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ABSTRACT 

Chronic inflammation leads to bone loss and fragility.  Signaling of pro-

inflammatory cytokines, like tumor necrosis factor-alpha (TNFα), is integral to promote 

bone resorption.  Dietary modulation of pro-inflammatory cytokines is a therapeutic 

target for disorders associated with chronic inflammation, including space-relevant 

radiation exposure and diet-induced obesity (DIO), though much remains poorly 

understood.  As such, we seek to investigate whether an anti-inflammatory diet can 

reduce radiation-mediated damage and whether diet and microbiota supplementation can 

reverse the negative effects of a pro-inflammatory diet on bone. 

We assessed the efficacy of a diet high in omega-3 fatty acids in mitigating 

radiation-induced bone loss via reductions in inflammatory cytokines in bone osteocytes 

and serum.   Interestingly, we failed to detect a negative impact of radiation exposure on 

cancellous and cortical bone parameters, despite increased serum levels of TNFα with 

radiation exposure.  A high omega-3 fatty acid diet mitigated the radiation-induced 

increase in serum levels of TNFα.  High omega-3-fed mice exhibited improved 

cancellous and cortical microarchitecture and geometry at 8 weeks post-exposure to 56Fe 

and γ radiation, with improvements occurring at higher radiation doses.  Though we did 

not detect the expected impact of radiation on bone parameters, mitigation of 

inflammatory cytokines via an anti-inflammatory diet resulted in modest improvements 

in bone outcomes and reduced systemic inflammation, as assessed by serum TNFα. 
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In the second experiment, we assessed whether altering dietary intake from a 

high fat, high sugar (HFS) to a low-fat diet, with or without fecal microbial transplants 

(FMT) rescued bone integrity in diet-induced obesity. Contrary to our expectations, HFS 

feeding promoted bone anabolism and improved femur structural properties with no 

detectable inflammatory impact, suggesting exercise is protective against systemic 

inflammation.  HFS-fed mice did not improve femur material properties, nor femoral 

neck strength, suggesting improved bone quantity, but not quality.  FMT treatment 

exhibited a differential impact on femur material properties that should be investigated 

further.  

 Together, our results suggest that dietary modulation of inflammatory cytokines 

may be effective against negative bone impacts related to systemic inflammation; 

however, in the context of chronic inflammation and DIO, exercise appears to outweigh 

the detrimental impact of HFS-induced inflammation on bone. 
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1. INTRODUCTION  

1.1. Osteoimmunology: Inflammation-Mediated Effects on Bone Biology 

Osteoimmunology is the study of the intersection between the skeletal system 

and the immune system. There exists a reciprocal relationship between these two 

systems, whereby several inflammatory cytokines are required for bone homeostasis and 

factors secreted by bone cells are essential for the proper development and function of 

many immune cells. The immune system is a key player in the maintenance of bone 

mass, particularly in pathological conditions characterized by a high degree of systemic 

inflammation (90) like osteoporosis, inflammatory bowel disease, Crohn’s disease, type 

2 diabetes, diet-induced obesity and radiation exposure (1, 14, 76, 104).  

Inflammation can lead to bone loss and fragility and has been associated with 

increased incidence of fracture (6, 51, 76, 104). Mechanistically, inflammation leads to 

an excess production of several inflammatory cytokines, like tumor necrosis factor alpha 

(TNFα), which potently stimulate bone resorption (90). Maintenance of bone mass is 

dependent upon the coupling of bone formation and resorption, both temporally and 

spatially (42). Chronic inflammation leads to the uncoupling of bone formation and 

resorption, in favor of resorption, which ultimately results in bone loss through the direct 

effects of inflammation and poor nutrition, among others (42). This proposal will focus 

on the inflammation-related bone loss induced by radiation exposure and diet-induced 

obesity, as well as the ability for diet to mitigate inflammation-derived damage to bone. 
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1.1.1. Fundamentals of Bone Microarchitecture & Biology 

1.1.1.1. Bone Microarchitecture: Impacts on Mechanical Strength 

Two main types of bone exist, each with specific functions and properties. 

Cortical bone serves as the thick, dense shell and accounts for the majority of skeletal 

bone mass. Cortical bone is the primary component of the diaphysis, or shafts, of long 

bones, and surrounds cancellous bone at the metaphysis, or ends, of long bones and in 

the vertebrae.  Blood vessels and nerve fibers pass through cortical bone via Haversian 

canals, which results in small degree of porosity (~3-5%) (15). Mechanically, cortical 

bone is essential for load bearing and provides strength and stiffness, which are key  

 

 

factors for bone strength (15, 97). The geometry of cortical bone is a primary 

determinant of strength and has several components (Figure 1-1). Total area (T.Ar) or 

cortical area (Ct.Ar) denotes the total cross-sectional area of cortical shell; an increase in 

T.Ar/Ct.Ar leads to a strength increase of r4. For example, it’s easy to snap a thin stick in 

Figure 1-1. Cartoon depicting cross-sectional components of cortical 
microarchitecture, specifically, T.Ar/Ct.Ar, Med.Ar, Peri.Dm, Endo.Dm, and Ct.Th. 
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half, but a stick with a slightly larger cross-sectional area is exponentially harder to snap. 

Medullary area (Med.Ar) is the area inside of the cortical shell, denoted in the thick 

orange band. Periosteal diameter (Peri.Dm) is the diameter of the cortical cross-section 

and endocortical diameter (Endo.Dm) is the diameter of the medullary area. Cortical 

thickness (Ct.Th) is the width of the cortical shell; an increase in Ct.Th is typically 

associated with an increase in strength. Cortical porosity (not shown in Fig. 1-1) is 

another component of cortical bone and denotes the number of pores embedded in the 

cortical shell; an increase in cortical porosity is associated with a decrease in bone 

quality and ultimately bone strength.  With aging and inflammation, Ct.Th declines, 

cortical porosity increases, and Ct.Ar and Med.Ar increase as a compensatory 

mechanism to maintain some mechanical strength (Fig. 1-2). Long-term obesity 

typically has the same effect on cortical geometry, though short-term obesity has been 

associated with increased Ct.Th (Figure 1-2).  Mechanical testing of cortical bone yields  

Figure 1-2. Changes in cortical microarchitecture with aging, obesity, and 
inflammation. 
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data on both structural (size and geometry dependent) and material (tissue level, size 

independent) properties of bone.  Improvements in structural properties coincide with 

improvements in cortical geometry; while improvements in material properties coincide 

with improvements in tissue and/or bone quality. 

Cancellous bone, also called trabecular or spongy bone, is porous and serves to 

internally re-direct load to the cortical shell (97, 115). In the long bones, like the femur 

and tibia, cancellous bone is located at the metaphysis and houses mesenchymal and 

hematopoietic stem cells.  At a micro-structural level, cancellous bone is composed of an 

enmeshed array of plates and rods, termed trabeculae, creating a “spongy” appearance.  

The microarchitectural parameters of cancellous bone are integral for mechanical 

strength, particularly the number, thickness, and spacing of trabeculae (Figure 1-3). 

Together, these parameters determine overall cancellous bone volume. Trabecular 

Figure 1-3. Cross-sectional image, oriented towards the metaphysis, of components 
of cancellous microarchitecture. 
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number (Tb.N) is the number of trabecular struts and trabecular thickness (Tb.Th) is the 

average width of trabeculae within the metaphyseal compartment. An increase in Tb.N 

and Tb.Th is indicative of an increase in bone volume or total bone mass, which is 

associated with increased strength. Trabecular spacing (Tb.Sp) is the average distance 

between trabeculae; a decrease in Tb.Sp is positively related to increased bone volume 

and strength. Changes in Tb.N, Tb.Th and Tb.Sp are the mechanism by which bone 

volume or bone mass can increase. Cancellous bone volume is reported as bone volume 

relative to total volume of the metaphyseal space (BV/TV). An increase in BV/TV, Tb.N 

and Tb.Th and a decrease in Tb.Sp would describe an improvement in cancellous 

microarchitecture. With aging and inflammation, BV/TV, Tb.N, and Tb.Th decrease and 

Tb.Sp increase, so cancellous microarchitecture is diminished. Similar to cortical 

microarchitecture, short-term obesity typically improves cancellous microarchitecture, 

while long-term studies suggest a similar profile to aging and inflammation (Figure 1-4).  

 

Figure 1-4. Changes in cancellous microarchitecture with exercise and obesity 
versus aging and inflammation. 

 

While cortical and cancellous bone both contribute to mechanical strength of 

bone through different properties and parameters, overall bone strength is derived from a 
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combination of bone mass and bone quality. Bone quality is dependent upon four 

primary determinants: 1) rate of bone turnover, 2) microarchitecture and geometry, 3) 

material properties, specifically mineralization and collagen content (e.g. bone mineral 

density), and 4) accumulation of microdamage (15, 97). Of course, bone turnover, 

discussed below, can directly alter each of the other determinants.  

Bone turnover, or bone metabolism, is the normal cycle of bone formation and 

resorption. In a healthy individual, bone is continuously remodeling, with rate depending 

on the specific bone site. Bone turnover is a tightly regulated process orchestrated by 

osteocytes whereby osteoclasts, or bone resorption cells, act to resorb bone in a site-

specific manner, followed by osteoblasts, or bone formation cells, which lay down bone 

matrix for mineralization. Regulation of bone turnover, temporally and spatially, is 

integral for bone quality. For example, a spatial mismatch, or un-coupling, of bone 

formation and resorption could result in resorption of bone in area A and formation in 

area B, which would lead to thinning in area A and thickening in area B, altering bone 

microarchitecture and ultimately bone strength. With aging, inflammation, and disease, 

bone resorption outweighs bone formation, resulting in loss of bone mass and 

mechanical strength, and typically detriments in bone quality. Mechanical loading, often 

acquired via exercise, provides a stimulus for bone formation and can help to mitigate 

loss of bone mass and strength in aging and other disease states. With obesity, short-term 

improvements are often discovered largely due to the weight gain-induced increase in 

mechanical loading, while long-term, systemic inflammation can cause detriments to 

bone quality.  
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1.1.1.2. Osteoclasts 

Osteoclasts are the primary cells involved in bone resorption and are derived 

from hematopoietic stem cells (33). Differentiation of osteoclasts from stem cell 

progenitors is stimulated by macrophage colony-stimulating factor and receptor activator 

of nuclear factor kappa-B ligand (RANKL) and inhibited by osteoprotegerin (OPG), 

which are discussed below (22, 109). An increase in the production of osteoclasts, or 

osteoclastogenesis, results in increased bone resorption and, when combined with 

uncoupling of bone turnover, leads to loss of bone mass. Conversely, a decrease in 

osteoclastogenesis can lead to increased bone mass. Several factors can act on stem cell 

progenitors to promote (e.g. TNFα) or inhibit differentiation of osteoclasts, as well as 

alter the activity and survival of osteoclasts. Osteoclast number and activity are standard 

metrics of bone resorption alongside measures of osteoclastogenic gene and protein 

expression.  

1.1.1.3. Osteoblasts 

Osteoblasts are the primary cells responsible for bone formation and are derived 

from mesenchymal stem cells (33). Osteoblasts have three potential fates after bone 

matrix formation is completed: 1) apoptosis, 2) bone forming cells, which are quiescent 

cells that line bone surfaces, and 3) osteocytes, which are discussed below. 

Differentiation of osteoblasts from stem cell progenitors is stimulated by the bone 

morphogenic protein (BMP) and Wnt signaling pathways, predominantly via runt-

related transcription factor 2 (RUNX2), osterix, and β-catenin, though β-catenin can act 

as an inhibitor at certain stages of differentiation (19, 31). An increase in the production 
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of osteoblasts, or osteoblastogenesis/osteogenesis, results in increased bone formation 

and, when combined with uncoupling of bone turnover, leads to a gain of bone mass. 

Conversely, a decrease in osteogenesis can lead to decreased bone mass. Several factors 

can act to promote (e.g. Insulin-like Growth Factor 1 [IGF-1]) or inhibit (e.g. sclerostin) 

differentiation of osteoblasts, as well as alter the activity and survival of osteoblasts. 

Similar to osteoclasts, osteoblast number and activity, as well as osteogenic gene and 

protein expression are standard metrics used to quantify bone formation.  

1.1.1.4. Osteocytes 

Osteocytes are the master controllers of bone, coordinating the function of 

osteoclasts and osteoblasts, and are the most abundant bone cell (33). Osteocytes, 

formed when osteoblasts become trapped during bone formation and mineralization, are 

housed in individual caverns, called lacunae, and connect with other osteocytes via 

dendritic processes that extend through tunnels, called canaliculi, creating a dense 

network in both cortical and cancellous bone. Osteocyte regulation of osteoblasts and 

osteoclasts occurs in response to a number of stimuli, including mechanical signals and 

circulating proteins and hormones. In response to these stimuli, osteocytes can produce 

and secrete factors specific to the regulation of key bone processes. Bone formation is 

stimulated via decreases in osteocyte-derived sclerostin expression, a negative regulator 

of bone formation, which leads to an increase in canonical Wnt signaling and ultimately 

promotes differentiation of osteoblasts from mesenchymal stem cells (15). Bone 

resorption is stimulated via increases in the osteocyte-derived RANKL which promotes 

differentiation of osteoclasts from hematopoietic stem cells (34). Osteocytes also secret 
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osteoprotegerin (OPG), which competitively acts on RANKL binding sites on 

osteoclasts, and can act to decrease bone resorption (13). Many cells and factors can 

bind to osteocytes to induce bone formation (e.g. IGF-1) and bone resorption (e.g. 

TNFα).  

