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INTERACTIONS BETWEEN AGING AND CHRONIC KIDNEY DISEASE ON THE 

SKELETON 

 

In the US, 15% of adults have chronic kidney disease (CKD). While CKD occurs across all ages, 

the prevalence is highest in the aged, with ~40% of individuals over age 65 having some form of 

CKD. CKD and aging are each independently associated with higher fracture risk, and thus 

overlaying CKD in the aging population presents an additive fracture risk. Cortical porosity is a 

central tenet underlying skeletal fragility and occurs in CKD and aging. Previous research on 

cortical porosity has focused on preventing pore formation, while research on pore reversal 

(infilling) is lacking. Pore infilling is dependent on proper osteoblast function, and previous 

research has shown that infilling is possible in young mice. However, it is unclear whether infilling 

is possible in aging mice due to aging-associated osteoblast dysfunction. Therefore, we proposed 

that aging animals with CKD may require both suppression of CKD-induced elevations in 

parathyroid hormone (PTH) and anabolic therapy to infill cortical pores. Romosozumab, a 

humanized monoclonal sclerostin antibody, uses PTH-independent mechanisms to increase 

osteoblast activity, making it an attractive therapeutic for CKD. CKD was induced by feeding aging 

(78-week) male mice 0.2% adenine for six weeks followed by two weeks of maintenance on control 

diet for a total study duration of eight weeks of CKD; mice were then treated with calcium water, 

romosozumab, or the combination and their effectiveness in improving skeletal quantity and quality 

was evaluated. Romosozumab treatment was associated with higher trabecular bone volume, lower 

cortical porosity, and higher mechanical properties compared to control animals. Combination 

treatment also resulted in benefits to trabecular bone volume and mechanical properties. These 

results demonstrate that both romosozumab alone and when combined with PTH suppression can 

be effective at improving bone microarchitecture and mechanical properties in aged individuals 

with CKD who are at high risk of fracture. 
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CHAPTER 1 

INTRODUCTION 

 

Bone is an active structure that is continuously undergoing adaptation. 

Bone is a highly dynamic organ that plays multiple roles: 

1. The skeleton supports and protects the organs and allows for movement; 

2. Bones are able to withstand mechanical loads and respond to and redirect stresses that are 

placed on the body; 

3. The bone marrow supports hematopoiesis; 

4. The cells found within the bone secrete factors key for paracrine and endocrine signaling, 

including sclerostin and FGF23; and 

5. The bone provides a site for storage and release of key minerals, including calcium1. 

 

To maintain these roles, bone is organized into a complex structure, which plays a critical role in 

its mechanical function. Bone is divided into two primary compartments: an outer cortical shell and 

an inner region containing lattice-like trabecular bone interspersed with blood vessels and bone 

marrow (Figure 1). Trabecular bone is most often found in the metaphysis of long bones, vertebrae, 

ribs, and the iliac crest. Cortical bone is the primary component of the diaphysis of long bones and 

thus is primarily responsible for the mechanical properties of the bone. 
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Figure 1: General structure of bone. 

 

The skeleton is constantly regenerating itself, which means that each of us has a completely new 

skeleton about every 10 years. Although bones are initially formed through a process known as 

modeling, renewal occurs through another process known as remodeling. Bone remodeling 

involves a coupling of osteoblast and osteoclast activity on a given surface. Specifically, there is 

sequential osteoclast-mediated bone resorption followed by osteoblast-mediated bone formation on 

the same surface2. This process allows for the regeneration of the skeleton as a whole but is also 

responsible for repairing local defects, such as areas of microdamage or sites with apoptotic 

osteocytes. A variety of disease states cause alterations to the bone remodeling cycle by impacting 

the activity of osteoblasts and/or osteoclasts, resulting in net gain or loss of bone. 
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Declines in bone mass are associated with multiple factors. 

Rapid bone growth occurs during the first two decades of life with peak bone mass being reached 

during the third decade3 (Figure 2). In both men and women, increasing age is associated with a 

steady rate of bone loss shortly after reaching peak bone mass. Additionally in women, loss of 

estrogen during menopause accelerates bone loss, thereby producing a sharper decline in bone 

mass. 

 

Figure 2: Peak bone mass is reached during the third decade of life, and bone mass begins to decline 

during the fourth and fifth decades. Two factors that contribute to loss of bone mass include age 

and menopause3. 

 

Most often, bone mass is evaluated clinically utilizing dual energy x-ray absorptiometry (DEXA), 

a method that determines the amount of mineralized tissue relative to the projection area (i.e., 

femoral neck, lumbar spine); to determine whether an individual has normal bone mass, osteopenia 

(low bone mass), or osteoporosis, the individual’s bone mineral density (BMD) is compared to that 

of a young adult female4. Low bone mass is characterized as the BMD at either the femoral neck 
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or lumbar spine or both being between 1 and 2.5SD below the mean BMD of a young adult female, 

while osteoporosis is characterized as a BMD that is 2.5SD below the mean BMD of a young adult 

female5,6. Low bone mass predisposes individuals to osteoporosis and increases risk of fracture. In 

2018, the prevalence of low bone mass at either the femoral neck or lumbar spine was 43.1%, while 

the prevalence of osteoporosis at either site was 12.6%7. 

 

Increasing age is associated with reduced efficiency of osteoblasts, which leads to less bone 

formation overall. Because the remodeling cycle involves coupling of bone resorption and 

formation, the osteoblasts rarely bring the bone surface of a remodeling unit back to the starting 

point, meaning that there is a net deficit of bone following each remodeling cycle8. This is the 

reason for declines in bone mass with age, which may eventually lead to osteoporosis. In addition 

to low bone mass, osteoporosis is characterized by deterioration of bone microarchitecture and 

fragility fractures. Alterations to bone remodeling result in changes to both the trabecular and 

cortical bone: there is thinning and loss of connectivity between trabeculae and thinning and 

porosity within cortical bone8. 

 

Aging is commonly associated with osteoporosis, which is recognized as the most common skeletal 

disorder in the world. 

The National Osteoporosis Foundation has estimated that 10.2 million Americans have 

osteoporosis, and an additional 43.4 million Americans suffer from low bone mass9. From 2007 to 

2018, the age-adjusted prevalence of osteoporosis in women increased from 14% to 20%7. It is also 

estimated that, by 2030, 71 million Americans will suffer from low bone mass or osteoporosis9. 

Fifty percent of women and 20% of men over the age of 50 are likely to experience an osteoporosis-

related fracture10. It is believed that osteoporosis is underdiagnosed and thus undertreated in 

individuals over the age of 75, a population with the potential to greatly benefit from treatment. 

Additionally, our society is living longer, meaning that the number of people living with 
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osteoporosis will exponentially increase over the next several decades. These factors underlie the 

critical importance of managing and ideally preventing skeletal fractures. 

 

Declines in bone properties are common in the aging population. 

