the femur [19, 104, 107], tibia [250], and 

lumbar vertebra [19, 111, 246, 250] measured using DXA. Cortical bone outcomes, 
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including Ct.Ar, Tt.Ar, Ct.Ar/Tt.Ar, and Ct.Th, in all studies (8/8) that reported these 

measures remained unaffected by LPS exposure [19, 107, 111-113, 250, 252].  

In particular, one study examining multiple skeletal sites reported that trabecular 

bone outcomes in lumbar vertebra were negatively impacted while the tibia bone 

outcomes remained unchanged in response to the LPS exposure [111]. Additionally, the 

effects of dose and duration in mice were demonstrated comparing LPS dosages of 0.01 

mg/kg/d and 0.1 mg/kg/d for either 30 or 90 days in duration. This experimental design 

demonstrated a general decline in tibia trabecular bone outcomes in the 30 day but not 90 

day LPS exposure regardless of dosage, while cortical bone outcomes were unaffected 

regardless of dosage or duration [252]. Alternatively, in rats, 90-day LPS exposure only 

demonstrated limited negative affects using a greater LPS exposure of 0.0333 mg/d but 

not 0.0033 mg/d [19]. However, a different study in mice comparing durations of LPS 

exposure for 4, 6, or 10 weeks at a dosage of 0.1 mg/kg/d did not affect either trabecular 

or cortical bone structure or aBMD in the tibia [259]. In general, studies utilizing a LPS 

exposure greater than 2 weeks negatively impacted trabecular bone structure and BMD. 

Though, there are some discrepant findings among studies, and these may be attributed to 

the broader range in the duration, dose, and delivery of LPS in the experimental design.   

 

6.3.3 Bone Histology 

 Studies that utilized LPS exposures for less than 2 weeks reported negative 

alterations in histological trabecular bone structure, including BV/TV, Tb.Th, Tb.N, 

Tb.Sp, in the femur [224, 244, 260] and tibia [237, 240, 241, 261]. Notably, 4 of these 7 

studies [224, 237, 240, 241] also reported μCT findings and demonstrated the agreement 
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of the structure data obtained through both histological and μCT analyses. In line with 

these data, there was also a reduction in MAR [224] and an increase in ES/BS [183, 185, 

188, 199, 204, 206, 212, 214, 218, 220, 221, 236], along with an increase in both the 

number of osteoclasts [159-164, 170, 174, 175, 178-181, 187, 188, 193-196, 204, 206-

208, 211, 219-224, 229, 231, 235, 239-241, 244, 260, 261] and osteoclast surface [168, 

172, 183, 185, 199, 205, 224, 225, 235, 236, 240, 241, 261]. 

  One study utilizing a LPS exposure of greater than 2 weeks measured histological 

trabecular bone structure in the tibia. There was a negative effect of LPS (0.0333 mg/day) 

over a duration of 12 weeks on trabecular BV/TV, Tb.Th, and Tb.Sp with no alterations 

in cortical bone parameters. Within this same study, this histological data supports the 

femur μCT analysis that reported negative alterations in femur trabecular structure and 

lack of change in cortical bone [107]. Dynamic bone parameters were also analyzed in 

the tibia, with no change in the periosteal cortical dynamic bone histomorphometry 

measures, including MAR, MS/BS, and BFR/BS and an increase in endocortical MAR, 

MS/BS, and ES/BS in response to LPS exposure [107]. None of the longer term LPS 

exposure studies reported results from bone cell staining. 

 

6.3.4 Bone Strength 

 Few studies measured bone strength, with only one study testing the mechanical 

strength and other studies using finite element analysis to simulate mechanical strength of 

a skeletal site. The study by Wang et al. [158] found that total force prior to fracture, but 

not stiffness or elastic modulus, was reduced following LPS exposure. The duration of 
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LPS exposure was less than 2 weeks and femur bone strength was measured 6 weeks 

after the initial dose of LPS.  

Studies that had a LPS exposure of greater than 2 weeks and assessed bone 

strength used finite element analysis as a surrogate measure of mechanical strength. 