 

1.2. Radiation-Induced Inflammation 

1.2.1. Space-relevant Radiation Exposure 

Two main types of space-relevant radiation exist: galactic cosmic radiation 

(GCR) and solar particle events (SPE).  GCR is a type of cosmic background radiation 

originating from outside of the solar system.  GCR is composed primarily of protons 

(~99%) with a small portion of high atomic number and energy (HZE) ions, such as iron 

(Fe) (5).  Though only 1% of the total composition, HZE ions account for 41% of the 

dose equivalent, with ~13% from Fe ions alone (5).  Estimated dose rates for GCR total 

about 0.4-0.8 milli-grey (mGy) per day, leading to a cumulative dose of about 1 Gy on a 

400-day mission (83, 84).  Conversely, a SPE is a large mass ejection from the sun, 

commonly referred to as a solar flare.  Dose rates for a SPE vary dramatically, 

depending on the size of the event and protection available.  For 8-24 hours of exposure, 

the dose rate for protons alone is about 1-2 Gy (123).   

The first documentations of the deleterious impact of space-relevant radiation 

exposure on bone quality were performed in the 1970’s on the first Mir and Sky Lab 

astronauts (57, 61).  These early studies showed that alterations to cortical and 

cancellous bone occur at different rates, with cortical loss of ~1% per month and 
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cancellous loss of ~2-2.7% per month, though these astronauts experienced a combined 

impact of radiation exposure and skeletal unloading (57, 117).  The magnitude and site 

of bone loss is dependent upon many factors, including the absorbed dose, dose rate, ion 

species involved, age and developmental stage of the human, and sex (78, 87, 125).  

Bone is affected within three days of radiation exposure via increases in osteoclast 

activity, though changes in gene expression occur rapidly (122).  Bone loss can persist 

for months following irradiation and complete recovery of bone may never occur, with 

some parameters showing irreversible changes (58, 59, 117, 122).   

Historically, radiation-induced bone loss was believed to be due to damage to the 

vasculature in bone, specifically Haversian canals (30, 91).  While radiation exposure 

does result in ablation of vasculature in bone, including both marrow and Haversian 

canals, this is due to the swelling and vacuolization of endothelial cells (30, 91).  Recent 

investigations into the mechanisms of bone loss have focused on bone forming cells, 

called osteoblasts, bone resorption cells, called osteoclasts, and master regulatory cells 

of bone, called osteocytes.  

1.2.2. Mechanisms of Action 

Space-relevant radiation exposure leads to a rapid acceleration of bone resorption 

activity and some suppression of bone forming osteoblasts, which results in diminished 

bone mineral density, strength and microarchitecture (5, 67, 124).  Radiation exposure 

leads to decreases in osteoblast number, proliferation, differentiation and matrix 

formation, resulting in decreases in bone formation rates (122).  Osteoclast activity and 

surface area are increased after irradiation, leading to increases in bone resorption (122).  
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The combined suppression of bone formation and activation of bone resorption causes 

loss of bone mineral density and strength and detrimental alterations to bone 

microarchitecture.  Simulation of GCR via acute doses of 2 Gy or less causes rapid and 

dramatic loss of cancellous bone (15-20%) in rodent models (1, 5, 41, 67).  Similar bone 

loss has also been shown in astronauts following six months on the International Space 

Station with exposure to an average of 0.08 to 0.16 Gy, depending on solar cycles (57, 

83, 117); however, this also involves the addition of skeletal unloading, which may be 

additive to bone loss (1, 41, 53).  Estimated dosing for an exploration class mission to 

mars is approximately 1 Gy of GCR (83). Combined radiation and skeletal unloading 

may exacerbate bone loss, though several studies report that radiation and 

weightlessness activate different cellular mechanisms to enact bone loss and thus the 

stimulus for bone loss may be saturated such that the combination has no additional 

impact (1, 41, 53).    

Inflammation is one of the earliest responses to radiation exposure (40), with 

astronauts and rodents flown in space showing elevated levels of pro-inflammatory 

cytokines, such as Interleukin-6 (IL), IL-8, IL-10, and TNF-α (11, 23, 37).  TNF-α 

expression is significantly increased in bone marrow within 24 hours and in 

homogenized cortical bone three days post-exposure to 2 Gy of gamma radiation (1).  

Osteoclast activity, indicative of bone resorption, and serum levels of TRAP5b, a serum 

marker of bone resorption, are also significantly increased three days post-exposure to 2 

Gy of x-rays (122, 124).  Mechanistically, TNF-α is a pro-inflammatory cytokine 

capable of communicating with osteoctyes and influencing both osteoclasts (52, 56) and 
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osteoblasts (43, 82).  TNF-α is a potent stimulator of bone resorption via stimulation of 

osteoclastogenesis and increased RANKL production (52, 56, 82) and an inhibitor of 

bone formation via decreased production of osteogenic genes and differentiation factors, 

like RUNX2 (48), and reduced collagen synthesis (82).  Increased levels of TNF-α, both 

systemically in serum and locally in bone, is a key characteristic in several models of 

inflammatory-mediated bone loss (52, 56), including inflammatory bowel disease (IBD), 

type 2 diabetes, osteoporosis, and exposure to space-relevant radiation (1). 

1.2.3. Mitigating Radiation-Induced Bone Loss 

As human exploration of space continues to expand and humans seek to travel 

further into deep space, the need for a countermeasure to protect against the negative 

impact of radiation exposure on bone integrity is paramount.  Physical countermeasures 

against skeletal unloading have already been employed in space, as well as use of anti-

bone resorption medications (58, 60).  Much of the literature on this topic focuses on 

pharmacological, anti-oxidant, and nutritional countermeasures to radiation-induced 

bone loss.  Pharmacological agents, particularly the bisphosphonate class of drug, 

appears to be moderately effective to prevent the loss of bone, particularly when 

combined with exercise (60).  Likewise, anti-oxidants, specifically alpha-lipolic acid and 

dried plum supplementation, have been documented to reduce detrimental impacts of 

radiation on bone (53, 96).  However, with upcoming missions exceeding one year in 

space, the need for further identification of countermeasures to protect against radiation 

exposure is a major priority to maintain astronaut health.  
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1.2.3.1. Omega-3 Fatty Acids: Dietary Modulation of Inflammation 

One hallmark of the western diet is a large ratio of omega-6 to omega-3 fatty 

acids, meaning that omega 6 fatty acid intake outweighs that of omega-3 fatty acids 

(100, 102).  Alongside a rise in fat composition of diets, dietary consumption omega-

6:omega-3 fatty acids have risen from 0.79:1 in the Paleolithic Era to a ratio of 16.74:1 

in the United States (100, 102).  Omega-6 and omega-3 fatty acids exert differential 

effects on body fat gain via altered lipid metabolism, storage, and regulation and 

inflammation signaling (102).  An increase in the omega-6:omega-3 ratio is highly 

proinflammatory and contributes to the prevalence of diseases such as obesity and 

diabetes (26, 54, 100–102).  Conversely, consumption of a diet rich in omega-3 fatty 

acids is associated with a low incidence of these diseases and improved health outcomes 

in inflammation-related chronic diseases, like cancer, rheumatoid arthritis, and 

inflammatory bowel disease (54, 79, 85, 102, 118).   

Figure 1-5. Omega-3 vs. Omega-6 mechanism of action to modulate inflammation.  



 

14 

 

Omega-3 fatty acids are associated with increased cancellous bone mineral 

density in elderly humans (80, 119) and in C57Bl/6 mice (8).  Animals models using 

ovariectomies have found fish oil, a rich source of omega-3 fatty acids, can prevent post-

menopausal bone loss compared to animals fed corn oil, specifically by attenuating loss 

of BV/TV and Tb.N (7, 81, 93, 108).  Further, astronauts consuming an omega-3 fatty 

acid rich diet experienced attenuated reductions in bone mineral density due to skeletal 

unloading over 6-month missions on the International Space Station (133). 

  A potential mechanism to explain these mitigations in bone loss is the reduction 

in circulating pro-inflammatory markers (99).  Omega-3 fatty acids are heavily linked to 

a class of key inflammatory mediators called eicosanoids (113).  Eicosanoids regulate 

both the intensity and duration of an inflammatory response (50, 113).  Inflammatory 

cells, specifically neutrophils, monocytes, and macrophages, produce TNF-α, via LBT4 

(113).  Consumption of omega-3 fatty acids reduces production of LBT4 and thus other 

inflammatory cytokines (49, 62).  Omega-3 fatty acids also mediate inflammatory gene 

expression (16, 17).  Most notably, nuclear factor kappa B (NF-κB), a transcription 

factor upstream of TNF-α, is blocked by eicosapentaenoic acid, the eicosanoid derived 

from omega-3 fatty acids (68, 86, 132).  The mechanism of action is depicted in Figure 

1-5.  Nakanishi et al. showed a 5% fish oil diet decreased osteoclast number and activity 

and suppressed gene expression of NFκB, RANKL, TNFα, IL-6, and PGE2, a 

downstream target of omega-6 fatty acids and a pro-inflammatory eicosanoid, compared 

to 5% corn oil, similar to diets used in S1 (81).  
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1.3. Diet-Induced Inflammation 

1.3.1. Diet-Induced Obesity 

In the United States, ~40% adults and ~20% of children are classified as obese 

(39). Obesity in humans, though a complex genetic picture, is strongly associated with 

overfeeding and poor nutrition (92).  The average US citizen’s diet is composed of 

~48.5% carbohydrate, ~15.5% protein and ~33% fat, with ~10% of total calories coming 

from fructose (20, 77).  Consumption of a high fat, high sugar diet is one factor which 

predisposes children to obesity, alongside physical inactivity among others (25).  The 

literature surrounding the impact of high fat feeding on skeletal biology is extensive, 

though no studies have examined the impact of overfeeding via a high fat and high sugar 

diet, despite research showing both high fat and fructose-rich diets independently exert a 

negative impact on skeletal biology (32, 105, 106).  It is important to note the primary 

limitation to research surrounding the impact of a high fat diet on bone is the failure to 

utilize a model of overfeeding, another hallmark of diet-induced obesity, as well as 

failure to effectively model diet through both high fat composition, high sugar 

composition, fat source, and addition of sugar-sweetened beverages.   

1.3.1.1. High Fat Feeding 

High fat feeding, utilizing a diet of 45 or 60% fat, is strongly associated with 

infiltration of fat in the bone marrow niche and is often accompanied by detriments to 

bone quality and bone strength, specifically decreases in cancellous bone volume 

(BV/TV) and trabecular thickness (Tb.Th) and increases in trabecular separation 

(Tb.Sp), as well as decreased cortical thickness (Ct.Th) and increased cortical porosity 
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(69, 72, 105, 111).  Lu et al. fed 2.5-week-old male C57Bl/6 mice a 45% fat diet for 

eight weeks and showed lower mechanical strength, specifically peak load and stiffness, 

with corresponding lower relative total, trabecular, and cortical BMD of the tibia (69). 

High fat fed mice had fewer available osteoblast progenitor cells and exhibited 

decreased expression of osteogenic genes β-catenin and RUNX2 and increased 

expression of adipogenic genes PPARγ and aP2 compared to mice fed a normal chow 

diet (69). Similarly, consumption of a 60% fat diet in 8-week-old male C57Bl/6 mice for 

12 weeks led to decreased trabecular bone mass and trabecular number and increased 

trabecular separation, decreased cortical bone volume and cortical thickness, and 

increased marrow adiposity (111). Conversely, 12-weeks of exposure to a 60% fat diet in 

3-week-old male C57Bl/6 mice led to a significant increase in marrow adiposity, but no 

change in bone parameters (27). The degree to which a high fat diet negatively impacts 

skeletal parameters appears to be dependent on several factors, including sex, age at diet 

onset, duration of diet, rodent strain, diet composition, and physical activity levels, 

among others. 

 Despite significant weight gain in rodents fed a high fat diet, there appears to be 

no positive impact of increased mechanical stimulation on bone growth, specifically 

bone formation and marrow apposition rates, bone mass or bone strength (36, 69, 89, 94, 

98, 131).  Exercise has been repeatedly shown to be protective against the impact of high 

fat feeding on bone parameters, with sedentary rodents showing exacerbated detriments 

(72, 105).  Voluntary wheel running in mice has been shown to eliminate the increase in 

marrow adipose tissue (MAT) and maintain bone mass in both cancellous and cortical 
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bone despite consumption of a high fat diet (72, 105). Together, these data suggest the 

mechanical stimulus for bone growth may be insufficient to overcome the negative 

impact of diet-induced obesity (89, 94, 98, 131). 

1.3.1.2. Fructose-Rich Diets 

To date, few studies have evaluated the impact of a fructose-rich diet on bone 

biology, with conflicting reports.  Felice et al. found a moderately negative impact 

utilizing a standard chow diet with excess calories supplied in the form of 10% fructose 

solution in place of regular drinking water (32).  In addition to the development of 

metabolic syndrome, rats fed a fructose-rich diet showed significant increases in marrow 

adiposity, decreased osteocyte density in cancellous bone, and evidence for an increased 

adipogenic capacity of mesenchymal stem cell progenitors.  The average US citizen 

consumes a diet that is far higher in fat content, as well as in total calories from fructose, 

than what is modeled in this study; however, given that moderate decrements are still 

shown, this provides strong evidence for the negative impact of fructose-rich diets.  

Conversely, Yarrow et al. utilized an isocaloric model to compare the addition of 40% 

fructose to a 30% fat diet for 12 weeks, with fructose supplied as the carbohydrate 

source (128).  Mice fed with 30% fat, regardless of fructose, had significant increases in 

fat mass and decreases in fat mass, despite no difference in total body weight.  