Changes in multiple factors including mineral metabolism and sex steroid deficiency cause 

reductions in bone mass due to age11,12. Bone loss occurs due to a reduction in osteoblast-mediated 

bone formation and an increase in osteoclast-mediated bone resorption. Additionally, there is also 

a loss in lacunar density, which means there is decreased communication with canaliculi and 

therefore decreased ability to sense mechanical loads13. The reduction in bone mass and increased 

brittleness of the tissue each contribute to a significantly elevated fracture risk14,15. The risk of hip 

fracture rises 1000-fold for people over 60 years of age compared to younger individuals16. Adding 

to the significance of the problem is that aged individuals are more than 70% more likely to die 

from fracture-related complications compared to those of younger age17,18. Bone fragility in the 

aging population significantly contributes to morbidity and mortality. 

 

It is well established that aging is associated with altered bone remodeling and loss of trabecular 

microarchitecture, but aging is also associated with defective repair of microdamage and poor 

intrinsic material bone properties are also observed19. Declines in bone mass, density, and 

microarchitecture only explain approximately 75% of the fracture risk, and new research has shown 

that the remaining 25% could be, at least partially, explained by changes in bone hydration20. Bone 

water is found in four functional compartments – free water, loosely bound water, tightly bound 

water, and structural water – that can be viewed overall as total bone water. Bound water is critical 

for maintenance of bone toughness and strength, and decreases in bound water and toughness have 

been observed in aging specimens. Elderly cadaveric specimens had ~40% lower bound water 

compared to young specimens, which explained approximately 70% of the decrease in bone 

toughness between ages21. Additionally, 20-month-old BALB-c mice exhibited decreased bound 
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water, femoral toughness, and fracture toughness compared to six-month-old mice22. Taken 

together, aging causes a wide variety of changes in bone properties, including decreased structural 

and material properties and decreased bone hydration. 

 

Aging individuals are at high risk of developing chronic kidney disease, which itself increases the 

risk of fracture and fracture-related mortality. 

Nearly 40% of individuals in the United States over the age of 65 have some form of chronic kidney 

disease (CKD)23. CKD is a disease of progressive renal decline that often results in a triad of 

symptoms known as chronic kidney disease – mineral bone disorder (CKD-MBD): biochemical 

abnormalities (including changes in calcium, phosphorus, and parathyroid hormone), vascular 

calcifications, and bone deterioration (Figure 3)24. As CKD progresses and renal function continues 

to decline, patients proceed through five stages, with symptoms normally appearing during stage 

3. Stage 5 CKD represents end-stage renal disease (ESRD) where dialysis is required. 
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Figure 3: Consequences of disturbed mineral metabolism associated with CKD. 

 

CKD, independent of aging, increases the risk of fracture. The rate of hip fracture is four times 

higher in end-stage CKD than the age-matched general population25,26 (Figure 4). In the setting of 

dialysis, hip fracture rates are as much as 13 times higher than in the age-matched general 

population27,28. Fractures in CKD patients lead to longer hospitalization, higher costs, and higher 

mortality rates than patients without CKD who fracture29. The skeletal consequences of CKD are 

devastating and appear to interact with aging to further compound the issue30. 
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Figure 4: Across ages, the risk of fracture is higher in patients with CKD compared to the general 

population. A person with CKD at age 45 has the same risk as a non-CKD person at 65, while a 

person aged 65+ with CKD has a fracture risk 3-4 times higher than the general population31. 

 

Because CKD and aging are often comorbid diseases, it is often challenging to study them 

separately. Most studies focus on either disease alone rather than using a combination model. 

Realistically, it makes the most sense to study these two diseases together due to the high incidence 

of CKD in aging patients. However, no clinical trials and very few animal studies have looked at 

the intersection of aging and CKD. Data from the ARCH and FRAME studies, both focused on 

understanding and treating fractures in osteoporosis, have been utilized to look at the efficacy of 

pharmaceuticals in patients with differing kidney function. This type of analysis is helpful in 

determining the safety of these drugs in populations with declining kidney function, such as patients 

with CKD. However, more research is necessary before these pharmaceuticals could be standard 

in a clinical setting. 

 



    

9 

Bone loss in CKD is largely driven by cortical porosity, which can be recapitulated in various pre-

clinical models. 

Bone loss in CKD primarily impacts cortical bone (Figure 5), the bone that is most responsible for 

the mechanical properties of bone32. Cortical porosity also occurs with aging, although to a lesser 

degree than is typically noted in CKD. Numerous studies have demonstrated that cortical porosity 

is a central tenet that underlies the skeletal fragility found in CKD33–37.  

 

Figure 5: CKD-induced cortical porosity from (A) human HR-pQCT scans of the tibia and fibula 

(healthy on left, CKD on right) and (B) mouse adenine model (control on left, CKD on right). 

 

With progression of CKD, the level of cortical porosity increases as does fracture risk33,34,38,39. 

Studies focused on assessing the molecular/cellular/tissue mechanisms underlying cortical porosity 

in CKD have employed various animal models. The adenine-induced nephropathy model utilizes 

oral dosing of adenine, which leads to crystal formation in the kidneys, causing decreased kidney 

function, hyperparathyroidism, and cortical porosity (Figure 5), all of which are hallmarks of 

A 

B 
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clinical CKD40. Other CKD models, such as 5/6 nephrectomy, produce an immediate loss of kidney 

function, while the adenine model, when given in lower doses over an extended period of time, 

produces a progressive loss of kidney function that is more characteristic of human CKD. 

Additionally, the progressive Cy/+ animal model, while useful for studying CKD, has limitations 

for assessing the aging-CKD interaction due to severe disease development prior to reaching old 

age41. 

 

Cortical porosity is associated with elevated parathyroid hormone. 

Initiation of cortical porosity development requires recruitment of osteoclasts to begin resorbing 

bone40. Increased resorption has been hypothesized to be related to CKD-induced secondary 

hyperparathyroidism as PTH directly stimulates receptor activator of nuclear factor kappa-B ligand 

(RANKL) production, a key osteoclastogenesis regulator42,43. To date, most preclinical studies have 

focused on preventing cortical porosity development primarily through mechanisms that suppress 

PTH44–48. The current work focuses on a different paradigm, reversal (infilling) of cortical porosity 

(Figure 6). 
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Figure 6: Schematic of timing and treatment goals for cortical porosity in CKD. 

 

Previously, our lab has shown that cortical porosity can be reduced in skeletally mature animals 

through potent PTH suppression with calcium water supplementation (Figure 7); these data 

illustrate that, in skeletally mature animals, filling of cortical pores is possible. A key focus of this 

work is to explore the potential of combination treatment to not only suppress new pores from 

forming (through suppression of PTH) but also infill existing pores (through stimulation of anabolic 

bone formation). 
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Figure 7: Cortical porosity is reversed in the young adenine model of CKD. Male mice were fed 

either control or adenine diet for six weeks at which time they were supplemented with calcium 

water (n=8-10/group). *p<0.05 compared to adenine controls. 

 

Treatment of CKD-related bone deterioration is challenging. 