Studies that reported negative alterations in trabecular bone structure also consistently 

reported reduced total force prior to fracture, physiological force, and/or size-independent 

stiffness in the femur [107, 112], tibia [111] and lumbar vertebra [111, 250]. Stiffness 

was reduced in 3/4 studies in the femur [112], tibia [19, 111], and lumbar vertebra [111], 

while Von mises stresses was increased in 3/4 that reported this measure in the femur 

[112], tibia [19], and lumbar vertebra [111]. Interestingly, in two studies that reported 

non-significant changes in tibia trabecular bone structure, there was reduced total force, 

physiological force, stiffness, and size independent stiffness and increased Von mises 

stresses in response to LPS [19, 111]. In contrast, Rendina et al. [262] reported no 

changes in any measures of the bone strength (total force and size independent stiffness) 

and these findings aligned with the findings that trabecular bone structure was also 

unchanged with LPS exposure.  

 

6.3.5 Serum Biomarkers 

 Negative alterations in bone structure and strength associated with short term LPS 

exposure for less than 2 weeks is supported by an increase in bone resorption markers and 

an overall decrease in bone formation markers. Serum biomarkers for bone resorption, 

including RANKL [159, 161, 191, 194, 202, 216, 223] and CTX-1 [175, 194, 195, 206, 

223], were elevated while the OPG [161, 194, 202, 216, 223] serum biomarkers for bone 
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formation in 5/6 studies was reduced in response to LPS exposure. Overall, there was an 

increase in the RANKL to OPG ratio favouring bone resorption over bone formation 

[161, 191, 194, 202, 216, 223].  

The effects of LPS exposure for greater than 2 weeks resulted in an increase in 

bone resorption and no change in bone formation serum biomarkers. Serum markers of 

bone resorption (CTX-1, TRAP) were generally elevated. Specifically, CTX-1 was 

elevated in all studies [246-249] while 1/2 studies reported an elevation in TRAP [104]. 

In terms of serum bone formation markers, BAP [113] and ALP [247-249] were 

unchanged in all studies, while OC remained unchanged in response to LPS in 4/5 studies 

[246-249]. 

 

6.4 Discussion 

Rodent models are integral to current research investigating the underlying 

inflammatory component of osteoporosis. To our knowledge this is the first systematic 

review investigating systemic exogenous LPS exposure to induce inflammation and its 

effects on bone outcomes in rodents. The results indicated a natural distinction between 

study durations of less than 2 weeks and greater than 2 weeks LPS exposure. Regardless 

of study duration, in general exogenous LPS negatively impacted trabecular bone 

structure and BMD, along with an upregulation in bone resorption. These negative 

alterations in bone outcomes reported in the rodent models mimics the characteristics of 

osteoporosis in humans. This includes a reduction in BMD in conjunction with weakened 

trabecular bone structure, including reduced Tb.N and Tb.Th. In humans, there is greater 

bone loss with aging due to a shift in the ratio of bone resorption to bone formation [35]. 
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The negative impact of LPS on bone outcomes was more consistent and 

pronounced among studies that were less than 2 weeks in duration. This may be 

explained by the study designs and LPS interventions being relatively homogenous 

among these studies, which generally consisted of 2 to 3 injections utilizing a LPS dosage 

ranging from 5 to 10 mg/kg body resulting in a higher LPS exposure. These short-term 

studies often used the in vivo LPS exposure as a proof of concept to support cell culture 

work. However, osteoporosis is a chronic disease and the studies that were greater than 2 

weeks in duration may better represent the pathophysiology of this disease.  

Study durations greater than 2 weeks had a more heterogenous LPS intervention 

design, including delivery (injections or slow-release pellets), LPS dosage, and duration 

ranging from 16 days up to 13 weeks. LPS exposure could not be compared across 

studies since some dosages were reported as an absolute LPS exposure (e.g., mg/d), while 

other reported a relative LPS exposure (e.g., mg/kg/d). Although the relative exposure 

accounts for body size, slow-release pellets implanted at the beginning of the study would 

be unable to be adjusted for changes in body weight over the course of the study. The 

benefit of the slow-release pellets is the consistent LPS exposure as compared to 

injections provide a bolus exposure.  