Cancellous bone parameters, specifically bone volume fracture, trabecular number and 

trabecular separation, were negatively impacted and marrow adiposity increased 

significantly, though cortical bone showed an increased thickness in response to high fat 

feeding, independent of fructose intake.  The authors concluded no additional impact of 
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fructose on bone, in the context of a high fat diet, however, this study does not utilize a 

model of overfeeding nor does it assess the impact of fructose in the form of sugar-

sweetened beverages, thus limiting the applicability of the results to the average US 

citizen.  Similarly, Tian et al. fed C57Bl/6 mice a standard chow (13% fat, 65% 

carbohydrate), high fructose diet (HFrD; 13% fat, 69% carbohydrate), or a high fat diet 

(HFD; 60% fat, 20% carbohydrate) for 8, 16 or 24 weeks (112).  HFrD mice had higher 

femoral trabecular bone mass vs. chow-fed mice at all time points, with bone mass 

peaking in HFrD mice at 16 weeks.  HFD mice had higher bone mass vs. chow-fed mice 

at 8 weeks, with lower bone mass at 16 and 24 weeks. HF feeding led to higher 

epidydimal fat mass accumulation than HFr feeding. RUNX2, a key transcription factor 

for osteoblast differentiation, mRNA expression was higher in both HFrD and HFD mice 

at 8 and 16 weeks, but decreased by 24 weeks.  These data suggest that these diets have 

a positive short-term impact on bone, but long-term consumption results in bone loss.  

1.3.2. Mechanisms of Action 

Diet is a key contributor to the maintenance of gut integrity. A poor diet can lead 

to leaky gut syndrome, whereby a microbe imbalance causes separation of colonocytes 

allowing for harmful bacteria to pass through (64, 65). This increase in intestinal 

permeability results in an inflammatory response and increased production of 

inflammatory cytokines. Conversely, consumption of a healthy diet allows for the 

maintenance of gut integrity and does not exacerbate levels of inflammatory cytokines. 

Inflammatory cytokines produced at the gut, like TNFα, diffuse into the blood and lead 
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to high levels of systemic inflammation, which is strongly associated with bone loss (52, 

56, 64, 65, 82, 90).  

Gut microbiota play a major role in the maintenance of bone mass (72, 103, 120, 

127). This was first discovered by Sjorgen et al. in germ-free (GF) mice (103). GF mice 

have higher bone volume fraction (BV/TV) and trabecular number (Tb.N) and lower 

trabecular separation (Tb.Sp) compared to conventionally raise mice. Further, when GF 

mice are re-introduced to microbes, bone mass decreases to the level of conventionally 

raised mice. Mechanistically, gut microbiota exert a robust influence on immune cells 

critical for bone homeostasis (47). GF mice have low immune cell activation and higher 

levels of insulin-like growth factor 1 (IGF-1), both of which promote an increase in bone 

mass (47, 127).  

Gut microbiota are largely determined by diet composition (38, 47). Consumption of 

a high fat diet significantly alters microbial composition and lowers diversity, termed 

dysbiosis (47, 55). Interestingly, gut microbiota are altered in obese individuals relative 

to lean individuals, even on the same diet, elucidating a specific role of obesity in 

microbial composition (114). Intestinal dysbiosis promotes increases in inflammation via 

toll-like receptor 4 and downstream activation of TNFα (55, 120). In addition to 

increased inflammation, consumption of a high fat diet leads to increased adipogenesis 

via increased activation of PPARγ and decreased differentiation of osteoblasts via 

decreased expression of β-catenin and RUNX2 (69). Prolonged alterations in the 

microbiome and consumption of a western diet, particularly during skeletal 

development, lead to detriments to bone quality and strength (74).  
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1.3.3. Mitigating Bone Loss in Diet-Induced Obesity 

To date, only one study has evaluated the impact of diet alterations following high 

fat feeding on bone quality.  Scheller et al. fed 6-week-old male C57Bl/6 mice a 60% 

HF diet or a 13.5% normal chow diet (95).  After 12 weeks, one group on the HF diet 

were switched to the normal chow diet for 8 weeks.  HF feeding led to increased marrow 

adiposity and significant detriments to cortical and cancellous microarchitecture 

compared to a normal chow diet.  Mice switched from the HF diet had attenuated 

expansion of marrow adiposity and partially rescued bone microarchitecture, supporting 

a major role for diet alterations in rescuing bone quality in diet-induced obesity.  

Diet supplementation using pre- or pro-biotics have been successfully employed to 

improve bone outcomes (64, 71). Certain pro-biotics are capable of inhibiting 

differentiation of osteoclasts, promoting osteogenic markers and absorption of calcium 

into bone, and reducing expression of inflammatory markers (65). Supplementation with 

beneficial microbes can moderately increase bone mineral density (BMD) and can even 

prevent bone loss caused by sex-steroid deficiency (64). For example, insertion of L. 

reuteri directly into the gut of mice, termed oral gavage, tri-weekly for 4 weeks led to 

increased bone volume, bone mineral density, trabecular number and trabecular 

thickness and decreased trabecular spacing via increases in serum osteocalcin, a protein 

secreted by osteoblasts to promote calcium storage in bone, and bone formation rates 

(71). Interestingly, this effect was noted in male, but not female, mice. L. reuteri acts to 

promote bone formation via suppression of TNFα transcription (64).  McCabe et al. 

hypothesized that female mice showed no effect due to saturation of the pathway via 
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estrogen signaling (71). In conjunction with the work of Sjorgen et al. in GF mice and 

studies utilizing pro- and pre-biotic supplementation, these provide evidence for a 

positive impact of supplementation of beneficial microbes via fecal microbial transplants 

(FMT) on bone health.  

1.4. Purpose & Study Aims 

Two independent studies were completed to investigate the mechanisms 

surrounding inflammation-mediated bone loss.  The purpose of Study 1 (S1) was to 

determine if dietary modulation of inflammatory cytokines can mitigate radiation-

induced bone loss via reductions in local and systemic inflammation.  The purpose of 

Study 2 (S2) was to determine if alterations in diet, with and without supplementation of 

microbiota from healthy mice, can rescue bone quality.  These aims seek to explore the 

ability for an anti-inflammatory diet to reduce inflammation-mediated damage to bone 

and the ability for diet and microbiota supplementation to reverse the negative effects of 

a pro-inflammatory diet on bone, in S1 and S2, respectively.  The sections below detail 

the methodologies that have been and will be performed across both studies.    
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2. DIETARY MODULATION OFI NFLAMMATORY CYTOKINES IN 

RADIATION-INDUCED BONE LOSS 

 

The purpose of Study 1 (S1) was to determine if dietary modulation of 

inflammatory cytokines can mitigate radiation-induced bone loss by reducing 

inflammation locally in bone and systemically in serum. This aims seek to explore the 

ability for an anti-inflammatory diet to reduce inflammation-mediated damage applied 

via irradiation to bone. We hypothesized that consumption of a diet high in omega-3 

fatty acids can mitigate negative impacts to bone biology via reductions in both local and 

systemic inflammation. The sections below detail the methodologies that have been and 

will be performed across both studies.    

2.1. Methods 

Adult (30- to 50-week old) female Lgr5-EGFP C57BL/6 mice (n=4-6/group) 

were randomly assigned to corn oil and cellulose (COC) or fish oil and pectin (FOP) 

diets.  Mice were acclimated to assigned diets for three weeks prior to radiation exposure 

and remained on assigned diets for the duration of the study (Figure 2-1). Animals were 

Figure 2-1. S1 Experimental Timeline 

8 8 
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block assigned to radiation groups to achieve balanced age and body weights across 

COC and FOP groups and within all doses of 56Fe and gamma radiation.  Animals were 

terminated 12 hours, 4 weeks and 8 weeks after irradiation and tissues were collected for 

analysis.  

2.1.1. Animals 

A breeder colony of Lgf5-EGFP-IRES-cre ERT2 knock-in transgenic mice 

utilizing a C57BL/6 background was established with founder heterogeneous males and 

wild type females.  Breeder colony mice were maintained on 9% or 4% protein custom-

designed diets for breeders or maintenance, respectively.  Mice were weaned and 

separated by sex at 21 days of age and genotype status was determined via tail snip 

DNA.  Transgenic mice were maintained on a 4% protein diet until study onset.  Stem 

cells of intestinal and colon cells fluoresce in Lgr5-EGFP C57BL/6 mice, which was 

required for the specific aims of the parent study.  According to the Protein Atlas 

database, bone has no known gene or protein expression of Lgr5 (116).  Though no 

study has looked into the potential side effects on bone, control Lgr5-EGFP C57Bl/6 

mice in our study have a bone phenotype consistent with female, aged-matched wildtype 

C57Bl/6 mice (44).  Wildtype C57BL/6 mice have been extensively used to study the 

impact of radiation exposure on bone as a model for radiation-induced bone loss in 

humans (41). The majority of radiation-induced bone loss investigate the impact in male 

mice (1, 2, 53, 121, 129). As the number of female astronauts grows, it is imperative to 

assess the expected biological impact of radiation to bone, thus female mice were 

utilized in this study.  
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This study was approved and followed procedures set by the Texas A&M 

Institutional Animal Care and Use Committee.  All animals were housed individually 

housed after group assignment in the university vivarium with 12-h light/dark cycles. 

2.1.2. Diet 

Animals were randomly assigned to an ad libitum diet: a corn oil and cellulose (COC) 

diet consisting of 6% cellulose and 5% corn oil or a fish oil and pectin (FOP) diet 

consisting of 6% pectin, 4% fish oil and 1% corn oil, with all other ingredients 

maintained across diets (Table 1).  The COC diet is used to mimic a diet high in omega 

Table 2-1. Comparison of experimental diets composition (percent of weight). 
 Diets differ in fiber and lipid sources.  

 

 

-6 fatty acids, while the FOP diet is rich in omega-3 fatty acids.  A high omega-6:omega-

3 ratio is highly pro-inflammatory and may lead to systemic chronic inflammatory 

responses.  Conversely, consumption of a diet rich in omega-3 fatty acids is highly anti-

inflammatory and has been documented to reduce systemic inflammation (118).  Further, 

high consumption of omega-3 fatty acids has been demonstrated to attenuate reductions 
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in bone mineral density in astronauts due primarily to skeletal unloading over 6-month 

missions on the International Space Station (133), thus demonstrating a potential role for 

omega-3 fatty acids to mitigate bone loss.     

2.1.3. Radiation Exposure 

Animals were randomized to receive exposures to total body low dose high-

energy radiation (0.1, 0.25, 0.5 Gy of 1000 MeV/n 56Fe at 25 cGy/min at Brookhaven 

National Lab), to an equivalent dose of gamma radiation (0.2, 1.1, 2.0 Gy of γ at 25 

cGy/min at TAMU Nuclear Science Center), or non-irradiated controls (sham). Sham 

animals were treated identically to irradiated animals aside from combined anesthesia 

and radiation exposure. Mice exposed to 56Fe radiation were shipped from Texas A&M 

University to Brookhaven National Laboratory (Upton, NY) and acclimated for 1 week 

prior to radiation exposure.  Animals were terminated at 12 hours, 4 weeks and 8 weeks 

post-radiation exposure. Animals assigned to terminations at 4- and 8-weeks post-

exposure to 56Fe radiation were shipped to Texas A&M University at least 4 days after 

irradiation to prevent excessive stress to the animal.  Mice assigned to gamma radiation 

were irradiated at Texas A&M University.  

2.1.4. Euthanasia & Tissue Collection 

Animals were euthanized using carbon dioxide or 3-4% isoflurane inhalation 

followed by cervical dislocation.  Blood was collected via cardiac puncture after 

thoracotomy.  Left and right femora and tibiae were collected and stored appropriately 

for analyses, as described below.  
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2.1.5. Serum Analysis of TNFα 

Immediately following collection at termination, whole blood was centrifuged at 

4°C at 1500g for 15 minutes and serum was separated and stored at -80°C until analysis.  

Serum TNFα was measured in a quantitative immunoassay ELISA (R&D Systems, 

Minneapolis, MN, USA) for all time points. Calculation of results was carried out 

according to manufacturer’s guidelines.  Serum TNFα was assessed across all 

termination timepoints.  

2.1.6. Micro-computed Tomography 

Micro-computed tomography (μCT) was performed at the distal metaphysis and 

mid-diaphysis of the right femur using a high-resolution imaging system (μCT 50, 

ScanCo, Bruttisellen, Switzerland) to assess bone geometry and microarchitecture.  Left 

femora were fixed in 4% phosphate-buffered formalin and subsequently stored in 70% 

ethanol at 4°C until immediately prior to scanning. Distal and mid-diaphyseal femoral 

regions were scanned at 9 μm isotropic voxel size using 55 kVp, 114 mA, and 200-ms.  

Cancellous bone parameters analyzed include bone volume fraction (BV/TV; %), 

trabecular thickness (Tb.Th; mm), trabecular number (Tb.N; mm-1), trabecular 

separation (Tb.Sp; mm), connective density (Conn.D; mm-3), and volumetric bone 

mineral density (vBMD; g/cm3). Analysis of cancellous bone regions was performed 

using a semi-automated contouring program that separated cancellous from cortical 

bone. Cortical bone was assessed in a 1-mm-long region centered at the mid-diaphysis.  

Cortical bone parameters analyzed include cortical area (Ct.Ar; mm2), cortical thickness 

(Ct.Th; mm), total area (T.Ar; mm2), medullary area (Med.Ar; mm2), periosteal diameter 
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(Peri.Dm; mm), and endocortical diameter (Endo.Dm; mm). Bone was segmented from 

soft tissue using the same threshold for all groups: 245 mg HA/cm3 for cancellous and 

682 mg HA/cm3 for cortical bone.  All scan acquisition and analyses described here are 

in agreement with established guidelines for use of μCT in rodents (12). 