The bone-related consequences of CKD can include “abnormalities in bone turnover, 

mineralization, volume, linear growth, or strength” as defined by KDIGO49. Because 

hyperparathyroidism is a strong driver of the observed bone deficits, most treatment options are 

aimed at reducing PTH levels. As a result, physicians use common markers of disordered mineral 

metabolism, such as calcium, phosphate, PTH, and 25-hydroxyvitamin D, to define potential 

treatment regimens. Patients with early-stage CKD can be given phosphate binders or 

calcimimetics, such as cinacalcet, to control and prevent worsening of the disease50. Cinacalcet was 

found to reduce clinical fracture risk in patients on hemodialysis (stage 5 CKD) as compared to 

placebo, with aging patients at a higher risk of fracture than young patients51. More recently, iron-
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based phosphate binders, such as ferric citrate, have been effective at lowering serum phosphate in 

CKD patients52. 

 

During early-stage CKD, increased fracture risk is treated in an identical manner to those patients 

with osteoporosis; however, once a patient moves into later stages, there is a large spectrum of bone 

phenotypes, which makes identifying generalized therapeutic options difficult53. One commonly 

used approved anabolic bone therapy, teriparatide, utilizes intermittent PTH. Teriparatide has been 

shown to increase bone mineral density, reduce vertebral and non-vertebral fractures, and improve 

quality of life (through reductions in back pain) in an aging population54. However, in patients 

where PTH is already high, this treatment regimen could be detrimental, and thus administration 

of teriparatide to late-stage CKD patients should be approached with caution. Denosumab, another 

clinically approved bone therapeutic, is a monoclonal antibody that targets RANKL and thus 

inhibits osteoclast-mediated bone resorption. Denosumab is currently used as an osteoporosis 

therapy, but its efficacy in patients with low kidney function was previously unknown. Evaluation 

of data from the FREEDOM study (osteoporotic women aged 60-90 years) showed that patients 

had consistent gains in BMD and low incidence of fractures regardless of kidney function55. 

Another class of osteoporosis therapies, anti-resorptive bisphosphonates, are contraindicated in 

patients with reduced renal function56. Post-hoc analyses of the CPRD and SIDIAP cohorts (CKD 

stage 3b-5) have shown that bisphosphonate use is associated with a moderate risk of CKD 

progression compared to non-users, with 1 in every 10 patients experiencing progression57. Thus, 

more clinical trials for later-stage CKD-related bone loss are still needed. 

 

Romosozumab is an enticing pharmaceutical option for treatment of CKD-related bone 

deterioration in aging patients. 

Due to reduced bone formation during aging, we propose that treatment with an anabolic agent may 

be needed to infill cortical pores when CKD is overlaid on aging biology. Romosozumab, a 
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humanized monoclonal sclerostin antibody that was approved for use in osteoporosis in 201958, 

uses PTH-independent mechanisms to increase osteoblast activity, making it an attractive 

therapeutic for CKD. The Wnt pathway was first characterized in the 1980s but its role in bone 

formation and regeneration was not a focus until much later. In bone, Wnt ligands (Wnts) interact 

with proteins, such as Lrp5/6 and Frizzled, to upregulate bone formation59. After studying diseases 

resulting in excessive bone formation such as van Buchem disease, researchers found that inhibition 

of sclerostin caused excessive bone formation, leading to the thought that sclerostin could be a 

potential therapeutic target for disorders of low bone mass. Sclerostin is an osteocyte-derived 

protein that acts as an inhibitor of osteoblast-derived bone formation60; therefore, romosozumab 

increases bone formation by removing the inhibitory effect of sclerostin. Phase I clinical trials 

utilizing romosozumab have shown stimulation of bone formation and inhibition of bone resorption 

in healthy men and postmenopausal women61. Phase II clinical trials demonstrated that 

postmenopausal women treated with romosozumab had larger gains in bone mineral density than 

treatment with alendronate, an anti-resorptive bisphosphonate, or teriparatide60. Phase III clinical 

trials in men with osteoporosis showed increased bone mineral density after 1-year of treatment 

with romosozumab, indicating that romosozumab is an effective osteoporosis treatment in both 

men and women62. 

 

Patients with low kidney function are often excluded from osteoporosis clinical trials. However, 

researchers have performed post-hoc analyses on the ARCH and FRAME studies to assess the 

efficacy of romosozumab across mild and moderate levels of decreased renal function. Patients 

across all levels of renal function were found to have increased bone mineral density and lower risk 

of vertebral fractures, both of which are promising for aging, CKD patients (Figure 8)58. 
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Figure 8: Romosozumab treatment improved bone mineral density (BMD) and reduced incidence 

of vertebral fractures across mild and moderate levels of decreased kidney function in the ARCH 

and FRAME studies58. 

 

The clinical significance of this dissertation work – exploring the interaction of aging and CKD. 

While CKD occurs in patients of all ages, the prevalence is highest in aging individuals, with nearly 

40% of those over age 65 having some form of CKD23. Independent of CKD, the aging population 

has decreased bone density and increased risk of fracture63,64, meaning that overlaying CKD in the 

aging population presents an additive fracture risk31. However, little research has focused on the 

C. 

B. 
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interaction between aging and CKD and the effects on the skeleton. Due to prevalent secondary 

hyperparathyroidism in CKD, we previously demonstrated that calcium supplementation through 

calcium water is an effective method of reducing parathyroid hormone in the adenine-induced CKD 

mouse model65. Additionally, aging individuals have decreased osteoblast function alluding to the 

potential need to increase osteoblastic activity with a therapeutic like romosozumab to improve 

bone in this population. It is unknown whether a combination therapy including PTH suppression 

and anabolic therapy could represent a potential treatment option for aging CKD patients. Based 

on this, and the above established scientific premise, the goal of the present series of studies 

was to test the hypothesis that preventing the deterioration of cortical bone, through the 

management of hyperparathyroidism and utilization of anabolic therapy, could mitigate 

cortical porosity and improve bone mechanical properties in aging CKD. 
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CHAPTER 2 

AGE AND SEX EFFECTS ON FGF23-MEDIATED RESPONSE TO MILD PHOSPHATE 

CHALLENGE 

 

2.1 Introduction 

Control of phosphorus homeostasis is mediated by the actions of the osteocyte-produced hormone 

Fibroblast growth factor-23 (FGF23). FGF23 acts in concert with its co-receptor, Klotho (KL), and 

fibroblast growth factor receptors (FGFRs), which form a heteromeric signaling complex66. 

Circulating concentrations of phosphorus are regulated through altering reabsorption by the 

kidneys67–69. FGF23 acts in the kidney to downregulate the sodium-dependent phosphate 

transporters (NPT2a and NPT2c) to reduce phosphate reabsorption70,71. In parallel, FGF23 reduces 

the expression of the anabolic vitamin-D metabolizing enzyme 25-OH vitamin D 1α-hydroxylase 

and upregulates the catabolic 1,25-OH vitamin D 24-hydroxylase to lower circulating 1,25(OH)2 

vitamin D (1,25D)72. 