The effects of study duration are difficult to assess across studies due to difference 

in study design. Conversely, Lim et al. [252] compared both duration, (30 days and 90 

days) and LPS dosage (0.01 and 0.1 mg/kg/d slow release pellets), and reported a general 

decline in tibia trabecular bone outcomes. In contrast, Rendina et al. [259] used the same 

dosage (0.1 mg/kg/d) as the above-mentioned study, examining LPS durations of 4, 6, or 

10 weeks, however, there was no effect on bone outcomes. Although both studies used 
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C57BL/6J mice that were similar in age, Lim et al. [252] used male mice while Rendina 

et al. [259] used hormonally intact female mice. The protective anti-inflammatory role of 

estrogen signalling may in part explain the discrepancy between the two studies [200], 

highlighting the need to consider sex when designing experiments.  

Although we chose to focus on systemic LPS exposure and did not include studies 

using localized LPS injections (e.g., direct injections in the gingiva to induce 

periodontitis), skeletal site may also be differentially affected by LPS. This in part may 

be due to differences in weight-bearing and loading pattern of different skeletal sites 

[263]. Chongwatpol et al. [111] reported that the lumbar vertebra but not the tibia was 

negatively impacted in response to LPS exposure. Since the lumbar vertebra is a less 

weight-bearing site compared to the tibia, the lumbar vertebra would have less 

mechanical loading, which promotes bone formation, and may in part explain the 

detrimental effect of the LPS exposure measured at this site and not the tibia. 

Bone strength is a function of both bone quantity and bone quality [264]. Most of 

the included studies in this systematic review analyzed bone structure and quantity, but 

few assessed the mechanical properties of bone. However, previous work examining 

human osteoporotic specimens with femoral neck fractures demonstrated that cancellous 

bone microarchitecture, including BV/TV, Tb.N, and Tb.Sp, were correlated with 

fracture toughness [265]. This relationship between bone microarchitecture and 

mechanical properties, suggests that the bone structure analysis is translatable to bone 

strength. Alterations in bone strength, structure, and BMD in both short and longer term 

LPS exposure was supported by an increase in bone resorption.  
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The increase in bone resorption was demonstrated by the upregulation in 

osteoclast activity, while osteoblast activity remained relatively unchanged through both 

serum biomarkers and bone specific staining for osteoblasts and osteoclasts. The increase 

in RANKL to OPG ratio favoured bone resorption and osteoclast staining in bone was 

also increased. Previous cell culture studies have demonstrated the potent effect of LPS 

upregulating osteoclasts [153], which is in line with these results across studies. 

However, exogenous LPS exposure did not inhibit osteoblasts as previously described 

using cell culture [154].  

In humans, aging is associated with elevated circulating LPS concentrations, 

which is suggested to contribute to the proinflammatory state associated with aging [16]. 

Additionally, an increase in gut permeability has also been proposed to contribute to age 

related inflammation [266]. LPS is a component of gram-negative bacteria located in the 

gut [11], and with aging there is an increase in LPS translocation from the intestines into 

circulation. Since the prevalence of osteoporosis increases with age and emerging 

evidence supports the role of inflammation in the pathophysiology of this disease, 

developing a rodent model for LPS induced bone loss is pertinent to understanding 

osteoporosis. 

Even though there was no time restriction, included studies were all published 

after 2003 with the majority being published in 2020.  This may in part be explained by a 

shift towards understanding the underlying inflammatory pathophysiology of 

osteoporosis and increased accessibility to μCT and DXA analysis. Of note, none of the 

studies analyzed bone outcomes in vivo to measure changes longitudinally. This should 
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be a future consideration in study design to better understand the development of bone 

loss in response to LPS and inflammation.  

 

6.5 Strengths and Limitations 

The comprehensive set of bone outcomes analyzed was a major strength of this 

systematic review. The encompassing set of analysis techniques allowed for both the 

physical (structure and BMD) and physiological (bone specific staining, serum 

biomarkers) aspects of bone to be assessed.   

 There were several limitations of this systematic review. In general, the sample 

size of the included studies was small and in some studies the sample size was not 

reported. In terms of study design, most often LPS bacterial strain and serotype was not 

reported and, in some cases the LPS dosage and duration were unclear. While for animal 

characteristics the sex of the animals was sometimes not specified, and body weight was 

not usually reported. In terms of bone outcome analysis, some studies did not report the 

μCT scanning parameters and in some cases no quantitative data was reported and only 

μCT images of the bone were published. Overall, there was a substantial unclear risk of 

bias identified using the SYRCLE risk of bias tool [157]. The missing information is 

pivotal for interpreting the results, comparing different studies, and reproducibility.  