2.1.7. Immunohistochemical Staining of Osteocytes Positive for Proteins of Interest 

Left femora were collected from animals at termination, fixed in 4% phosphate-

buffered formalin for 24 hours and subsequently stored in 70% ethanol at 4°C.  Bones 

were then decalcified in a sodium citrate/formic acid solution for approximately 12 days 

prior to dehydration and processing using a Thermo-Scientific STP 120 Spin Tissue 

Processor and were paraffinized via a Thermo Shandon Histocenter 3 Embedding tool.  

Longitudinal sections of the femur were cut on a Leica microtome (RM2125, Leica, 

Wetzlar, Germany) to approximately 5 μm thickness, mounted on positively charged 

slides, and baked overnight at 37°C.  Slides were later stained for proteins of interest 

using an avidin-biotin method.  Briefly, heat-mediated antigen retrieval was performed 

when specified by manufacturer instructions using 1% triton in phosphate-buffered 

saline.  Samples were rehydrated, peroxidase inactivated using 3% H2O2/methanol, 

permeabilized using 0.5% Triton-X 100 in phosphate-buffered saline, blocked with 

species-appropriate serum for 30 minutes at room temperature (Vectastain Elite ABC; 

Vector Laboratories, California, USA) and incubated overnight at 4°C with primary 

antibodies: polyclonal rabbit anti-TNFα (1:200; Abcam, Cambridge, UK), polyclonal 

goat anti-Sclerostin (1:150; R&D Systems, Minnesota, USA), and polyclonal rabbit anti-

IGF-1 (1:200; R&D Systems, Minnesota, USA). Sections were incubated at room 
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temperature for 45 minutes with species-appropriate biotinylated anti-IgG secondary 

antibody.  Peroxidase development was performed with an enzyme substrate kit 

(diaminobenzidine [DAB]; Vector Laboratories, California, USA).  Counterstaining was 

conducted with methyl green counterstain (Vector Laboratories, California, USA) for 2.5 

minutes.  Sections were then dehydrated into organic phase and mounted with xylene-

based mounting media (Polysciences, Pennsylvania, USA).  Negative controls for all 

antibodies were completed by omitting only the primary antibody.  Quantification of 

immunohistochemical analyses were performed using OsteoMeasure Analysis System, 

version 3.3 (OsteoMetrics, Inc., Georgia, USA) interfaced with a light microscope and 

CCD camera (DP73, Olympus, Tokyo, Japan).  The proportion of all osteocytes stained 

positively for the protein of interest was quantified in cancellous bone, starting ~500 μm 

from the growth plate within an area of ~4 mm2, and in cortical bone at mid-diaphysis, 

within an area of ~1 mm2  per side, at a magnification of 400x (Figure 2-2). 

 

Figure 2-2. Immunostaining for protein of interest depicting an osteocyte vs. an 
osteocyte positive for the protein of interest. Image taken at magnification of 400x. 
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2.1.8. Marrow Adipocyte Quantification 

Left femora were collected, decalcified, paraffinized and sectioned as described 

in the preceding section.  Slides were subsequently treated with hematoxylin 

counterstain (Vector Laboratories, California, USA) to measure adipocyte volume/total 

volume (AV/TV, %), adipocyte number (#/mm), and average adipocyte size (μm2). 

Briefly, slides were rehydrated, counterstained with hematoxylin for 30 seconds, 

rehydrated and mounted using xylene-based mounting media (Polysciences, 

Pennsylvania, USA).  Histomorphometric analyses were performed using OsteoMeasure 

Analysis System, version 3.3 (OsteoMetrics, Inc., Georgia, USA) interfaced with a light 

microscope and CCD camera (DP73, Olympus, Tokyo, Japan).  A defined region of 

interest was established, starting ~500 μm from the growth plate within an area of ~4 

mm2 at a magnification of 200x. Adipocytes were visually identified and quantified 

manually as previously described (88) (Figure 2-3). 

 

 

 

 

 

 

 

 

Figure 2-3. Histological staining using hematoxylin to visually identify marrow 
adipocytes at the distal femoral metaphysis. Image taken at 200x. 
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2.1.9. Static Histomorphometry 

Static histomorphometry was performed at the distal femoral metaphysis to 

assess relative osteoid and osteoclast surfaces. Distal right femora were fixed in 4% 

phosphate-buffered formalin for 24 hours and subsequently stored in 70% ethanol at 

4°C.  Femora were then subjected to serial dehydration and embedded in methyl 

methacrylate (Sigma-Aldrich, Missouri, USA).  Samples were sectioned on a Leica 

microtome (RM 2255, Leica, Wetzlar, Germany) to approximately 5 μm thickness, 

mounted on gelatinized slides and baked for ~48 hours at 37°C.  Slides were 

subsequently treated with von Kossa stain and tetrachrome counterstain to measure 

osteoid (OS/BS, %) and osteoclast surfaces (OcS/BS, %), relative to total cancellous 

surface. Histomorphometric analyses were performed using OsteoMeasure Analysis 

System, version 3.3 (OsteoMetrics, Inc., Georgia, USA) interfaced with a light 

microscope and CCD camera (DP73, Olympus, Tokyo, Japan).  A defined region of 

interest was established, starting beginning ~500 μm from the growth plate and within an 

area of ~4 mm2 at a magnification of 400x. Osteoid and osteoclast-covered surfaces were 

visually identified and quantified manually. (Figure 2-4). 

Figure 2-4. Histological staining using von Kossa and tetrachrome counter stain to 
visually identify osteoid surface and osteoclast surface relative to bone surface.  
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2.1.10. Statistical Approach 

Statistical analyses were performed on all outcome measures using a two-way 

ANOVA (factors = diet, dose) with each time point and ion species analyzed separately.   

Data was assessed for normality and outliers, defined as any value greater than 2.5 

standard deviations above the mean. An alpha level of 0.10 was set a priori to achieve 

sufficient power (β=0.80) with an n of 4-6 per group.  

2.2. Results 

2.2.1. Serum Analysis of TNFα 

Gamma: A significant interaction of diet x dose was found for serum 

concentration of TNFα in mice exposed to γ radiation at 12 hours (p=0.078), such that 

FOP-fed mice had higher serum TNFα at the highest doses of radiation exposure (Figure 

2-5A).  A significant main effect of diet (p=0.024) was found at 4 weeks.  At 8 weeks, 

there were significant main effects of diet (p=0.001) and dose (p=0.009). FOP-fed mice 

had higher serum TNFα compared to COC-fed mice at all doses except 1.1 Gy and 

serum TNFα levels generally decrease as exposure increases.  In COC-fed mice, serum 

TNFα levels increase modestly with increasing dose of γ radiation.  

Iron: A significant interaction of diet x dose was found in serum concentration of 

TNFα in those mice exposed to 56Fe radiation at 12 hours (p<0.001), 4 weeks (p=0.010), 

and 8 weeks (p=0.007) (Figure 2-5B).  At 12 hours, FOP-fed mice had lower serum 

TNFα at higher doses of 56Fe exposure, in contrast to the impact of γ radiation.  At 4 



 

32 

 

weeks, FOP-fed mice had lower serum TNFα at all doses compared to COC-fed mice.  

At 8 weeks, FOP-fed mice had lower serum TNFα compared to COC-fed mice at all 

doses; serum TNFα levels in COC-fed mice drop as 56Fe exposure increase.  

In the γ cohort, COC-fed mice had generally lower levels of serum TNFα, which 

were increased with radiation, while FOP-fed mice generally had higher levels of serum 

TNFα, which were decreased with radiation. In the 56Fe cohort, COC-fed mice had 

generally higher levels of serum TNFα with a latent effect of lower levels with radiation 

exposure at 8 weeks. 

Figure 2-5. Serum TNFα concentrations (pg/mL) 12 hours, 4 weeks, and 8 weeks 
post-exposure to 3 doses of γ (A) and 56Fe (B) radiation. 
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2.2.2. Micro-computed Tomography Assessment of Bone Geometry & 

Microarchitecture 

Gamma: Four weeks after exposure to γ radiation, no significant effects were 

detected in BV/TV, Tb.N, Tb.Th, Tb.Sp or vBMD at the femoral metaphysis (Table 2-

2).  A significant effect of diet was found for Conn.Dens (p=0.083) where FOP-fed mice 

tended to have lower Conn.Dens than COC-fed mice across radiation dose.  No 

significant effects were detected in T.Ar, Ct.Ar, Med.Ar, Peri.Dm, or Endo.Dm at the 

femoral diaphysis. A significant diet x dose interaction was detected for Ct.Th 

(p=0.042), such that COC-fed mice exhibited generally increased Ct.Th as radiation dose 

increased, while FOP-fed mice generally decreased Ct.Th as radiation dose increased.  

At 8 weeks, no significant effects were detected in Tb.N, Tb.Th, or Tb.Sp.  A diet x dose 

interaction was found for BV/TV (p=0.064) and Conn.Dens (p=0.009), where COC-fed 

mice showed lower values while FOP-fed mice showed higher values as dose increased.  

It’s important to note that values for BV/TV and Conn.Dens are lower in FOP-fed sham 

mice relative to COC-fed shams.  A significant effect of dose was found for vBMD 

(p=0.002), where vBMD was generally lower as radiation dose increased.  No significant 

effects were detected for T.Ar at the diaphysis. A significant diet x dose interaction was 

found for Ct.Ar (p=0.071) and Ct.Th (p=0.047).  Ct.Ar generally increased in FOP-fed 

mice as γ radiation dose increased, while COC-fed mice exhibited decreased Ct.Ar at all 

radiation doses.  Despite the opposite effect of diet and radiation on Ct.Th at 4 weeks, 

Ct.Th was maintained at higher radiation doses in FOP-fed mice and reduced at all 

radiation doses in COC-fed mice.  A significant effect of dose was detected for Peri.Dm 
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Table 2-2. Micro-computed tomography of cancellous bone at the distal femoral metaphysis and cortical bone at the 
femoral diaphysis at 4- and 8-weeks post-exposure to γ radiation. 
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Table 2-3. Micro-computed tomography of cancellous bone at the distal femoral metaphysis and cortical bone at the 
femoral diaphysis at 4- and 8-weeks post-exposure to 56Fe radiation. 
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(p=0.007) and Endo.Dm (p=0.007) such that Peri.Dm increased and Endo.Dm decreased 

as radiation dose increased.  A significant effect of diet was detected for Med.Ar 

(p=0.082) and Endo.Dm (p=0.031), whereby FOP-fed mice had generally higher 

Med.Ar and Endo.Dm 

 Iron: No significant effects were detected in cancellous bone at the metaphysis or 

in T.Ar, Med.Ar, or Peri.Dm. at the diaphysis at 4 weeks after exposure to 56Fe (Table 2-

3).  A significant effect of dose was found for Ct.Ar (p=0.017), Ct.Th (p=0.016), and 

Endo.Dm (p=0.013). Ct.Ar and Ct.Th are higher, across diet, as dose increases. 

Endo.Dm is lower at the low and middle doses of 56Fe.  At 8 weeks, no significant 

interactions or effects were detected in BV/TV, Tb.Sp or Conn.Dens at the metaphysis 

or in T.Ar or Med.Ar at the diaphysis.  However, at 8 weeks post-exposure, a significant 

interaction of diet x dose was found for Tb.N (p=0.078) and Tb.Th (p=0.081) at the 

metaphysis and Peri.Dm (p=0.010) and Endo.Dm (p=0.012) at the diaphysis.  Tb.N and 

Tb.Th are higher as dose increases in FOP-fed mice, and lower as dose increases in 

COC-fed mice. Peri.Dm and Endo.Dm are higher as dose increases in FOP-fed mice 

only.  A significant effect of diet (p=0.069) was found for Conn.Dens, such that FOP-fed 

mice had higher Conn.Dens at sham and middle doses of 56Fe than COC-fed mice. 

In the γ cohort, COC-fed mice had generally lower BV/TV, Conn.Dens, Ct.Ar, 

Ct.Th, Med.Ar, and Endo.Dm than FOP-fed mice, which were lower with radiation in 

COC-fed mice and higher in FOP-fed mice. Interestingly, radiation exposure irrespective 

of diet led to lower vBMD but higher Peri.Dm and Endo.Dm. In the 56Fe cohort, COC-
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fed mice had generally lower Tb.N, Tb.Th, Conn.Dens, Endo Dm. and Peri.Dm than 

FOP-fed mice, with only FOP-fed mice demonstrating gains with radiation exposure. 

2.2.3. Immunohistochemical Staining of Osteocytes Positive for Proteins of Interest 

Gamma: No significant interactions or effects were detected for the percentage of 

osteocytes staining positive for TNFα (%+Ot-TNFα) in cancellous bone at the 

metaphysis 12 hours post-exposure to γ radiation (Figure 2-6 A-B).  A significant 

interaction of diet x dose was detected at 4 weeks (p=0.087) such that FOP-fed mice 

showed higher %+Ot-TNFα at lower doses of radiation, but a decrease as dose 

increased.  COC-fed mice showed lower %+Ot-TNFα at lower doses of radiation, but an 

increase as dose increased.  In cortical bone at the mid-diaphysis, a significant 

interaction of diet x dose was found at 12 hours (p=0.065) and 4 weeks (p=0.092), with 

no significant interaction or effects at 8 weeks.  At both 12 hours and 4 weeks, %+Ot-

TNFα in FOP-fed mice was lower as dose increased and in COC-fed mice %+Ot-TNFα 

was higher as dose increased.  