As people age, a variety of physiological changes occur, including reduced cardiac function, 

muscle wasting, bone loss, and cognitive impairment. Many of these features have been 

recapitulated in Fgf23-/- and Kl-/- mice with premature aging phenotypes that are associated with 

the perturbation of phosphate homeostasis, causing hyperphosphatemia73. Studies have established 

that FGF23 levels increase while KL may decrease with age74–77. However, little is known about 

whether cellular mechanisms differ between young and old individuals and whether mild phosphate 

challenges induced through the consumption of a Western diet (higher than normal phosphate) 

further alter mineral metabolism. 

Around age 45, females begin to maintain higher basal phosphate and FGF23 levels compared 

to males, which persists into old age78. Limited studies have focused on the mechanisms underlying 

these age-related sex effects. Given that the divergence in phosphate/FGF23 response between 

males and females is around the time of menopause, a role of estrogen seems likely. Indeed, 
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estrogen depletion results in increased reabsorption and thus higher systemic phosphate levels, and 

estrogen is associated with increased FGF23 and KL in vivo79–81. Further, women receiving 

estrogen therapy had lower phosphate levels compared to untreated women but comparable levels 

to age-matched men82, suggesting a role of estrogen in this bone-kidney regulatory axis. 

Chronic elevations of FGF23 lead to several adverse physiological changes including increased 

risk of fracture and cardiovascular disease, both associated with higher mortality74,83. For example, 

patients with CKD undergoing dialysis are at 4-13 times higher risk of hip fractures than the general 

population, and elevated FGF23 is associated with six-fold higher odds for death in this patient 

population27,28. How conditions with which chronic elevations in FGF23 are impacted by sex and 

age is not fully understood, however. 

The aim of the present study was to test the hypothesis that advanced age leads to divergent 

effects with respect to sex on FGF23, its regulatory pathways, and bone in response to a phosphate 

challenge, which may mimic what occurs in the elderly population. 

 

2.2 Materials & Methods 

2.2.1 Animal Studies: Animal studies were approved by and performed according to the 

Institutional Animal Care and Use Committee (IACUC) at the Indiana University School 

of Medicine and comply with the NIH guidelines for the use of animals in research. 

Sixteen- and seventy-eight-week-old C57BL/6 wild-type male and female mice (n=6-

8/age/sex) were purchased (JAX stock #000664, Bar Harbor, ME, USA) and acclimated 

prior to all studies. After one-week acclimatization to our facility, mice were placed on 

either a standard grain-based rodent diet (0.7% total phosphate and 0.4% non-phytate 

phosphorus, 2018SX, Harlan Teklad = Ch) or a casein-based rodent diet84 (0.9% highly 

bioavailable phosphate and 0.6% calcium, TD.150303 Envigo; Madison, WI = Ca) for 

eight weeks (group sizes of 6-8). Diets and water were provided ad libitum throughout the 

study. Blood samples were collected from mice by facial vein bleed at days 0, 14, 28, and 
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42 of the study. Mice were euthanized by CO2 inhalation followed by cervical dislocation, 

and blood was collected via cardiac puncture for endpoint serum and plasma 

biochemistries. 

 

2.2.2 Serum Biochemistries: Routine serum biochemistries were tested by the Core facility of 

the Clinical and Translational Sciences Institute (CTSI) of the Indiana University School 

of Medicine using an automated COBAS MIRA Plus Chemistry Analyzer (Roche 

Diagnostics; Indianapolis, IN). Serum iFGF23, cFGF23, intact PTH, and 17β-estradiol 

concentrations were assessed using commercial ELISAs for mouse/rat (Quidel, Inc.; San 

Diego, CA and Abcam; Cambridge, UK). 

 

2.2.3 RNA Preparation and Quantitative RT-PCR (qPCR): Kidney, liver, bone, and flushed bone 

marrow from long bones were harvested and homogenized in 1mL of Trizol reagent 

(Invitrogen/Life Technologies, Inc.; Grand Island, NY) according to the manufacturer’s 

protocol using a Bullet Blender (Next Advance, Inc.; Troy, NY), then further purified using 

the RNeasy Kit (Qiagen, Inc.; Germantown, MD). RNA samples were tested with intron-

spanning primers (Applied Biosystems/Life Technologies, Inc.; Grand Island, NY) specific 

for fibroblast growth factor 23 (Fgf23), klotho, vitamin D 24-hydroxylase (Cyp24a1), 1α-

hydroxylase (Cyp27b1), IL-1β, IL-6, TNFα, estrogen receptor α (Esr1), estrogen receptor 

β (Esr2), and androgen receptor (AR) mRNAs (primers were purchased as pre-optimized 

reagents (Applied Biosystems/Life Technologies, Inc.; Grand Island, NY); mouse actin 

was used as an internal control (IDT, Coralville, IA). The Taqman One-Step RT-PCR kit 

was used to perform qPCR. PCR conditions for all experiments were: 30min 48˚C, 10min 

95˚C, followed by 40 cycles of 15s 95˚C and 1min 60˚C. The data were collected and 

analyzed by a StepOne Plus system (Applied Biosystems/Life Technologies, Inc.; Grand 
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Island, NY). The expression levels of mRNA were calculated relative to the appropriate 

controls, and the 2-∆∆CT method was used to analyze the data85. 

 

2.2.4 Aortic Calcification Assay: Segments of the aortic arch were isolated and incubated in 0.6N 

HCl for 48h, the supernatant was analyzed for calcium using the o-cresolphthalein complex 

1 method (Pointe Scientific, Canton, MI), and the data was normalized by tissue dry weight 

as previously described86. 

 

2.2.5 Bone Microarchitecture: The distal third of the femur was scanned using the Skyscan 1172 

µCT (Bruker, Billerica, MA) using an isotropic voxel size of 8µm. Trabecular parameters 

were obtained by taking a 1mm sized region of interest (ROI) just proximal to the distal 

growth plate. Trabecular bone volume per tissue volume (BV/TV), trabecular thickness 

(Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) were measured. 

Cortical parameters (porosity and thickness, Ct.Th) were obtained as the average of five 

consecutive slices from a region located ~2mm proximal to the most proximal region of 

the trabecular bone ROI. All analyses and nomenclature were in accordance with 

recommended protocols87. 

 

2.2.6 Bone Mechanics: Tibial midshafts were scanned using the Skyscan 1176 µCT (Bruker, 

Billerica, MA) using an isotropic voxel size of 9µm. The total length and the medial-lateral 

diameter were measured with calipers. Bones were thawed and hydrated with saline, and 

tibiae were tested by four-point bending (ElectroForce, New Castle, DE) with the medial 

and lateral surfaces in compression and tension, respectively. Testing was carried out at a 

displacement rate of 0.025mm/sec. After the samples were tested until failure, the length 

of the distal fragment was measured to determine the site of fracture for later use in 

geometric calculations to determine material-level mechanical properties. A custom 
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MATLAB code was used to generate geometric information, and a second MATLAB code 

was used for data collection88. Structural parameters include ultimate force, stiffness, 

displacement, and work; material parameters include stress, strain, modulus, and 

toughness. These properties were estimated using standardized equations that convert force 

and displacement into stress and strain, respectively, by accounting for bone geometry89. 