 

6.6 Conclusions 

 This systematic review found that LPS exposure regardless of duration negatively 

impacted bone outcomes, including bone structure, BMD, and upregulated osteoclast 

activity as seen in the specific bone cell staining and serum biomarkers. This suggests 
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that exogenous LPS administration in rodents is a viable model for studying 

inflammatory bone loss to better understand the pathophysiology of osteoporosis.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 107 

Chapter 7: General Discussion 

 

7.1 Major Research Findings 

This thesis highlights the importance of measuring the effects of repeated 

irradiation from in vivo μCT scans and contributes to the characterization of a rodent 

model of exogenous LPS- induced bone loss. Unexpectedly, repeated irradiation from in 

vivo μCT scans at 4-week intervals for a total of 4 scans had a small but significant 

negative impact on trabecular bone in both male and female CD-1 mice, while cortical 

bone was only negatively impacted in the females (Study 1). In terms of continuous 

exogenous LPS exposure delivered via osmotic pumps for 12 weeks resulted in elevated 

serum LPS in both male and female CD-1 mice but did not alter trabecular or cortical 

bone structure or BMD (Study 2). One aspect that may have impacted the results is the 

route of LPS administration, potentially resulting in the lower than anticipated elevation 

of circulating LPS. To date, the release rate of LPS using slow-release pellets has yet to 

be quantified and due to the consistent release rate of osmotic pumps a higher exposure to 

LPS may be required to induce alterations in bone. Additionally, results from Study 2 

may in part have been impacted by the effects of repeated irradiation from the in vivo 

μCT scans reported in Study 1. However, the synthesis of study findings in the systematic 

review (Study 3) to identify factors that may impact the effect of exogenous LPS in 

rodent models demonstrated that trabecular bone structure was altered regardless of study 

duration with limited alterations in cortical bone. Overall, the results from this thesis 

suggest that exogenous LPS can induce alterations in bone structure and BMD in rodent 
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models, however a clearly defined model of exogenous LPS induced bone loss has yet to 

be characterized. The aspects of these findings will be discussed in further detail below. 

 
7.2 Effects of repeated irradiation associated with in vivo μCT 

Since Study 1 and Study 2 were run simultaneously using the same control group, 

the μCT scanning schedule and parameters remained the same between studies. This 

maximized the amount of information obtained from each animal and reduced the 

number of animals required, which aligns with the guidelines outlined by the Canadian 

Council on Animal Care [267]. Findings from Study 1 demonstrated that proximal tibia 

trabecular bone structure was negatively impacted in both male and female CD-1 mice, 

characterized by a decrease in BV/TV, Tb.N and vBMD, and an increase in Tb.Sp. While 

cortical bone was only negatively impacted in the females, including a decrease in Ps.Pm, 

Tt.Ar and Ma.Ar. These results highlight the importance of testing in vivo μCT scanning 

parameters and study design to assess the influence of the irradiation. It is a balance 

between scanning to identify potentially critical time points and the anticipated 

magnitude of the intervention (e.g. nutrition, drug, exercise, etc.). The major findings 

from Study 1 have been summarized in Figure 8-1.  

Within Study 2 all groups underwent the same μCT scanning schedule and the 4-

week μCT scanning intervals were ideal to closely monitor the structural changes in 

trabecular and cortical bone in response to LPS.  This scanning schedule was in part 

developed on the hypothesis that repeated irradiation exposure at 4 week intervals for a 

total of 4 scans would not alter trabecular or cortical bone outcomes based on previous 

work in our lab demonstrating no alterations in bone outcomes utilizing 8-week μCT 

scanning intervals in CD-1 mice [21].  Secondly, based on previous studies investigating 
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longitudinal LPS interventions on bone outcomes [111-113, 268], we estimated that the 

magnitude of change in bone outcomes in response to LPS would be significant and 

greater than the potential effects of the repeated irradiation at 4-week intervals. However, 

the hypothesized negative effects on bone outcomes based on previously reported 

alterations in bone via slow-release pellets [111-113] were not demonstrated in this study 

using exogenous LPS delivered via osmotic pumps. Although the serum LPS level was 

elevated there were no changes in either trabecular or cortical bone in male or female 

CD-1 mice. Previous studies had only analyzed ex vivo bone outcomes and this was the 

first study to longitudinally measure bone in response to LPS using in vivo μCT analysis. 