Iron: No significant interactions or effects were detected in %+Ot-TNFα in 

cancellous or cortical bone at 4 and 8 weeks with exposure to 56Fe (Figure 2-6 C-D).  In 

cancellous bone at the metaphysis at 12 hours, a significant interaction of diet x dose 

(p=0.081) was found.  FOP-fed mice had higher %+Ot-TNFα at lower doses of radiation 

and lower %+Ot-TNFα at the highest dose.  COC-fed mice had lower %+Ot-TNFα at the 

lowest dose of radiation only.  In cortical bone at the mid-diaphysis at 12 hours, there 

was a significant interaction of diet x dose (p=0.016), such that across diets %+Ot-TNFα 

was higher at lower doses of radiation and decreased as radiation increased.  FOP-fed  
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Figure 2-6. Percentage of osteocytes staining positive for TNFα 12 hours, 4 weeks, 
and 8 weeks post exposure to γ radiation in cancellous (A) and cortical bone (B) 

and 56Fe in cancellous (C) and cortical bone (D). 
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mice had higher %+Ot-TNFα with sham and low radiation exposure, but lower at middle 

and higher doses. 

In the γ cohort, COC-fed mice had generally a lower %+Ot-TNFα than FOP-fed 

mice, which was higher with radiation in cancellous bone. Interestingly, in the 56Fe 

cohort, minimal differences were detected between groups. 

Gamma: No significant interactions were detected at 12 hours or 8 weeks in 

%+Ot-Scl in cancellous bone or at all time points in cortical bone with γ radiation 

exposure (Figure 2-7 A-B).  At 4 weeks in cancellous bone at the metaphysis, %+Ot-Scl 

showed a significant effect of diet (p=0.082), such that FOP-fed mice had lower %+Ot-

Scl with sham and low radiation exposure.   

Iron: No significant interactions were detected at all time points in %+Ot-Scl in 

cancellous bone or at 12 hours of 8 weeks in cortical bone with exposure to 56Fe (Figure 

2-7 C-D).  At 4 weeks in cortical bone at the mid-diaphysis, %+Ot-Scl showed a 

significant effect of dose (p=0.079), such that across diets %+Ot-Scl was lower as dose 

increased.  

Iron: No significant interactions or effects were detected in %+Ot-IGF-1 in 

cortical or cancellous bone with exposure to 56Fe at 4 weeks (Figure 2-8 A-B).  At 8 

weeks, %+Ot-IGF-1 in cancellous bone at the metaphysis revealed significant effects of 

dose (p=0.067) and diet (p=0.082); FOP-fed mice showed a higher %+Ot-IGF-1 at low 

and middle doses of 56Fe than COC-fed mice. At 8 weeks, %+Ot-IGF-1 in cortical bone  

at the mid-diaphysis showed a significant effect of dose (p=0.079). Across diets, %+Ot-

IGF-1 generally increases with radiation dose. 
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Figure 2-7. Percentage of osteocytes staining positive for sclerostin 12 hours, 4 
weeks, and 8 weeks post exposure to γ radiation in cancellous (A) and cortical bone 

(B) and 56Fe in cancellous (C) and cortical bone (D). 
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2.2.4. Marrow Adipocyte Quantification 

Iron: No significant interactions or effects were detected in AV/TV or average 

adipocyte area at 4 or 8 weeks in mice exposed to 56Fe (Figure 2-9 A-D).  Adip.N at 4 

weeks showed a significant effect of dose (p=0.096) such that adipocyte number was 

highest across diet at the highest dose of 56Fe.  

2.2.5. Histomorphometric Analysis of Relative Osteoid and Osteoclast Surfaces 

Gamma: No significant interactions or effects were detected in OS/BS at 4 weeks 

or Oc.S/BS at 4- or 8-weeks post exposure to γ radiation (Figure 2.10 A-B).  At 8 weeks, 

a significant interaction of diet x dose (p=0.072) was found in OS/BS, such that in FOP- 

Figure 2-8. Percentage of osteocytes staining positive for IGF-1 at 4- and 8-weeks 
post exposure to 56Fe radiation in cancellous (A) and cortical bone (B). 
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 Figure 2-9. Quantification of marrow adiposity 4 weeks, and 8 weeks post exposure 
to 56Fe radiation at the femoral metaphysis via adipocyte volume/total volume (A), 

adipocyte number per mm2 (B) and adipocyte area (µm2) (C). Representative 
images at 40 and 200x (D). 
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Figure 2-10. Assessment of osteoid and osteoclast surface relative to bone surface 4- 
and 8-weeks post exposure to γ (A, B) and 56Fe radiation (C, D). 
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fed mice, OS/BS decreases as dose increases and in COC-fed mice, OS/BS increases 

with dose.  

Iron: No significant interactions or effects were detected in OS/BS at 4 weeks or 

OcS/BS at 4- or 8-weeks post exposure to 56Fe (Figure 2.10 C-D).  At 8 weeks, a 

significant effect of dose (p=0.028) was found in OS/BS, such that OS/BS generally 

decreases as dose increases, except in FOP-fed mice with exposure to 0.25 Gy 56Fe.   

2.3. Discussion 

We hypothesized that a diet high in omega-3 fatty acids would mitigate 

radiation-induced bone loss by reducing the generation of inflammatory cytokines in 

bone osteocytes and serum. Interestingly, we observed very little to no negative impact 

of these radiation exposures on bone mass and microarchitecture up to 8 weeks after 

exposure.  In fact, at the lower doses (0.1 and 0.25 Gy) of 56Fe, FOP-fed mice exhibited 

gains in diaphyseal cortical bone area and thickness at 4 weeks.  These gains were not 

maintained at 8 weeks following exposure, though periosteal and endocortical diameters 

remained larger for those two doses in FOP-fed mice.  These findings suggest that new 

bone formed at the periosteal surface was maintained even as some bone was lost at the 

endocortical envelope, as evidenced by larger endocortical diameters.  Further, exposure 

to γ radiation in FOP-fed mice resulted in consistent gains in cortical thickness and area, 

with diet specific growth on medullary area and endocortical diameter. 

Much of the previously published literature examining the impact of γ radiation 

on bone microarchitecture and geometry report significant detriments to cancellous bone 
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with minimal impact on cortical bone.  Studies utilizing 1-2 Gy γ radiation have reported 

~20% decreases in bone volume fraction, ~10% increase in trabecular separation, and 

mixed reports on decreased trabecular number and connective density (5, 41, 66) – these 

changes would likely be disadvantageous against compressive forces at the femoral 

metaphysis.  Notably, these same studies report no impact of 0.1 or 0.5 Gy γ radiation on 

bone, in contrast to the data reported here elucidating a positive impact of 0.2-2.0 Gy γ 

radiation on both cancellous and cortical bone, particularly in mice fed a diet high in 

omega-3 fatty acids.  Bokhari et al. reported similar positive impacts of γ radiation on 

bone in ~48-week-old female C57Bl/6 mice; it’s important to note, in contrast to our 

study, this study utilized continuous, low dose, and low-dose rate methodologies totaling 

0.175 Gy over 28 days, which may exert very different biological effects than acute 

exposures (9). Ours and Bokhari et al.’s findings are consistent with recently published 

data that space-relevant radiation may have neutral or even positive impacts on bone 

integrity (9, 10).  A potential explanation for the differences in radiation impact on bone 

in our and Bokhari and colleagues work may be animal age at irradiation, as the majority 

of studies utilize animals less than 4 months in age (9, 10).  

Studies investigating the impact of 56Fe on bone outcomes primarily use doses 

over 1 Gy, which is more applicable to radiation exposure due to a solar flare than to that 

from GCR. Dosing of 2 Gy 56Fe typically decreases cancellous bone volume fraction by 

~31-34% with variable results on decrements to trabecular number and thickness, and 

connective density (2, 41).  One study by Alwood et al. examined the impact of 0.5 Gy 

56Fe on 16-week-old male mice 5 weeks after irradiation (2); bone volume fraction 
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declined by ~16% relative to sham controls, with no other impact to cortical or 

cancellous parameters.  Conversely, Bokhari et al. exposed 4 month old female mice to 

0.5 Gy 56Fe and found improved cancellous microarchitecture, specifically increases in 

bone volume fraction and trabecular number and thickness, 21 days post-exposure; 

cortical geometry was not assessed (10).  Our study showed no impact to bone volume 

fraction at 4 or 8 weeks after exposure to up to 0.5 Gy 56Fe across diets.  Trabecular 

number and thickness were lower 8 weeks after radiation exposure in COC-fed mice and 

higher with increasing dose in FOP-fed mice.  Connective density was also improved in 

FOP-fed mice at 8 weeks irrespective of dose.  Surprisingly, cortical area and thickness, 

and endocortical diameter were higher as dose increased at 4 weeks post-irradiation.  

FOP-fed mice exhibited larger endocortical and periosteal diameters as radiation dose 

increased 8 weeks after exposure, which likely increases the resistance to bending at the 

diaphysis as a means to maintain mechanical strength. Together with data from Bokhari 

et al., there appears to be a positive impact of low dose 56Fe exposure to cancellous 

microarchitecture and cortical geometry. We also detected a modest long-term benefit of 

FOP on bone parameters after exposure to 56Fe.  

We did demonstrate, consistent with our hypothesis, that mice fed the FOP diet 

exhibited lower serum TNFα levels after 56Fe exposure than that observed in COC-fed 

mice across radiation doses at all time points.  Interestingly, γ irradiated mice on the 

FOP diet generally had higher serum TNFα than COC-fed mice.  No published data exist 

on the impact of space-relevant doses of single ion irradiation, using γ or 56Fe, on serum 

TNFα levels, nor on the combined impact of FOP and radiation.   
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Despite the key regulatory role of osteocytes in bone, no studies to date have 

described the osteocyte signaling response to space-relevant radiation exposure.  

Comparably, some studies have evaluated marrow cell gene expression in this context,  

which reflects an average response of multiple cell types, indicating increased marrow 

cell gene expression of TNFα in response to 2 Gy of γ radiation within 1 day of 

exposure, persisting up to three days post-exposure (1), with no change after exposure to 

2.0 Gy of 56Fe.  In the current study, assessing the proportion of osteocytes positive for 

TNFα within bone, γ irradiated mice similarly showed a diet x dose effect on %+Ot-

TNFα at 12 hours in cortical bone such that radiation exposure generally increased 

%+Ot-TNFα; though, unlike marrow cell gene expression of TNFα, this impact was still 

evident at 4 weeks in both cortical and cancellous bone.  The FOP diet appeared to 

mitigate the radiation-induced increase, though only in cortical bone.  Interestingly, 56Fe 

exposed mice exhibited at a diet x dose effect on %+Ot-TNFα in both cancellous and 

cortical bone 12 hours after irradiation, with no differences at 4 or 8 weeks.  Differences 

in our results versus previous studies may be due to the dose (2 Gy vs. 0.1-0.5 Gy 56Fe), 

age (16 wks. Vs. 30-50 wks.), and/or sex (male vs. female), as well as the method of 

analysis (immunostaining vs. QT-PCR), among other factors.   

Sclerostin, a downstream target of TNFα and a negative regulator of bone 

formation, would be expected to show a similar pattern to TNFα.  However, sclerostin 

and SOST gene transcription are influenced by a number of proteins, such as RUNX2 

and bone morphogenic proteins, which in turn can be influenced by radiation exposure. 

Gamma irradiated mice showed no differences in %+Ot-Scl between groups, though a 



 

48 

 

significant effect of diet was detected such that FOP-fed mice had a lower percentage of 

Scl-positive osteocytes.  Macias et al. irradiated female mice with 0.17-1 Gy X-rays and 

did not detect changes in %+Ot-Scl at 3 weeks post-exposure (70). Surprisingly, in our 

study, 56Fe mice at 4 weeks post showed a significant effect of dose, such that %+Ot-Scl 

decreased as dose increased, in cortical bone – a reduction in sclerostin signaling is 

typically associated with greater bone formation rates, which were not assessed in the 

current study.  Macias et al. demonstrated that heavy ion exposure, using 28Silicon, 

increased sclerostin-positive osteocytes in cortical bone (70). However, limited 

comparisons can be made as different strains of mice and different ion species were 

used.  

Only FOP-fed mice exposed to 56Fe exhibited increased %+Ot-IGF-1 in 

cancellous bone; however, in cortical bone, radiation exposure increased %+Ot-IGF-1 

irrespective of diet.  IGF-1 is increased in serum 8 weeks post-exposure to 1.6 Gy 56Fe 

(107) and may be indicative of an anabolic effect in bone (75).  This outcome is 

consistent with the modest improvement in microarchitecture observed in 56Fe-exposed 

FOP-fed mice and may play a role mechanistically.  Recent evidence has suggested that 

low dose radiation may be beneficial for bone, specifically as assessed 3 weeks after 

exposure to 0.5 Gy 56Fe (10), though longer-term effects have not been elucidated.  

Further, few studies have evaluated the impact of space-relevant radiation on IGF-1 and 

bone.  More research is required to determine the role of IGF-1 and osteocyte signaling 

in the bone response to radiation.   
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Few data exist on the response of bone marrow adipose tissue to space relevant 

radiation.  In this study, number of adipocytes per mm2 increased as 56Fe dose increased, 

irrespective of diet.  Clinical doses of radiation used in cancer therapy (e.g. 8 Gy) lead to 

increases in marrow adipocyte number, but not size, suggesting a possible increase in 

adipogenic capacity without an increase in fat storage (21).  Radiation exposure may 

damage stem cell progenitors in the bone marrow niche, potentially causing a damage-

induced increase in adipogenic capacity as a result of pushing stem cell differentiation 

away from osteogenesis and towards adipogenesis (18).  Acute exposure to 1 Gy of γ 

radiation decreased adipocyte differentiation, assessed via decreased number of colony 

forming units, at three days post-exposure, but increased differentiation at three weeks 

post (66), suggesting only a transient decrement in adipogenic capacity.  However, it 

remains unknown if chronic exposure to low dose radiation impacts adipogenic capacity 

in the same manner.   