All mechanical parameters are presented using standard nomenclature90. 

 

2.2.7 In Vitro Studies: MPC2 (mesenchymal stem cells that can be induced to osteocytes) cells 

were cultured in complete media (α-MEM supplemented with 10% FBS, 25mM L-

glutamine, and 25mM penicillin/streptomycin) at 33˚C until 80% confluent91. The cells 

were then transferred to osteogenic media (complete media supplemented with 4mM beta-

glycerophosphate and 50µg/mL ascorbic acid) and differentiated at 37˚C for 3 or 3.5 

weeks. Cells were treated with either 0.01mM or 0.1mM estradiol (doses according to80,92) 

(Sigma-Aldrich, Burlington, MA) for 24h with and without 10nM 1,25(OH)2D (Millipore 

Sigma, Cleveland, OH) for 24h. The cells were then harvested for RNA using the RNeasy 

Kit (Qiagen, Inc.; Germantown, MD) according to the manufacturer’s protocol for cells. 

 

2.2.8 Statistical Analysis: Murine data were analyzed as a 2x2 factorial ANOVA (diet-by-age) 

with main effects of diet, age, and diet-by-age interactions noted as well as effect sizes 

(ES); male and female data were analyzed separately. Effect sizes were used to compare 

and quantify the difference between males and females for respective categories. If the 

model 2x2 ANOVA was statistically significant (p<0.05), an all-groups Duncan post-hoc 

analysis was applied to determine differences between groups. Intact FGF23 analysis was 

performed by repeated measures ANOVA followed by a Tukey post-hoc test. In vitro data 

was analyzed as a one-way ANOVA; if the ANOVA was statistically significant (p<0.05), 

a Dunnett post-hoc analysis was applied to determine differences between vehicle and each 
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respective group (SPSS Statistics 25, IBM, Armonk NY, USA). All data are presented as 

mean ± standard deviation (SD). 

 

2.3 Results 

2.3.1 Under phosphate challenge, aging mice maintain normal biochemical regulation 

To assess the influence of dietary phosphate, young and aging male and female mice were 

placed on either a control (chow) or a casein-based diet that has higher phosphate 

bioavailability and thus mimics higher phosphate intake. At the end of the study, neither 

female nor male mice had differences in serum phosphate when assessed by age (young 

vs. old) and diet (chow vs. casein) (2x2 ANOVA p=0.177 and p=0.207, respectively, 

Figure 9A). For both sexes, the age/diet effects for serum calcium and creatinine were not 

different (Table 1), suggesting minimal changes in kidney function in the aging mice 

despite additional phosphate load. 
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Figure 9: Measures of chronic kidney disease (phosphate and parathyroid hormone (PTH), and 

intact FGF23 (iFGF23). a Serum phosphate was not statistically different in male or female mice 

(p=0.177 and p=0.207, respectively). b PTH was elevated in older, male animals on casein diet as 

compared to those on the chow diet (diet p=0.019, ES=0.226) but there was no difference in female 

mice (p=0.541). c iFGF23 in male mice was elevated in aging animals and further elevated in those 

on casein diet (diet p=0.014, ES=0.265). d iFGF23 in female mice was higher overall as compared 

to male mice, with older animals on casein diet having the highest levels (diet p<0.0001, ES=0.788; 

age p<0.0001, ES=0.599; interaction p=0.004, ES=0.309). Group sizes of 6-8. Data plotted as mean 

and standard deviation with point plots representing individual animal data. Bars not sharing the 

same letter are statistically different. 
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Table 1: Biochemical parameters. 

 Male Female 

 16Ch (n=8) 16Ca (n=6) 78Ch (n=6) 78Ca (n=6) 16Ch (n=8) 16Ca (n=6) 78Ch (n=7) 78Ca (n=6) 

Phosphate 

(mg/dL) 
12.53±1.2 11.89±1.44 12.69±1.52 13.85±2.09 10.73±1.73 12.99±1.11 12.53±3.35 12.55±0.52 

Calcium 

(mg/dL) 
13.27±1.2 12.96±0.92 13.13±1.28 13.6±1.3 11.99±1.1 13.23±0.63 13.69±2.63 13.26±1.1 

Alkaline 

Phosphatase 

(mg/dL) 

67±5b 65±8b 78±33ab 100±23a 94±11 166±109 126±34 133±65 

BUN 

(mg/dL) 
21.61±4.77 25.53±3.1 23.53±3.56 24.34±3.81 25.21±3.38a 26.18±6.62a 22.77±7.83a 13.21±1.2b 

Creatinine 

(mg/dL) 
0.32±0.14 0.34±0.16 0.35±0.06 0.32±0.17 0.4±0.1 0.5±0.3 0.35±0.1 0.41±0.1 

Serum Iron 

(mmol/L) 
25.3±9.4a 16.8±3.7b 16±2.8b 14.8±7.7b 24.3±4.1 26.9±7.5 23.5±9.9 30.3±8.8 

cFGF23 

(pg/mL) 
27.02±17.47 50.83±30.19 40.66±13.83 66.37±16.84 65.43±43.27 109.55±20.83 80.16±19.06 142.58±143.44 

Serum PTH 

(pg/mL) 
91.13±10.62b 184.24±70.56ab 120.46±28.73b 309.44±254.9a 80.14±27.18 117.8±88.51 82.68±34.54 109.52±68.48 

Serum 17β-

estradiol 

(pg/mL) 

50.28±11.50 41.23±8.28 64.88±28.55 49.03±23.09 75.92±7.82 58.99±8.80 77.30±9.25 73.07±21.59 

Ch – chow diet, Ca – casein diet. Data provided as mean and standard deviation. Columns not sharing the same letter are statistically significant 

(males and females analyzed separately). 
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2.3.2 Sex is a critical factor in determining maintenance of mineral metabolism following 

phosphate challenge in aging mice 

We next tested the hormones critical for maintaining phosphate homeostasis via the bone-

kidney axis. There was a main effect of time for both male and female iFGF23 levels over 

the course of the study (p<0.0001) (Figure 9C and 9D). In both sexes, older mice fed the 

casein diet had higher levels of plasma iFGF23. Older females had higher iFGF23 (old > 

young, p<0.0001) with effect of diet (casein > chow, p<0.0001) and an age-by-diet 

interaction (p=0.004). Male mice fed the casein diet had higher iFGF23 (casein > chow, 

p=0.014, ES=0.265) without effect of age (p=0.065) or an interaction (p=0.095). FGF23 

can also be processed into proteolytic fragments, therefore the ‘C-terminal’ or ‘total’ 

FGF23 ELISA was also used. There were no differences in final cFGF23 between groups 

for either females or males (Table 1). Females fed the casein diet had higher bone FGF23 

mRNA expression (casein > chow, p=0.027, ES=0.221) without effect of age or an 

interaction (Table 2). There were no differences across groups for male mice. For marrow 

FGF23 mRNA expression, female and male mice showed no differences across groups 

(Table 2). Thus, with phosphate diet challenge, FGF23 was differentially increased in 

aging female mice. 