As previously mentioned, the confounding results may in part have been unexpectedly 

influenced by the repeated irradiation and/or the possibly slower and more consistent 

release rate of LPS from the osmotic pumps. 

 

 

Figure 7-3. Summary of the major research findings from Study 1. This study evaluated the 
effects of repeated irradiation from μCT scans of the proximal tibia in male and female CD-1 mice at 
8-, 12-, 16-, and 20-weeks of age. 
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7.3 Factors influencing exogenous LPS delivery via osmotic pumps 

7.3.1 Study design 

It is unclear whether the absence of an effect on bone outcomes in response to 

LPS reported in Study 2 may have been masked by the effect of the repeated irradiation. 

However, all mice underwent the same scanning protocol and schedule reducing the 

factor of irradiation influencing the results. Additionally, within the study design the 

control group was also implanted with osmotic pumps filled with PBS to account for any 

stress associated with the procedure. Given the 8-week age of the CD-1 mice utilized at 

the beginning of the study, the age-associated alterations in bone may have been greater 

than the anticipated effect of chronic LPS exposure. Previous studies have reported 

trabecular bone BV/TV to peak at approximately 1 to 2 months of age followed by a 

rapid decline until 6 months of age in male and female C57BL/6J mice, while cortical 

bone continues to increase until a plateau is reached at 6 months of age [25, 151]. 

Although 8-week-old mice are considered young adults, these alterations in bone reflect 

those seen in humans experiencing age associated bone loss.  

 
7.3.2 Route of LPS administration 

Study 2 is the first study to utilize osmotic pumps for delivery of exogenous LPS 

while measuring bone outcomes in vivo longitudinally. This is unlike previous studies 

that used slow-release pellets, which are suggested to provide an inconsistent release rate 

[114-116], the osmotic pumps provide a consistent release rate that may more closely 

mimic circulating LPS reported in humans [14]. Clinical observations have demonstrated 

an association between osteoporosis and systemic inflammation [269]. For these reasons 

the osmotic pumps were selected for delivery of exogenous LPS to ensure consistent 
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release rate and mimic the elevated circulating LPS and chronic proinflammatory state 

associated with aging in humans [16].  

 
7.4 Effects of LPS in male and female CD-1 mice 

We had hypothesized there would be potentially differential responses between 

the males and females based the influence that testosterone and estrogen have on the 

immune system [270, 271] and differences in cytokine production [272]. In general, 

testosterone is an immune suppressor [270], while estrogen can enhance the immune 

systems response [271]. LPS is recognized by TLR4 receptors expressed on the 

membranes of immune cells. More specifically, males express more macrophage TLR4 

receptors on their membrane than females and as a result LPS exposure results in a 

greater production of pro-inflammatory cytokines in males [272]. However, within this 

study LPS exposure did not elicit the expected sex-response, possibly due to a level of 

LPS that exposure that would not likely modulate the levels of cytokines.  

Additionally, CD-1 mice were selected since this is an outbred mouse strain, 

which is more representative of the human population providing more heterogeneity than 

inbred mouse strains. Unlike previous studies examining the effects of exogenous LPS on 

bone, circulating LPS was measured instead of surrogate measures testing for an 

inflammatory response, such as circulating IL-1b , IL-6, and TNF-a. Although blood 

smears were analyzed for leukocyte counts as an indicator of an inflammatory response, 

the amount of serum required to measure circulating LPS did not allow for any other 

measures of inflammation (e.g., IL-1b, Il-6, TNF-a) and/or bone markers (e.g., RANKL, 

OPG, BAP, OC) to be quantified and compared to previous studies. Measuring 

circulating LPS was important for determining the effectiveness of the osmotic pumps as 
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previous studies had used slow-release pellets, which are suggested to provide an 

inconsistent release rate [114-116]. Consequently, quantifying circulating LPS was 

prioritized to assess the delivery of exogenous LPS via osmotic pumps over measures of 

inflammation or bone markers. As a follow up to the unanticipated lack of alterations in 

bone outcomes in response to LPS in male and female CD-1 mice, and to work towards a 

more comprehensive understanding of the LPS induced bone loss and specifically 

characterizing a model for studying interventions that attenuate the effects of LPS on 

bone, a systematic review was conducted.  