Osteoclast activity is significantly increased at 3 days post-exposure to 2 Gy of x-

rays, but decreased by 1 week post (121–123).  Similarly, Lima et al. demonstrated 

increased primary osteoclast differentiation, assessed via increased number of colony 

forming units, alkaline phosphatase activity, and number of mineralized nodules, at 3 

days after exposure to 1.0 Gy of x-rays, which was no longer apparent at 3 weeks (66).  

Our data reveal no differences in relative osteoclast surface at 4- or 8-weeks after 

exposure to γ and 56Fe, supporting previous data suggesting that the increase in 

osteoclast activity is likely transient following acute exposure.  
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At 8 weeks in all 56Fe irradiated mice, relative osteoid surface was lower as 

radiation dose increased, which is consistent with data supporting decreases in osteoblast 

production and differentiation following irradiation, leading to decreased mineralization 

and osteoid surface (122, 123).  Interestingly, at 8 weeks post-exposure in γ irradiated 

mice, COC-fed mice exhibited increased relative osteoid surface with radiation dose, 

while FOP-fed mice showed an inverse relationship. Mechanistically, it is unclear why 

FOP-fed mice have lower relative osteoid surface, indicative of depressed bone 

formation, after radiation exposure than COC-fed mice. These same mice exhibited 

significant improvements in cancellous microarchitecture, suggesting either increased 

bone formation and/or decreased bone resorption activity sometime after radiation 

exposure. Further, high dietary omega-3 fatty acid intake is usually associated with 

attenuated reductions in bone mineral density and reduced inflammation (7, 118). 

There exist several limitations to this study.  First, due to the extensive breeding 

challenges, there is a relatively small number of animals per group.  A larger number per 

group would improve the applicability and statistical power of this study and should be 

considered for future experiments.  Second, due to methodological limitations in space 

radiation research, ion species must be simulated separately.  A mixed beam with more 

precise approximations of GCR composition would a more accurate simulation of actual 

GCR effects on bone outcomes; however, this is not currently feasible for the high-

energy ion species in one exposure, nor for continuous exposures.  Third, anticipated 

GCR exposure during future planetary missions will involve continuous exposure to 

HZE ions at very low dose rates.  Currently, it is impossible to expose animals to HZE 
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ions generated only in accelerator beams for hours or days at a time.  Differences in dose 

rates across minutes to days alters the biological impact of radiation exposure, as acute 

and chronic inflammatory responses may lead to different long-term outcomes.  For 

example, our lab has previously shown an anabolic effect of very low dose-rate, 

continuous gamma, in contrast to literature demonstrating significant detriments after 

exposure to 2.0 Gy gamma radiation (9, 10, 41, 122).  As technology progresses, the 

ability for research to more closely mimic space-relevant radiation will undoubtedly 

improve. Lastly, bone loss occurs with aging, leading to low baseline bone volumes in 

older animals, like those used in this study (35). Low bone volumes can mask 

differences between groups, as well as experimental impacts (12).   

Despite these limitations, this study provides valuable new information.  First, it 

provides important preliminary data on the role of osteocytes in the radiation-induced 

inflammatory response, which is largely unknown.  This study is the first to describe 

osteocyte signaling in response to space-relevant doses of γ and 56Fe radiation.  Second, 

the capacity for a diet high in omega-3 fatty acids to mitigate the inflammatory response 

in the context of radiation exposure has not been characterized.  This study is the first to 

elucidate, at a microscopic level, the impact on bone parameters.  Further research 

should be done to elucidate the impact of FOP and radiation on bone outcomes in male 

mice, with continuous radiation exposure, and with mixed ion radiation, among others.  

In conclusion, we did not generally demonstrate a negative impact of acute, low-dose 

exposure to γ or 56Fe radiation, though we did demonstrate mitigation of increased serum 

levels of TNFα with a diet high in omega-3 fatty acids.   



52 

 

3. DIET ALTERATIONS, WITH AND WITHOUT FECAL MICROBIAL 

TRANSPLANTS, TO RESCUE BONE QUALITY IN DIET-INDUCED OBESITY 

 

The purpose of Study 2 (S2) was to determine if alterations in diet, with and without 

supplementation of microbiota from healthy mice, can rescue bone quality.  These aims 

seek to explore the ability for diet and microbiota supplementation to reverse the 

negative effects of a pro-inflammatory obesogenic diet on bone. We hypothesized that a 

change in diet to a low-fat diet, in conjunction with microbiota supplementation, can 

mitigate the negative impacts of diet-induced obesity on bone in exercising mice. The 

sections below detail the methodologies that have been performed.    

3.1. Methods 

Male 5-week-old C57BL/6J mice (n=10/group) were purchased from Jackson 

Laboratories (Bar Harbor, ME) and randomly assigned to low-fat (LF) or high fat, high 

sugar (HFS) diets for 12 weeks (Figure 3-1).  All mice were provided access to a running 

Figure 3-1. S2 Experimental Timeline 
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wheel.  After 12 weeks on initial diet assignments, HFS-fed mice were subsequently 

randomized to one of three treatment groups for the next 4 weeks: LF diet with fecal 

microbial transplants (FMT) (HFS/LF+), LF diet with sham FMT (HFS/LF), and HFS 

diet with FMT (HFS/HFS+).  Mice originally on the LF diet (LF/LF) were assigned to 

receive sham FMT’s and remained on the LF diet.  Treatment groups are designed to 

investigate the impact of combined diet alterations and supplementation with “healthy” 

microbes, diet alterations only, and supplementation with “healthy” microbes only, 

respectively.  Body mass and composition, food and water intake, and fecal pellets were 

collected weekly and wheel running indices were assessed daily.  Animals were 

terminated at 23 weeks of age.   

This study was approved and followed procedures set by the Texas A&M 

Institutional Animal Care and Use Committee.  All animals were individually housed in 

the university vivarium with 12-h light/dark cycles.  

3.1.1. Diet 

Animals were randomly assigned to one of two ad libitum diets: a standard 

rodent, low-fat (LF) diet consisting of 4% fat, 25.2% protein, 39.5% carbohydrate, 3.3% 

crude fiber, and 10% neutral fiber (Diet 8604, Harland Labs, Houston, TX) or a high fat, 

high sugar (HFS) diet consisting of 45% fat, 20% protein, 35% carbohydrate, and 5% 

fiber, with a 20% fructose solution as a replacement of regular drinking water (Diet 

D12451, Research Diets, Inc., New Brunswick, NJ).  The HFS diet is intended to 

simulate a diet composition worse than the average United States citizen in terms of fat 

and sugar content.  The average US citizen’s diet is composed of ~48.5% carbohydrate, 
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~15.5% protein and ~33% fat, with ~10% of total calories coming from fructose (20, 

77).  High fat and fructose-rich diets have independently been shown to exert a negative 

impact on bone biology, but no studies to date have examined the combined effect using 

an overfeeding model.  The control, low-fat diet utilized in this study is the standard 

chow diet provided by the University Vivarium and is designed to provide the necessary 

nutrients to maintain animal health.  

Caloric intake was assessed at the beginning and end of each week by weighing 

food and fluid intake using an electronic scale. Calories from fluid intake were converted 

for regular drinking water as 0 kcal per gram and for the 20% fructose solution as 0.8 

kcal per gram. Total caloric intake (kcal) was assessed for the 4-week treatment period 

(Week 13-Week 17) by summing calories from food and fluid intake.  

3.1.2. Voluntary Wheel Running 

All mice were provided access to a running wheel for the duration of the study.  

Voluntary wheel running is a commonly used methodology in rodents, akin to aerobic 

exercise in humans (29). Unlike forced treadmill running, voluntary wheel running leads 

to improved aerobic health without inducing a chronic stress response (24). 

Running wheels had a 410 mm circumference and solid running surface (Kaytee, 

Chilton, WI, USA).  Bicycle computers (BC8.12, Sigma Sport, Batavia, IL, USA) were 

attached to the top of the animal cage with the magnetic sensor pointing downwards 

towards the running wheel and a magnet was glued to the outside rim of the running 

wheel.  Activity data, specifically distance (km/day), duration (min/day), and 
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speed(m/min) were recorded every 24 hours for the duration of study. Wheels were 

assessed for proper function and sensor alignment daily.  

3.1.3. Body Composition 

Body weight and composition were assessed weekly in all mice in S2 beginning 

at 5 weeks of age.  Body weight was assessed using an electronic scale.  Body 

composition, specifically fat and lean mass, were assessed weekly using an MRI 

designed for use in rodents (EchoMRI, Texas, USA).  

3.1.4. Fecal Pellet Collection & Microbial Transplantation 

During weekly body composition assessments, fresh fecal pellets were collected.  

Mice were placed individually into empty, sterilized cages and pellets were collected in 

sterile cryotubes immediately after passing.  Cryotubes were then flash frozen and stored 

at -80°C.  Fecal pellet collection was completed weekly for the duration of the study.  

At the onset of the treatment period at Week 14, mice were randomly assigned to 

receive FMT’s from donor mice or a sham transplant using buffer solution only for 4 

weeks.  Transplants were conducted at the start of each week for the duration of the 

treatment period, resulting in a total of 4 transplants per mouse. Fecal pellets used in the 

FMT were collected from the mice continuously assigned to the LF diet (LF/LF).  One 

pellet from each donor mouse (n=10) was mixed in an anaerobic tube filled with 500 ml 

of pre-reduced phosphate buffered saline and cysteine.  The fecal solution (150 µl) was 

inserted into the stomach of each mouse assigned to the transplant groups via oral 

gavage.  Mice assigned to receive sham FMT’s were given pre-reduced phosphate 
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buffered saline and cysteine (150 µl) via oral gavage to match the stress incurred from 

additional handling and stomach filling.   

3.1.5. Euthanasia & Tissue Collection 

Animals were euthanized using 3-4% isoflurane inhalation followed by cervical 

dislocation.  Left and right femora and tibiae were collected and stored appropriately for 

analyses. Whole and proximal femora collected for mechanical testing and micro-

computed tomography were wrapped in gauze soaked in phosphate-buffered saline and 

stored at -20°C. Whole tibiae and distal femora collected for histology were fixed in 4% 

phosphate-buffered formalin for 24 hours and subsequently stored in 70% ethanol at 

4°C.  

3.1.6. Micro-computed Tomography 

Micro-computed tomography (μCT) was performed at the distal metaphysis and 

mid-diaphysis of the right femur using a high-resolution imaging system (Sky Scan 

1172, Bruker, Massachusetts, USA) to assess bone geometry and microarchitecture.  

Distal and mid-diaphyseal femora regions were scanned at 6 μm isotropic voxel size 

using a 0.5 aluminum filter. Analysis of cancellous microarchitecture was performed 

with a 1 mm region beginning proximal to the growth plate and excluding cortical bone. 

Cancellous bone parameters analyzed include bone volume fraction (BV/TV; %), 

trabecular thickness (Tb.Th; mm), trabecular number (Tb.N; mm-1), and trabecular 

spacing (Tb.Sp; mm).  Analysis of cortical geometry was assessed across 5 slices located 

~2.5 mm proximal to the growth plate in the distal femur.  Cortical bone parameters 

analyzed include cortical area (Ct.Ar; mm2), cortical thickness (Ct.Th; mm), and polar 
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moment of inertia (pMOI; mm4). Scan acquisition and analyses were conducted 

according to established guidelines for use of μCT in rodents (12). 

3.1.7. Mechanical Testing 

Mechanical testing was performed using a standard desktop test machine sized 

for rodent bone (Instron 3345, Instron, Massachusetts, USA) to assess femur mechanical 

properties at the mid-diaphysis via 3-point bending to failure and at the femoral neck via 

compressive loading.  Load–displacement data were recorded at 50 Hz and analyzed 

using Bluehill software (v2.14.582, Instron Bluehill, Massachusetts, USA).  Data were 

processed post hoc using a custom-written MATLAB program (R2015a v8.5.0.197613, 

The MathWorks, Inc., Massachusetts, USA) to generate outcomes using force–

displacement curves. Prior to mechanical testing, bones were thawed at room 

temperature.    

3.1.7.1. 3-Point Bending to Failure 

Anterior-posterior and medial-lateral diameters at the mid-diaphysis of femora 

were measured using digital calipers. Femora were placed on two lower metal support 

pins, ~10 mm apart, with the upper loading pin centered on the mid-diaphysis.  Quasi-

static loading was applied to the mid-diaphysis at a displacement rate of 2.5 mm/min, at 

50% of total bone length, with a 100-N load cell until complete fracture.  Load 

displacement data was collected to assess structural (stiffness, N/mm; maximum force, 

N; yield force, N; energy to yield, mJ; energy to fracture, mJ) and material (elastic 

modulus, GPa; yield stress, MPa; ultimate stress, MPa; toughness, mJ/mm3) properties. 

MATLAB analysis determined the structural variables described above. Stiffness was 
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defined to be the slopes of the elastic linear portion of the loading curve. Maximum 

force was designated as the largest force achieved throughout the test. Parameters 

relating to energy-absorbed were determined as the area under the load–displacement 

curve. Material properties were estimated by normalizing structural properties for bone 

geometry using the mid-diaphysis bending cross-sectional moment of inertia (CSMI), 

the anterior-posterior surface diameter at the mid-diaphysis, and the support span 

distance. CSMI was estimated as half of pMOI determined by µCT. Classical beam 

theory was applied to estimate the material properties. 

3.1.7.2. Femoral Neck Compression Test 

Proximal femora were placed in machined holes matched to bone size in a rigid, 

aluminum fixture, such that the femur was secured up to the lesser trochanter and 

oriented with the main axis of the shaft, oriented vertically, throughout the test.  Quasi-

static loading was applied to the femoral head through a flat cylindrical platen in a 

direction parallel to the femoral shaft at a displacement rate of 2.5 mm/min until 

complete fracture.  Load displacement data was collected to assess maximal 

compression strength (N).   