 

Diet had a significant effect on PTH levels in male mice (p=0.019, ES=0.226) but no effect 

of age and no age-by-diet interaction (Figure 9B). Older male mice fed the casein diet had 

higher PTH compared to both young and old mice receiving the chow diet. Female mice 

had no differences in serum PTH across groups (Figure 9B). There were no differences in 

calcium levels across groups in female or male mice (2x2 ANOVA p=0.078 and p=0.813, 

respectively) (Table 1). 

 



    

26 

To begin exploring potential mechanisms underlying the biochemical findings, gene 

expression was assessed in several tissues. In older females fed the casein diet, elevated 

FGF23 mRNA expression was associated with elevated kidney KL, kidney Cyp24a1, and 

kidney Cyp27b1 mRNA expression (Table 2). 
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Table 2: Mineral metabolism gene expression data. 

 Male Female 

 16Ch (n=8) 16Ca (n=6) 78Ch (n=6) 78Ca (n=6) 16Ch (n=8) 16Ca (n=6) 78Ch (n=7) 78Ca (n=6) 

Bone Fgf23 1.199±0.72 1.045±0.72 2.125±1.58 1.045±0.59 1.105±0.49b 1.222±0.59b 1.374±0.84b 2.852±1.18a 

Marrow 

Fgf23 
1.259±0.94 0.523±0.45 1.046±0.68 0.800±0.97 1.189±0.82 1.282±0.71 2.125±2.59 2.426±2.46 

Kidney 

Klotho 
1.008±0.14 1.030±0.08 1.609±1.04 1.578±1.13 1.011±0.15a 0.773±0.06ab 0.677±0.10ab 0.530±0.12b 

Kidney 

Cyp24a1 
1.067±0.43 2.011±1.53 0.788±0.55 1.328±0.84 1.069±0.42b 0.848±0.56b 1.080±0.51b 1.933±0.72a 

Kidney 

Cyp27b1 
1.245±0.89 1.188±0.54 1.965±1.29 1.962±1.51 1.112±0.56b 3.028±1.90ab 2.933±2.23ab 5.130±2.52a 

Ch – chow diet, Ca – casein diet. Data provided as mean and standard deviation. Columns not sharing the same letter are statistically significant 

(males and females analyzed separately). 
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Older females exhibited increased kidney KL mRNA expression (old > young, p<0.0001, 

ES=0.643) with an effect of diet (casein > chow, p<0.0001, ES=0.444) but no age-by-diet 

interaction. Older females also exhibited increased kidney Cyp24a1 mRNA expression 

(old > young, p=0.02, ES=0.222) with no effect of diet (p=0.164) but an interaction 

(p=0.023, ES=0.215); kidney Cyp27b1 mRNA expression was also higher in older females 

(old > young, p=0.02, ES=0.233) with an effect of diet (casein > chow, p=0.015, ES=0.25) 

but no interaction effect (Table 2). There were no differences between groups in male mice 

for kidney KL, Cyp24a1, or Cyp27b1 mRNA expression (Table 2). 

 

In addition to transcriptional changes in genes involved in mineral metabolism, increased 

phosphate intake can also be linked to markers of tissue inflammation and calcification. 

Indeed, the kidney showed increased IL-6 and TNF mRNAs, and the liver showed 

increased IL-1 mRNA expression (Supplementary Table 1). Older mice had the highest 

levels of aortic calcification, but mild phosphate challenge did not contribute to worsening 

calcification over the time course tested (Supplementary Table 1). 

 

2.3.3 Aging mice exhibit reduced trabecular bone volume, increased cortical porosity, and 

altered bone mechanical properties, which are independent of phosphate challenge 

To determine whether phosphate challenge influenced bone properties over the time course 

tested, several static and functional parameters were tested. 
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Figure 10: Bone parameters and mechanical properties. a Bone volume significantly decreased 

with age in both male and female mice (p<0.0001, ES=0.683 and p<0.0001, ES=0.767, 

respectively). b Cortical porosity increased significantly with age in both male and female mice 

(p=0.002, ES=0.348 and p=0.003, ES=0.319, respectively). c Representative µCT images of female 

(top – 16Ch, 16Ca, 78Ch, 78Ca) mouse femurs. d Representative µCT images of male (bottom – 

16Ch, 16Ca, 78Ch, 78Ca) mouse femurs. e Ultimate force significantly decreased with age in 

female mice (p=0.001, ES=0.406), but there were no differences in male mice. f Total work was 
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significantly different with age in both male and female mice (p=0.041, ES=0.192 and p=0.005, 

ES=0.323). Group sizes of 6-8. Data plotted as mean and standard deviation with point plots 

representing individual animal data. Bars not sharing the same letter are statistically different. 

 

Trabecular bone volume and cortical bone thickness were higher in young mice regardless 

of sex. In this regard, young female mice had higher trabecular bone volume (young > old, 

p<0.0001, ES=0.767) without effect of diet and an interaction effect; young male mice also 

had higher trabecular bone volume (young > old, p<0.0001, ES=0.683) without effect of 

diet or an interaction effect (Figure 10A). There were no differences in trabecular thickness 

between groups of female and male mice (Supplementary Table 2). Female mice fed the 

casein diet exhibited greater trabecular separation (casein > chow, p=0.001, ES=0.394) 

without effect of age or an interaction; older male mice had greater trabecular separation 

(old > young, p<0.0001, ES=0.854) without effect of diet or an interaction 

(Supplementary Table 2). Female mice fed the casein diet had higher trabecular number 

(casein > chow, p=0.001, ES=0.394) without effect of age or an interaction; older male 

mice had higher trabecular number (old > young, p<0.0001, ES=0.696) without effect of 

diet or an interaction effect (Supplementary Table 2). 

 

Older males had increased cortical porosity (old > young, p=0.002, ES=0.348) without 

effect of diet or an interaction (Figure 10B). In female mice, increased porosity was 

affected by age (old > young, p=0.003, ES=0.319) and diet (casein > chow, p=0.048, 

ES=0.16) with a strong interaction between the variables (p=0.002, ES=0.347) (Figure 

10B). Older female mice receiving the casein diet exhibited the highest levels of porosity 

of all the female groups. 
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To determine the bone mechanical properties across groups, 4-point bending of the tibia 

was performed. Young females had higher ultimate force (young > old, p=0.001, 

ES=0.406) without effects of diet or interaction; there were no differences in ultimate force 

between groups in male mice (Figure 10E). Young female mice exhibited higher total 

work (young > old, p=0.005, ES=0.323) without effect of diet or an interaction; young 

male mice also exhibited higher total work (young > old, p=0.041, ES=0.192) but no effect 

of diet or an interaction (Figure 10F). Young females had higher ultimate stress (young > 

old, p=0.002, ES=0.368) and resilience (young > old, p=0.007, ES=0.297), but ultimate 

stress and resilience were not different between groups of male mice. For female and male 

mice, there were no differences in total displacement, stiffness, or total strain 

(Supplementary Table 2). Thus, natural aging negatively influences normal bone 

properties, with females performing slightly worse than males. 