 
7.5 Rodent models of LPS induced effects on bone 

The systematic review (Study 3) provided a comprehensive analysis to identify 

potential factors that may impact the effects of LPS on bone outcomes, such as 

intervention duration and design, LPS dosage, sex of the animals, and rodent species and 

strain. Three major concepts were incorporated into the search strategy including LPS, 

bone, and rodent models. Initially, it was predicted that studies with a longer duration 

LPS exposure would be returned by the search strategy, but no limit on intervention 

duration was set to reduce potential bias. Although bone is a metabolically active tissue 

that continually undergoes remodelling in response to varying stimuli [12], depending on 

the magnitude of the stimuli time is required for alterations in bone metabolism to 

manifest as changes in bone structure. During the analysis of the 110 articles included in 

the systematic review a clear distinction for study intervention durations of less than or 

greater than 2 weeks became apparent. As a result, this 2-week cut off was used to 

distinguish between short term studies using an experimental duration of less than 2 

weeks from longer term LPS interventions using an experimental duration of greater than 
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2 weeks. Most of the included studies (83%) used an intervention duration of less than 2 

weeks with a much smaller proportion of studies (17%) that used a study intervention of 

greater than 2 weeks. The study designs including, delivery (injections or slow-release 

pellets), LPS dosage, and duration, were quite homogenous among the short-term studies 

while study interventions greater than 2 weeks were more heterogenous. The 

heterogeneity among these studies was largely related to the duration of the intervention 

ranging from 16 to 90 days and the LPS dosage. It is difficult to compare LPS dosages 

due to the differences in reporting either as absolute (μg/d) or relative (μg/kg or μg/kg/d). 

This in part explains the consistently reported negative alterations in trabecular bone 

structure among studies of less than 2 weeks. While the findings from interventions 

greater than 2 weeks demonstrated an overall negative affect of exogenous LPS on 

trabecular bone outcomes, these results are more heterogenous than the shorter 

intervention studies of less than 2 weeks (similar to the heterogeneity of the study 

design). Regardless of the intervention duration or study design, cortical bone remained 

unaltered in response to exogenous LPS exposure. The systematic review study 

characteristics have been summarized in Table 7-1. 
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Table 7- 1. Systematic review summary of study characteristics.  
* Calculations for LPS dose are based on 30 g mouse. 
 Study 3 - Systematic Review of Intervention 

Studies using LPS 
Study 2 – 

Intervention 
with LPS 

 < 2 weeks LPS 
intervention 

> 2 weeks LPS intervention  

LPS intervention 
Delivery 
method 

I.P. injection I.P. injection Slow- release 
pellets 

Osmotic 
pumps 

Dose 
Absolute 

N/A 
  

N/A 
 

1.33 – 33.3 
μg/d 
 

0.9, 3.6, 14.4 
μg/d 

Dose 
Relative 

1250 – 20,000 
μg/kg 
Equivalent to 
37.5 – 600 
μg/injection* 

1000 – 2500 
μg/kg 
Equivalent to   
30 – 75 
μg/injection* 

10 - 1000 
μg/kg/d 
Equivalent to 3 
– 30 μg/d* 

N/A 

Delivery 
schedule 

2-3 injections 4 – daily 
injections 

Continuous Continuous 

Duration 2- 14 days 16 - 28 days 3-13 weeks 12 weeks 
Animal characteristics 
Age 4 - 12 weeks 5 – 56 weeks 8 weeks 
Sex Male (n = 58) 

Female (n = 5) 
Unspecified (n 
= 28) 

Male (n = 6) 
Female (n = 11) 
Unspecified (n = 2) 

Male 
Female 

Species Mice (n = 91) Mice (n = 14) 
Rats (n = 5) 

Mice 

Strain ICR, 
C57BL/6J, 
BALB/c, ddY, 
DBA/1J 

C57BL/6J, DBA/2, WT 
Sprague-Dawley 

CD-1 

 

Although the results from Study 2 appear to be in contrast with the overall 

findings from the systematic review in Study 3, there are some key differences between 

studies that may in part explain why many studies have shown negative effects on bone. 