3.1.8. Static Histomorphometry 

Static histomorphometry was performed at the distal femoral metaphysis 

[dynamic indices of bone formation activity could not be collected to prevent excessive 

stress to the animals, given stress induced via oral-gavage, and wheel-running indices as 

the primary outcome of the parent study]. Distal femora were subjected to serial 

dehydration and embedded in methyl methacrylate (Sigma-Aldrich, Missouri, USA).  
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Longitudinal sections were cut to approximately 5 μm thickness using a Leica 

microtome (RM 2255, Leica, Wetzlar, Germany), mounted on gelatinized slides and 

baked for ~48 hours at 37°C.  Slides were subsequently treated with von Kossa stain and 

tetrachrome counterstain to assess osteoid (OS/BS, %) and osteoclast surfaces (OcS/BS, 

%), relative to total cancellous bone surface. Histomorphometric analyses were 

performed using OsteoMeasure Analysis System, version 3.3 (OsteoMetrics, Inc., 

Georgia, USA) interfaced with a light microscope and CCD camera (DP73, Olympus, 

Tokyo, Japan).  A defined region of interest was established starting ~500 μm from the 

growth plate and within area of ~4 mm2 at a magnification of 400x (See Fig. 2-2). 

3.1.9. Immunohistochemistry 

Right tibiae were decalcified in a sodium citrate/formic acid solution for 

approximately 12 days prior to dehydration and processing using a Thermo-Scientific 

STP 120 Spin Tissue Processor and were paraffinized via a Thermo Shandon 

Histocenter 3 Embedding tool.  Longitudinal sections were cut to approximately 5 μm 

thickness using a Leica microtome (RM 2255, Leica, Wetzlar, Germany), mounted on 

positively charged slides and baked overnight at 37°C.  Slides were later stained for 

proteins of interest using an avidin-biotin method.  Briefly, heat-mediated antigen 

retrieval was performed when specified by manufacturer instructions using 1% triton in 

phosphate-buffered saline.  Samples were rehydrated, peroxidase inactivated using 3% 

H2O2/methanol, permeabilized using 0.5% Triton-X 100 in phosphate-buffered saline, 

blocked with species-appropriate serum for 30 minutes at room temperature (Vectastain 

Elite ABC; Vector Laboratories, California, USA) and incubated overnight at 4°C with 
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primary antibodies: polyclonal rabbit anti-TNFα (1:200; Abcam, Cambridge, UK), 

polyclonal goat anti-Sclerostin (1:150; R&D Systems, Minnesota, USA), polyclonal 

rabbit anti-IGF-1 (1:200; R&D Systems, Minnesota, USA), and polyclonal goat anti-

IFNγ (1:150; R&D Systems, Minnesota, USA).  Sections were incubated at room 

temperature for 45 minutes with species-appropriate biotinylated anti-IgG secondary 

antibody.  Peroxidase development was performed with an enzyme substrate kit 

(diaminobenzidine [DAB]; Vector Laboratories, California, USA).  Counterstaining was 

conducted with methyl green counterstain (Vector Laboratories, California, USA) for 2.5 

minutes.  Sections were then dehydrated into organic phase and mounted with xylene-

based mounting media (Polysciences, Pennsylvania, USA).  Negative controls for all 

antibodies were completed by omitting the primary antibody. Immunohistochemical 

analyses were performed using OsteoMeasure Analysis System, version 3.3 

(OsteoMetrics, Inc., Georgia, USA) interfaced with a light microscope and CCD camera 

(DP73, Olympus, Tokyo, Japan).  The proportion of all osteocytes stained positively for 

proteins of interest were quantified in the cancellous bone, starting ~500 μm from the 

growth plate and within area of ~4 mm2, and in the cortical bone at mid-diaphysis, 

within an area of ~1 mm2  per side, at a magnification of 400x (See Fig. 2-3). 

3.1.10. Marrow Adipocyte Quantification 

Right tibiae were collected, decalcified, paraffinized and sectioned as described 

in the preceding section.  Slides were subsequently treated with hematoxylin (Vector 

Laboratories, California, USA) counterstain to measure adipocyte number (#/mm) and 

average adipocyte size (μm2). Briefly, slides were rehydrated, counterstained with 
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hematoxylin for 30 seconds, rehydrated and mounted using xylene-based mounting 

media (Polysciences, Pennsylvania, USA).  Histomorphometric analyses were performed 

using OsteoMeasure Analysis System, version 3.3 (OsteoMetrics, Inc., Georgia, USA) 

interfaced with a light microscope and CCD camera (DP73, Olympus, Tokyo, Japan).  A 

defined region of interest was established starting ~500 μm from the growth plate and 

within area of ~4 mm2 at a magnification of 200x (See Fig. 2-4).  

3.1.11. Statistical Approach 

Statistical analyses were performed on all outcome measures using a two-way 

ANOVA (factors = diet, treatment). An alpha level of 0.05 was set a priori to achieve 

sufficient power (β=0.80) with an n of 10 per group.  Tukey’s post-hoc test was 

employed if the p-value was less than or equal to 0.05.   

3.2. Results 

Data on body mass, body composition, caloric intake, wheel running indices, and 

microbiota are reported in full in the dissertation of Ayland C. Letsinger (63). Briefly, 

total body weight (TBW) and fat mass (FM) at termination were ~26% and ~270% 

higher, respectively, in HFS/HFS+ mice, as compared to mice switched from the HFS 

diet, and ~41% and ~440% higher, respectively, versus LF/LF mice (p<0.001). 

HFS/LF+ and HFS/LF mice reduced TBW by ~20% and FM by ~60 versus LF/LF and 

HFS/HFS+ mice (p<0.001) from Week 13 to Week 17.  Total caloric intake from Week 

13-17 was reduced in HFS/LF+ and HFS/LF mice by ~20% versus LF/LF and ~40% 

versus HFS/HFS+, with HFS/HFS+ consuming ~30-60% greater calories per day than 

all other groups (p<0.018).  Wheel running indices reveal increases (% change from 
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Week 13-17) in duration (+55-85%), distance (+40-94%), and speed (+20-29%) in 

HFS/LF+ and HFS/LF mice compared with LF/LF and HFS/HFS+ mice (p<0.011).  At 

Week 13, microbial composition in LF/LF mice differed from all other groups. At Week 

17, microbial composition in groups switched to the LF diet were consistent with that of 

continuously LF-fed mice at termination, while microbial composition differed in 

continuously HFS-fed mice. In sum, mice switched from the HFS diet exhibited 

significant reductions in TBW, FM, and total caloric intake and increases in running 

distance, duration, and speed, while continuous LF and HFS-fed mice maintained these 

metrics. 

3.2.1. Micro-computed Tomography Assessment of Bone Geometry and 

Microarchitecture 

Cancellous microarchitecture and cortical geometry were improved only in mice 

continuously fed the HFS diet, with gain of cancellous bone mass of greater magnitude. 

Trabecular BV/TV (+85-108%, p<0.001), Tb.Th (+14-19%, p<0.001), and Tb.N (+50-

75%, p<0.001) were higher and Tb.Sp (-17-19%, p<0.001) was lower in HFS/HFS+ 

compared to all other groups (Figure 3-2 A-D At the mid-diaphysis,  LF/LF mice had 

~8% lower T.Ar versus HFS/HFS+ mice only (p=0.022) and ~17% lower pMOI versus 

all groups (p=0.008)  (Figure 3-3 A,C). Ct.Th was not different among groups (p=0.068) 

(Figure 3-3 B). Interestingly, groups switched from the HFS diet were consistent with 

continuously LF-fed mice on all cancellous and cortical parameters, except pMOI, where 

these mice maintained higher pMOI consistent with continuously HFS-fed mice.  
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Figure 3-2. Cancellous microarchitecture at the distal femoral metaphysis. A) Bone 
volume/total volume, BV/TV (%); B) Trabecular Thickness, Tb.Th (mm); C) 
Trabecular Separation, Tb.Sp (mm); D) Trabecular Number, Tb.N (#/mm). 

Figure 3-3. Cortical geometry at the femoral diaphysis. A) Total area, T.Ar (mm2); 
B) Cortical Thickness, Ct.Th (mm); C) Polar Moment of Inertia, pMOI (mm4). 
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3.2.2. Material and Structural Properties at the Mid-Diaphysis and Femoral Neck 

HFS/HFS+ mice had ~20% higher maximal compressive load at the femoral 

neck compared to HFS/LF and HFS/LF+ mice (p<0.003), with no difference compared 

to LF/LF mice (Figure 3-4).   

 

Maximum strength (N) at the femoral diaphysis was 15-17% higher in 

HFS/HFS+ mice compared to all other groups (p<0.021) (Table 3-1). Stiffness (N/mm) 

was high~20% higher in HFS/HFS+ mice relative to HFS/LF mice only (p=0.007), with 

no difference between LF/LF (p=0.120) or HFS/LF+ mice (p=0.063). No differences 

were detected between groups in yield force (N), energy to yield (mJ) or energy to 

fracture (mJ). Elastic modulus (GPa) was ~18-22% lower in HFS/LF and HFS/LF+ 

versus LF/LF (p<0.038), though not different from HFS/HFS+ mice. Ultimate stress 

(MPa) was ~~~16% lower in HFS/LF mice versus LF/LF (p=0.034), though not 

different from HFS/LF+ (~14%, p=0.066) or HFS/HFS+ mice. Yield stress (MPa) was 

Figure 3-2. Femoral Neck Compression, assessed as maximal compressive load (N). 
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22% lower in HFS/LF+ mice compared to LF/LF mice only (p=0.038). No differences 

were detected among groups in toughness (mJ/mm3).   

 

3.2.3. Histomorphometric Analysis of Relative Osteoid and Osteoclast Surfaces 

No differences in OS/BS, a marker of bone formation, (p=0.408) or OcS/BS, 

marker of bone resorption, (p=0.059) were found among groups (Table 3-2).  

 

 

 

 

Table 3-2. Static Histomorphometry. Osteoid surface and osteoclast surface relative 
to bone surface. 

Table 3-1. Mid-diaphyseal femur 3-point bending to failure, assessing structural 
and material mechanical properties. 
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3.2.4. Immunohistochemical Staining of Osteocytes Positive for Proteins of Interest 

Immunostaining for TNFα, sclerostin, and IGF-1 in cortical and cancellous bone 

revealed no significant differences among groups (Table 3-3). The percentage of 

osteocytes positive for IFNγ in cancellous bone was ~24% and ~29% higher in HFS/LF+ 

and HFS/LF mice, respectively, compared to HFS/HFS+ mice (p<0.019), with no 

differences observed in cortical bone 

 

3.2.5. Marrow Adipocyte Quantification 

HFS/HFS+ mice had ~40% greater marrow adipocyte size (μm2) versus LF/LF 

mice (p=0.002), with no difference versus HFS/LF+ or HFS/LF mice (Figure 3-5). No 

difference was found in marrow adipocyte number (#/mm) among groups.  

Table 3-3. Immunohistochemistry. Percentage of osteocytes staining positive for 
TNFα, Sclerostin, IGF-1 and IFNγ in metaphyseal cancellous and diaphyseal 

cortical bone. 



 

67 

 

 

3.3. Discussion 

Given the prevalence of diet-induced obesity via consumption of a high fat, high 

sugar diet, across the developed world, along with associated decreases in bone quality, 

it is important to understand the impacts of HFS feeding and potential therapeutic 

interventions.  To this end, we hypothesized a change in diet from HFS to LF, in 

combination with the addition of “healthy” microbes, would rescue bone quality and 

strength from the detrimental impacts of an HFS diet in exercising mice.  Interestingly, 

we found that HFS feeding resulted in remarkably large improvements in cancellous 

bone microarchitecture and structural mechanical properties. It is worth noting here that 

Figure 3-3. Bone Marrow Adiposity.  A) Average number of adipocytes (1/mm2); 
B) Average adipocyte area (μm2); C) Representative images at 200x and 40x. 
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continuously HFS-fed mice weighed nearly twice as much and exercise approximately 

half as much, in terms of distance, duration, and speed, compared to all other groups. 

Given body weight, it would be reasonable to assume that weight-induced mechanical 

loading is greater in continuous HFS-fed mice; however, exercise-induced mechanical 

loading is lower. It is unclear what the actual applied load to the bone is within these 

mice, and whether greater mechanical load or excess calories, or the combination, may 

be responsible. Despite improved bone quantity, but bone quality may be diminished as 

evidenced by the failure to improve femoral neck strength and material mechanical 

properties at the femoral diaphysis.  Notably, diet alterations, with and without FMT’s, 

appears to partially return the bone phenotype to match mice continuously fed the LF 

diet.  

Cancellous microarchitecture, particularly bone volume fraction and trabecular 

number, improved to an unusually large degree in mice continuously fed the HFS diet. 