 

2.3.4 Administration of exogenous estradiol upregulates Fgf23 and estrogen receptor levels in 

vitro 

We next tested potential differences in sex steroids across sexes. There were no differences 

in plasma 17β-estradiol concentration between groups in male and female mice (2x2 

ANOVA p=0.256 and p=0.07, respectively), consistent with reports across all ages in 

humans93 (Table 1). There were no differences across groups in male or female mice for 

bone mRNA expression of Esr1, Esr2, or AR (Supplementary Table 3). 
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Figure 11: In vitro gene expression with estradiol treatment in osteoblast/osteocyte mesenchymal 

stem cell line. a FGF23 expression was significantly increased with 0.1mM estradiol treatment as 

compared to vehicle (p=0.033). Addition of 1,25-vitamin D did not produce any additional effect. 

b Esr1 expression was no different with any concentration of estradiol or 1,25-vitamin D treatment. 

c Esr2 expression was significantly increased with 0.1mM estradiol (p=0.001) and 0.1mM + 1,25-

vitamin D treatment (p=0.002). Data plotted as mean and standard deviation with point plots 

representing individual animal data (n=3 for all treatments). *statistically different from all other 

groups (p<0.05). 
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To examine mechanistic effects of estradiol in isolation on bone cells, we used a novel 

MSC line that can be differentiated into osteocytes91, like primary MSCs94. The cells were 

treated at two stages of differentiation (3 and 3.5 weeks) with estradiol and/or 1,25(OH)2D, 

hormones that potentially influence Fgf23 transcription. After 24h, there was a main effect 

of estradiol treatment on Fgf23 mRNA expression between groups at 3 weeks of 

differentiation (p=0.038, ES=0.631) (Figure 11A). Cells treated with the higher estradiol 

dose (0.1mM) alone exhibited statistically higher Fgf23 expression as compared to the 

vehicle (p=0.033); there were no differences in cells treated with 1,25(OH)2D or the lower 

estradiol dose (0.01mM). For Esr1 mRNA expression, there were no differences between 

groups (Figure 11B). For Esr2 expression, there was a main effect of treatment between 

groups (p<0.0001, ES=0.898) (Figure 11C); cells treated with the higher estradiol dose 

alone exhibited statistically higher Esr2 expression as compared to the vehicle (p=0.01). 

At 3.5 weeks of differentiation, there was no effect of treatment on Fgf23 expression or 

Esr1 expression; however, there was a main effect of treatment on Esr2 mRNA between 

groups (p=0.001, ES=0.855). Cells treated with the higher estradiol dose exhibited 

significantly higher Esr2 expression as compared to the vehicle (p=0.002) (Figure 11C). 

 

In summary, our results show that there are sex- and age-specific effects of moderate 

phosphate loading in mice. These collective data support that aging females employ 

mechanisms, potentially through the presence of estradiol, to increases FGF23 to maintain 

effective FGF23-KL signaling and thus normal serum phosphate concentrations, whereas 

male mice maintain KL expression. These changes may provide insight into differential 

mechanisms and regulation that are increasingly important during aging when phosphate 

clearance is reduced. 

 

 



    

34 

2.4 Discussion 

Our study highlights sex, age, and diet differences in the management of phosphate 

metabolism. Both age and diet influenced iFGF23 in female mice, with older females fed the 

casein diet expressing the highest levels of iFGF23; although aging males fed the casein diet 

also expressed the highest iFGF23, the level was two-fold higher in older female mice. KL is 

widely reputed as the “anti-aging gene,” because its expression has been shown to decrease 

with age75–77 and KL overexpression is associated with extended lifespan in both male and 

female mice95. Coincidentally, KL levels decreased with age and diet only in females, whereas 

levels in male mice increased with age. Previous studies performed in human cohorts 

demonstrating elevations in kidney KL expression in both sexes may have been potentially 

confounded by combining male and female results96,97 and/or normal versus various stages of 

CKD98. Considering that males and females may acquire CKD and proceed through the stages 

toward ESRD at different rates, gender variation in KL expression is especially interesting. 

Since males express less serum iFGF23 than females, it is plausible that KL expression is 

higher to facilitate more efficient FGF23-KL signaling. These results could indicate that older 

females use protective mechanisms, such as increasing FGF23 production, to maintain serum 

phosphate in the normal range, thus preventing mineral dysregulation. Although males 

upregulated kidney KL mRNA, these protective mechanisms may be somewhat compromised 

in older males. Although additional clinical studies are certainly required, the changes in KL 

could, in part, explain why males exhibit more severe kidney damage than females during 

progressive renal disease99. 

 

FGF23 is well-established as a hormone known to control phosphate metabolism with an effect 

on the kidneys following its secretion from osteocytes. Indeed, disturbances in the FGF23-KL 

axis can lead to significant pathological consequences. The MrOS study found that when eGFR 

is below 60mL/min/1.73m2 and renal function is considered poor, elevated FGF23 correlates 
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with fracture risk in elderly men100. In our study, serum creatinine and BUN were not 

significantly elevated, supporting that there was not a major decline in kidney function 

following mild phosphate challenge, yet this did produce differential FGF23 expression to 

maintain similar phosphate levels. A previous study that evaluated biochemical parameters in 

an elderly population demonstrated that serum phosphate did not increase exponentially until 

eGFR dropped below 47mL/min/1.72m2. This finding potentially illustrates that the mice in 

the current study maintained generally normal renal function, thus the observed patterns in 

FGF23 production and KL mRNA expression observed in human patients are likely due to 

other mechanisms, such as sex steroids, inflammation, or oxidative stress101. Indeed, we found 

that older female mice with normal renal function were able to respond to increased phosphate 

load by elevating FGF23. 

 

Alterations in sex steroid signaling could be considered a likely mechanism for the observed 

gender differences in phosphate-sensitive responses, therefore in vivo and in vitro assays were 

performed. Estradiol was higher in females of each age and diet group as has been shown 

clinically, but older females did not exhibit the age-related drop in estrogens that are associated 

with human menopause. This could be due to difficulties in simulating human menopause as a 

result of a large proportion of female mice (60-70%) entering a state of constant estrus that can 

last for up to 100 days; in these cases, older female mice expressed stable estradiol levels, 

similar to observations in our study102,103. A previous study also found that administration of 

high amounts of estradiol caused increased Fgf23 and KL mRNA expression both in rats that 

had undergone ovariectomy and in UMR-106 rat osteosarcoma cells, respectively80. Our results 

recapitulated the increased Fgf23 mRNA expression with estradiol treatment in a novel mouse 

mesenchymal cell line as well as expansion into examining changes in estradiol receptor 

expression. This previous study did not investigate the downstream signaling effects of FGF23 
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upregulation and how this was influenced by sex differences, a notable strength of the present 

study. 