Since no previous studies have measured alterations in bone outcomes in response to LPS 

delivered via osmotic pumps, it is difficult to draw definitive conclusions about the lack 
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of alterations in bone outcomes reported in Study 2. Additionally, no other studies 

measuring the effects of exogenous LPS on bone outcomes in rodent models has 

measured circulating LPS.  As previously mentioned, measuring serum LPS was 

prioritized over analyzing pro-inflammatory markers or bone biomarkers, therefore, 

comparisons between studies that did quantify these other measures could not be made. 

To quantify the immune response total leukocyte counts from blood smears were 

analyzed. This technique was selected based on the pilot portion of the Droke et al. study 

[112] that identified the appropriate LPS dose (1.33 μg/d) prior to analyzing and 

reporting negative effects on bone outcomes. Additionally, LPS exposure is not 

consistently reported across studies since some studies reported dosages as absolute LPS 

exposure, while others reported relative to body weight LPS dosage. Therefore, absolute 

LPS values were estimated based on a body weight of 30 g (average weight of a CD-1 

mouse at 8 weeks of age) to convert relative dosages to an absolute amount. Previous 

research investigating the upper limit of LPS exposure determined the 50% lethal dose of 

LPS for single injections in young mice (6-7 weeks) is approximately 601 μg (or 2560 

μg/kg) compared to 93 μg (or 1600 μg/kg) in old mice (98-102 weeks) [273]. These 

results highlight the sensitivity of aged mice to LPS exposure and indicate the LPS 

exposure used within studies examining bone loss is well below this threshold. There is 

the potential that other studies that reported no effects of LPS on bone outcomes were not 

published in any format given known publication bias that exists in the literature [274]. 

The major findings from Study 2 and 3 have been summarized in Figure 8-2. 

In conclusion, the ideal model for LPS induced bone loss has yet to be fully 

established but results within this thesis indicate that using exogenously administered 
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LPS is a viable model in rodents. Given that chronic inflammation has been associated 

with the development of osteoporosis in humans [269], the ideal rodent model for LPS 

induced bone loss to mimic the human scenario would utilize osmotic pumps to deliver a 

higher LPS dosage at a consistent rate, utilizing a dosage greater than that administered 

within Study 2 of this thesis. More specifically within the outbred CD-1 mouse model, a 

dosage of greater than 14.4 μg/d would be required to induce alterations in bone 

outcomes.  However, to better characterize a model of LPS-induced bone loss, the release 

rate of LPS using slow-release pellets would need to be quantified and compared to 

higher LPS dosages delivered via osmotic pumps. In addition, more clinical research in 

humans is required to better understand the underlying pathophysiology of osteoporosis 

in relation to inflammation. 
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Figure 7-4. Summary of major research findings from Study 2 and 3. Study 1 
longitudinally measured bone outcomes in male and female CD-1 mice exposed to 
exogenous LPS delivered via osmotic pumps. Study 3 was a systematic review 
investigating the efficacy of systemic exogenous LPS exposure and bone outcomes in 
rodent models.  
 
 
7.6 Strengths and Limitations 

The combination of intervention studies and systematic review used in this thesis 

provided a comprehensive analysis to help characterize a rodent model of LPS induced 

bone loss. Examining both sexes was one of the major strengths of Study 2. As outlined 

by the Sex and Gender Equity in Research (SAGER) guidelines, it is important to study 
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both sexes to investigate the potential of sex differences and to improve research findings 

translation [275]. To the best of our knowledge, sex-differences in bone outcomes 

response to chronic LPS exposure has not yet been investigated. By following up the LPS 

intervention using osmotic pumps with the systematic review this allowed for the 

identification potential factors that may impact the effects of LPS on bone outcomes. The 

findings from the systematic review helped to characterize and prioritize parameters that 

should be incorporated in future studies using exogenous LPS in rodent models. 