While cancellous microarchitecture improved only in continuously HFS-fed mice, all 

mice that received the HFS diet during the study retained a higher polar moment of 

inertia than that observed in mice continuously fed a LF diet.  This is particularly 

interesting because polar moment of inertia increased despite no difference in cross-

sectional area or cortical thickness at the diaphysis in mice switched off the HFS diet, 

compared to continuously LF-fed mice. Slightly higher cross-sectional area, despite non-

significance, would require a larger radius of the cross-section, and thus likely explains 

the greater changes in polar moment of inertia, given it is calculated as the radius to the 

fourth power.  Much of the literature in this area utilizes sedentary mice to compare the 
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impact of HF vs. LF feeding. In those studies, cancellous microarchitecture is typically 

negatively altered, specifically decreased bone volume fraction, trabecular number, and 

bone mineral density and increased trabecular separation, while cortical 

microarchitecture is improved, specifically increased cortical cross-sectional area and 

thickness (28, 46, 95, 111, 128). In exercising mice, however, no difference in 

cancellous microarchitecture have been consistently reported between LF and HF-fed 

mice (73, 105, 106). A primary difference between the methodologies used in those 

previous studies and those used here is the use of a high fat, high sugar diet and 

simulated sugar-sweetened beverages versus only high fat feeding. Unlike HF feeding, 

the HFS diet induces overfeeding, as assessed by significantly increased caloric intake in 

HFS versus LF mice, largely versus the addition of simulated sugar sweetened beverages 

(63). Further, both high fat and fructose-rich diets have been shown to independently 

impact skeletal biology at the molecular level, suggesting the combination may have an 

additive effect. Only one published study has investigated recovery of bone quality after 

HF feeding using diet alterations (95), but in sedentary mice. That research group found 

partial recovery in cancellous microarchitecture with diet alterations, but no recovery of 

cortical parameters (95). In contrast, in our study, exercising mice switched to a LF diet 

after 12 weeks of HF feeding exhibited a nearly complete reversal of the unusually large 

gains in cancellous bone volume and microarchitectural variables seen in continuously 

HFS-fed mice, while cortical parameters were largely maintained compared to mice 

continuously fed an HFS diet. These data suggest that, in exercising mice, HFS feeding 

promotes improvements in cancellous and cortical bone quantity. One potential 
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explanation for this is that the combination of mechanical loading via wheel running in 

the context of excess weight and/or increased caloric intake may further promote bone 

anabolism. In contrast, alterations in diet from HFS to LF led to significant reductions in 

total caloric intake, due to the loss of excess calories provided by the 20% fructose 

solution, and large increases in physical activity, likely resulting in a negative energy 

balance in these mice. A short-term energy deficit may have exacerbated the reversal of 

improved cancellous microarchitecture seen in continuously HFS-fed mice. A gradual 

diet transition may be able to mitigate any energy deficit and should be investigated.   

 Maximal compressive load (N) at the femoral neck significantly decreased in 

mice switched off the HFS diet, with and without FMT’s, compared to continuously 

HFS-fed mice only. Interestingly, despite HFS/HFS+ mice weighing ~2x more than 

LF/LF mice, continuously fed HFS mice did not have greater maximal compressive load 

than mice continuously fed the LF diet, suggesting a failure to improve bone quality with 

HFS feeding.  No studies to date have explored the impact of an HFS diet on femoral 

neck strength in exercising mice.  However, a compositionally high fat, high sugar diet, 

utilizing sucrose as the sugar source, for 10 weeks significantly reduced maximal 

compressive load at the femoral neck in young sedentary male mice (45).  Zernicke et al. 

utilized this same diet for 24 months in female rats and found relative femoral neck 

strength (N/g TBW) was significantly lower than that observed in animals on a standard 

chow diet (130), further supporting the concept that despite increased mechanical 

loading, bone quality may be diminished at the femoral neck in diet-induced obesity.    
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 Structural properties at the femoral diaphysis were enhanced in mice 

continuously fed the HFS diet, while material properties were diminished in mice 

switched from the HFS diet. Maximum force at the femur significantly improved in mice 

continuously fed the HFS diet compared to all other groups, though stiffness improved 

only compared to mice switched from the HFS diet without FMTs (HFS/LF). Previous 

studies utilizing HF diets in exercising mice report no differences in mechanical 

properties between LF and HF-fed mice (73, 105), except for decreased stiffness in HF 

mice relative to LF (73). In the current study, elastic modulus was significantly higher in 

mice continuously fed the LF diet compared to mice switched from the HFS diet, with 

and without FMTs, though continuous HFS feeding did not lead to differences. In 

contrast, McCabe et al. showed decreased elastic modulus in exercising HF-fed mice 

versus LF-fed mice after 14 weeks. Ultimate and yield stress were also highest in our 

mice continuously fed the LF diet compared to HFS/LF and HFS/LF+, respectively. The 

apparent differential impact of diet alterations, with and without FMTs, on mechanical 

strength, whereby ultimate stress and maximum force are decreased only in HFS/LF 

mice while yield stress is decreased only in HFS/LF+ mice, is interesting and should be 

investigated further. In sedentary mice, diet alterations from HF to LF have been shown 

to partially rescue mechanical properties, specifically yield load, which is analogous to 

yield force reported here (95). However, our data show a positive impact of HFS-feeding 

and exercise on bone strength, while diet alterations appear to result in lower mechanical 

strength. It’s important to note again here that mice switched from the HFS diet 

significantly reduced total body and fat mass, consumed significantly fewer calories, and 
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significantly increased physical activity in this 4-week span, while continuously LF- and 

HFS-fed mice remained relatively constant in these parameters. Ionova-Martin et al. 

reports diminished material properties with 19 weeks of HF feeding in sedentary mice, 

while structural properties remained unchanged, suggesting a decrease in bone quality 

despite increased bone quantity (46). Our data support a similar trend, whereby 

continuous HFS feeding dramatically increased cancellous bone mass and improved 

cancellous microarchitecture, as well as structural mechanical properties, while 

continuous LF feeding led to the highest values for material properties; though LF/LF 

and HFS/HFS+ mice did not exhibit statistically significant differences.   

Despite significant alterations in microarchitecture, no differences were found 

between groups in relative osteoid surface, an index of bone formation, or in relative 

osteoclast surface, indicative of bone resorption. Mixed results are reported for relative 

osteoid and osteoclast or relative eroded surfaces after HF feeding in sedentary mice, 

showing both decreases and no differences in both parameters in LF-fed sedentary mice 

(4, 111). Only one study reported static histomophometric measures after HF feeding in 

exercising mice, demonstrating no difference in relative osteoblast or osteoclast surfaces 

between LF or HF (60% fat) for 14 weeks in exercising young male C57Bl/6 mice (73).   

Few data exist on the impact of HFS feeding on osteocyte signaling, with no 

studies examining the added impact of exercise. The proportion of osteocytes positive 

for TNFα, sclerostin, and IGF-1 were similar across groups in both cancellous and 

cortical bone. Baek et al. reported significant increases in %+Ot-TNFα in both 

cancellous and cortical bone and in %+Ot-Scl in cortical bone after 12 weeks of 60% HF 
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feeding in young male mice (4).  However, these mice were sedentary and also exhibited 

significant detriments to cancellous microarchitecture and cortical geometry, contrary to 

what we found.  It is likely that the mechanical stimulus of exercise mitigates the 

inflammation-induced stimulus for bone resorption.  Similarly, no differences were 

found in %+Ot-IGF-1, despite numerous studies showing elevated serum IGF-1 with HF 

feeding (46, 126).  Interestingly, %+Ot-IFNγ was significantly lower in cancellous bone 

in mice continuously fed an HFS diet, consistent with data showing improved cancellous 

microarchitecture in this group.  IFNγ has a complex mechanism of action and is capable 

of promoting osteogenic fates of mesenchymal stem cells while exerting a dual effect on 

osteoclast differentiation, such that at different stages IFNγ can either promote or inhibit 

osteoclast differentiation (110).  IFNγ knock-out mice have decreased bone mass 

compared to controls, while IFNγ administration negatively impacts bone in vivo (110).  

Regular exercise stimulates production of IFNγ, increasing serum concentration, and is 

considered anti-inflammatory in this context (3).  Given that, it is unclear why decreased 

IFNγ-osteocyte signaling is associated here with improvements in cancellous 

microarchitecture.   

 Increased marrow adiposity, a factor linked to increased bone fragility, 

specifically via upregulation of adipogenesis, is consistently reported with HF feeding in 

sedentary mice, post-weaning and after skeletal maturity (69, 94, 95, 111, 128).  

Switching to a LF diet after 12 weeks of HF feeding, prevents further infiltration of 

marrow adipocytes (95)s.  Exercise, despite HF feeding, attenuates the diet-induced 

increase in marrow adiposity; even exercising LF-fed mice show attenuated adiposity 
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compared to sedentary counterparts (105, 106).  Styner et al. showed no difference in 

adipocyte volume, number, or size between exercising LF and HF-fed mice (105).  

Interestingly, we found a significant increase in adipocyte size in exercising mice 

continuously fed the HFS diet versus mice continuously fed the LF diet.  The primary 

differences between these studies are the use of 4-week-old female mice and a HF only 

diet, whereas we studied 5-week-old male mice and utilized a HF diet in combination 

with 20% fructose solution in place of regular drinking water.  This led to significant 

increases in total body weight, fat mass, and caloric intake and decreases in physical 

activity not seen in studies utilizing only a HF diet.  

We hypothesized that the addition of FMT’s from healthy, exercising mice 

would have an additional beneficial bone impact when combined with diet alterations.  

However, we did not find any significant differences between HFS/LF+ and HFS/LF 

mice on most bone parameters. Interestingly, we did detect a differential response of 

combined diet alterations and FMT’s on several intrinsic mechanical properties.  This 

should be investigated further, particularly in sedentary mice where the absence of 

mechanical loading may result in a greater impact.  As diet is the primary determinant of 

microbiota composition, alteration to a LF diet may have dominated the net impact on 

microbial composition (38, 47). Both exercise and obesity can directly modulate 

microbiota composition and these effects may have outweighed the impact of fecal 

microbial transplants in animals switched from the HFS to LF diet (114).  

In sum, HFS feeding combined with exercise promotes bone anabolism and 

improves structural mechanical properties of the femur. Notably, altering diet from HFS 
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to LF appears to reverse improvements in cancellous microarchitecture and size-

dependent properties of mechanical strength, likely as a result of short-term energy 

deficit. We found no detectable inflammatory impact on bone, suggesting exercise is 

protective in this context.    
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4. CONCLUSIONS 

 

We sought to investigate whether an anti-inflammatory diet can reduce 

inflammation-mediated damage via irradiation to bone, as well as the ability for diet and 

microbiota supplementation to reverse the negative effects of a pro-inflammatory diet on 

bone. 

We failed to detect a negative impact of radiation exposure on cancellous and 

cortical bone parameters, suggesting that radiation exposure may not lead to significant 

detriments to bone despite many findings in published literature to the contrary.  Further 

research must be done to elucidate the impact of space-relevant radiation exposure by 

more closely mimicking GCR composition, total dosage, and dose rate.  Caution should 

also be used when evaluating bone in animals matched for middle-aged humans, as low 

baseline cancellous bone volumes may prevent the detection of significant differences 

between treatment groups.  A diet high in omega-3 fatty acids was able to successfully 

mitigate increased serum levels of TNFα across radiation doses, consistent with well-

established literature.  Interestingly, the FOP diet was only successful at reducing serum 

levels of TNFα at 4- and 8-weeks post exposure, highlighting that omega-3 fatty acids 

are beneficial for chronic, but not acute, inflammation.  FOP-fed mice exhibited 

improved cancellous and cortical microarchitecture and geometry at 8 weeks post 

exposure to both 56Fe and γ radiation, with improvements occurring at higher radiation 

doses; this occurred alongside an increased percentage of osteocytes staining positive for 

IGF-1, which is widely associated with bone anabolism.  Further research is needed to 
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examine the impact of a diet high in omega-3 fatty acids to mitigate radiation-induced 

inflammation and potential bone loss in male mice, modulation to mitigate continuous, 

low dose and low dose-rate radiation in male and female mice, and combined 

continuous, low dose, low dose-rate radiation and simulated weightlessness in male and 

female mice.  These studies should also focus on the coordinated cellular signaling 

response of osteocytes in these settings, as osteocytes are the primary regulatory bone 

cells and little information has been accumulated to date.  Though much remains to be 

discovered, our first study provides important early evidence of a positive impact of 

radiation exposure, beneficial impacts of a diet high in omega-3 fatty acids on bone, and 

the cellular response of osteocytes to acute radiation exposure.  

In the second experiment, we failed to detect a negative impact of HFS feeding 

on bone microarchitecture, geometry, and strength in exercising mice.  In fact, HFS 

feeding combined with exercise promoted bone anabolism, improved femur structural 

properties; further, we found no detectable inflammatory impact on bone, suggesting 

exercise is protective in this context.  However, the vast majority of obese individuals 

are sedentary and thus the impact of HFS feeding must also be evaluated in sedentary 

animals.  Interestingly, HFS-fed exercising mice did not exhibit improved femur 

material properties, nor femoral neck strength, suggesting improved bone quantity, but 

not quality.  Further research should evaluate the specific mechanisms by which bone 

quality is impacted with HFS feeding, in both sedentary and exercising mice.   Despite 

minimal differences between the experimental groups assigned to diet alterations with 

and without fecal microbial transplants, these groups did exhibit a differential impact on 
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the femur material properties of ultimate stress and yield stress. The specific 

mechanisms by which microbiota and/or microbial transplants may alter bone material 

properties is an area of research with substantial therapeutic potential.  Future research 

should evaluate the role of microbiota and/or microbial transplants on bone outcomes in 

sedentary and exercising mice exposed to HFS feeding.  To date, no study has examined 

the impact of a high fat, high sugar diet and simulated sugar sweetened beverages on 

bone.  As this diet most closely mimics a worse than average US citizen’s diet, it is 

imperative to evaluate the long-term impacts on bone health and fracture risk.   

In summary, dietary modulation of inflammation-mediated impacts on skeletal 

biology is a potential therapeutic target to protect against bone loss.  We provide 

evidence for an anti-inflammatory diet to reduce systemic inflammation and modestly 

improve bone outcomes, supporting a role for diet to alter bone health.  Interestingly, we 

showed a positive impact of diet-induced obesity on bone outcomes in exercising mice, 

providing a key role of exercise to outweigh impacts of “unhealthy” diets on bone 

health.  
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