 A major limitation of assessing the efficacy of LPS induced bone loss in mice is 

the limitation and feasibility of analyzing multiple related biomarkers. In the case of 

Study 2, measuring serum LPS was prioritized at the expense of measuring circulating 

pro-inflammatory cytokines that would have provide insight into the inflammatory state 

of the mice. Although some studies included in the systematic review measured 

biomarkers of bone formation or resorption and/or pro-inflammatory cytokines none 

directly measured circulating LPS, which may in part due to the difficulty in accurately 

quantifying LPS. Ideally pro-inflammatory cytokines and bone biomarkers are quantified 

in addition to circulating LPS to fully elucidate the physiological response. 
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Chapter 8: Conclusions 

Study 1: Characterization of the effects of repeated irradiation exposure from in 

vivo μCT scanning in male and female CD-1 mice 

• In vivo μCT scans at monthly intervals for a total of 4 scans (460 mGy/scan) 

negatively affected trabecular bone structure of the proximal tibia in both male 

and female CD-1 mice, while only some cortical bone outcomes were negatively 

affected in females but not males. 

• Repeated irradiation exposure resulted in reduced BV/TV as a result of reduced 

Tb.N and increased Tb.Sp in both sexes, while cortical bone in females had lower 

Ps.Pm, Tt.Ar, and Ma.Ar. 

 

Study 2: Exogenous LPS delivery via osmotic pumps to induce inflammatory bone 

loss 

• Although serum LPS was elevated compared to controls, both trabecular and 

cortical bone remained unaltered in response to chronic LPS delivered via osmotic 

pumps for 12 weeks in both male and female CD-1 mice. 

• LPS delivery via osmotic pumps may require a greater dosage to sufficiently 

impact bone structure and BMD. 

 

Study 3: Systematic review of rodent models of exogenous LPS-induced alterations 

in bone 
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• Regardless of study duration or LPS delivery (injections or slow-release pellets), 

exogenous LPS was consistently reported to negatively impact trabecular bone 

structure and BMD, while cortical bone outcomes remained unaltered.  

• Alterations in bone were associated with altered bone metabolism to induce an 

upregulation in bone resorption demonstrated by specific bone cell staining and 

serum biomarkers. 
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Chapter 9: Future Directions 

 

The findings from Study 1 highlight the need to test in vivo μCT scanning 

parameters and study design, given that a monthly irradiation exposure of 460 mGy with 

a total of 4 scans negatively impacted the proximal tibia trabecular bone. Future studies 

should test the effects of repeated irradiation exposure at other skeletal sites, such as the 

femur and lumbar vertebra, as the results between skeletal sites may not be transferable 

given the differences in weight-bearing and lean and fat mass within these regions. 

Additionally, the response of other mouse strains to a similar in vivo μCT scanning 

protocol should be verified. To fully elucidate the influence of repeated irradiation and 

the magnitude of an intervention, future studies would need to employ two-arms for each 

group, one that underwent the in vivo μCT scanning schedule while the other was only 

tested at the endpoint. This would allow for the magnitude of change associated with the 

intervention and the influence of the repeated irradiation to be examined. 

 Further research is required to establish an appropriate rodent model of 

inflammatory bone loss. Although LPS delivered via osmotic pumps (Study 2) did not 

negatively impact bone outcomes in either male or female mice as hypothesized, data 

from the systematic review indicates that both short- and long-term interventions 

negatively affect bone outcomes (Study 3). Future considerations for utilizing exogenous 

LPS-induced bone loss should include testing delivery methods (e.g. injections, slow-

release pellets, osmotic pumps), duration, and dosage. Circulating LPS and inflammatory 

markers should be analyzed at different time points to characterize the inflammatory 

response, as advances in technology allow for less required serum for analysis using kits.  
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Since inflammation has been identified as a contributor to exacerbated bone loss, 

establishing a rodent model of chronic inflammatory bone loss is important for 

developing future strategies to improve bone health in humans. Rodents provide an 

accelerated model to investigate alterations in bone structure by using repeated in vivo 

μCT scans to identify potentially critical time points. Continued research within this area 

will advance treatment and prevention strategies that can be applied to humans.  
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