 

There are several limitations to our study. First, the grain-based chow diet and the purified 

casein diet are not completely comparable. Although grain-based diets are relatively rich in 

phosphorus (0.7% in chow diet), the phosphorus is bound in the form of inositolphosphoric 

acids (phytate, “myo-inositol hexaphosphate”); previous studies have demonstrated that very 

little of the phosphorus is absorbed by the GI tract and is thus less bioavailable104–107. It is 

estimated that 0.4% may be bioavailable. In contrast, the casein diet contains casein-based 

protein and no phytate, so the phosphorus is almost completely bioavailable41,108. The two diets 

also utilize different protein sources/amounts of protein and amounts of fiber/different types of 

fiber. A future study could address diets with varied phosphorus availability as the sole 

difference between diets. Second, we did not measure glomerular filtration rate (GFR) in our 

mice, and thus minor changes in renal function may not have been identified. However, BUN 

was not different across groups, thus there were no signs of even mild CKD. Third, we did not 

utilize charcoal-stripped fetal bovine serum in our in vitro studies. Thus, estradiol was likely 

present in the culture media. Our experiments did use similar estradiol concentrations as those 

reported as activating concentrations in bone cells, but we cannot rule out that our effects were 

seen at the highest doses due to the presence of physiological levels of this hormone. Indeed, a 

future study could be performed with MPC2 cells and charcoal-stripped serum. Key strengths 

of our study included paired sex and aged animals, and the fact that a slight increase in 

bioavailable phosphate through the casein diet did not induce CKD but rather mimicked 

potential increases in phosphate in an aging model. Further, the ability to test hormonal effects 

in a new in vitro system of cultured osteocytes that produce FGF23 demonstrated isolated 

effects of estrogen. 
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In conclusion, this study is the first to examine how sex and age contribute to crossover effects 

on FGF23 and phosphate regulatory pathways. Aging with associated with increased aortic 

calcification, decreased trabecular bone mass, and increased cortical porosity, all of which are 

common signs of the aging process but were not FGF23-dependent. More importantly, our 

results show that the expression of KL mRNA differs between male and female mice, with 

males upregulating KL expression in aging compared to females. This observation could 

indicate that the sexes employ different mechanisms to maintain effective FGF23-KL 

signaling. Finally, controlling phosphate intake throughout aging could have modifiable 

outcomes for FGF23-related phenotypes. 
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2.5 Supplementary Tables 

 

Supplementary Table 1: Heart calcification and inflammation gene expression data. 

 Male Female 

 16Ch (n=8) 16Ca (n=6) 78Ch (n=6) 78Ca (n=6) 16Ch (n=8) 16Ca (n=6) 78Ch (n=7) 78Ca (n=6) 

Aortic 

Calcification 

(mmol/mg) 

2.44±.084b 2.83±0.93b 4.12±0.87a 3.80±0.59a 2.75±1.03b 2.07±1.19b 4.69±0.99a 4.09±0.72a 

Kidney IL-1β 1.094±0.46 1.891±0.97 2.527±1.87 1.073±0.87 1.028±0.26 1.271±0.86 1.215±0.47 1.900±1.06 

Kidney IL-6 1.113±0.55b 1.268±1.05b 4.762±4.15a 1.417±1.07b 1.036±0.29b 1.267±0.85b 5.253±5.12ab 8.126±5.32a 

Kidney TNF 2.324±2.71 1.018±0.55 1.971±0.72 0.968±0.48 1.524±1.65b 1.321±1.47b 1.869±2.26b 4.599±2.82a 

Liver IL-1β 1.070±0.42 1.410±1.00 0.722±0.45 1.951±1.60 1.056±0.35ab 0.928±0.32b 0.899±0.26b 1.442±0.38a 

Liver IL-6 1.364±1.12 1.709±1.23 0.956±0.93 1.641±1.44 1.052±0.32 0.995±0.52 1.333±0.63 0.669±0.46 

Liver TNF 1.684±1.77 2.127±2.21 2.252±2.14 4.606±3.64 1.275±1.07 1.366±0.76 2.913±3.63 4.675±4.81 

Ch – chow diet, Ca – casein diet. Data provided as mean and standard deviation. Columns not sharing the same letter are statistically significant 

(males and females analyzed separately). 
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Supplementary Table 2: Bone geometry and mechanical properties. 

 Male Female 

 16Ch (n=8) 16Ca (n=6) 78Ch (n=6) 78Ca (n=6) 16Ch (n=8) 16Ca (n=6) 78Ch (n=7) 78Ca (n=6) 

BV/TV (%) 13.975±3.74a 12.121±2.01b 7.004±1.40c 5.425±1.48c 3.150±0.98a 2.275±0.52b 0.627±0.42c 0.511±0.18c 

Tb.Th (mm) 0.060±0.004 0.059±0.003 0.058±0.007 0.058±0.006 0.049±0.006 0.047±0.008 0.051±0.019 0.055±0.015 

Tb.Sp (mm) 0.233±0.018b 0.230±0.009b 0.321±0.029a 0.334±0.026a 0.330±0.023c 0.343±0.016a 0.556±0.470bc 0.609±0.570ab 

Tb.N (1/mm) 2.328±0.58a 2.060±0.26ab 1.203±0.24b 0.953±0.31b 0.641±0.16c 0.481±0.09a 0.116±0.07bc 0.095±0.03ab 

Porosity (%) 0.378±0.71b 0.254±0.25b 3.503±2.93a 1.258±0.93b 0.153±0.10b 0.086±0.05b 0.143±0.22b 0.378±0.71a 

Cs.Th (mm) 0.154±0.005a 0.145±0.005a 0.108±0.016c 0.120±0.008b 0.188±0.008a 0.171±0.008b 0.154±0.009c 0.145±0.017c 

Ultimate 

Force (N) 
20.16±4.65 15.16±4.21 20.44±1.16 17.50±4.85 20.09±3.15a 19.83±3.56a 14.20±4.78b 14.43±3.01b 

Total 

Displacement 

(µm) 

616.4±237.4 321.3±92.8 554.3±222.9 515.2±281.7 762.6±429.5 601±257.5 421.1±225.5 455±197.8 

Stiffness 

(N/mm) 
107.55±19.30 89.06±18.22 99.11±23.44 101.59±10.02 85.03±28.40 99.91±14.61 86.47±14.99 70.97±13.91 

Total Work 

(mJ) 
8.18±4.05a 3.16±1.24ab 7.27±2.70b 6.09±4.54ab 9.14±4.75a 7.62±3.31ab 4.24±1.62b 3.90±1.57b 

Ultimate 

Stress (MPa) 
125.1±38.4 110.2±41.8 173.4±48.2 118.1±40.3 185.3±36.9ab 204.5±45.7a 125.4±30.7c 150.2±49.3bc 

Total Strain 

(µε) 
59494±26082 27528±6474 50273±17444 40442±21578 63320±41885 48469±21999 33115±19616 37364±16326 

Resilience 

(MPa) 
1.08±0.81 0.88±0.74 1.46±0.88 0.79±0.46 2.00±0.88a 1.89±0.71a 0.93±0.47b 1.26±0.56ab 

Toughness 

(MPa) 
4.69±2.34a 1.86±0.39a 5.76±2.66b 3.22±2.41ab 7.40±5.12 6.35±3.16 3.05±1.44 3.31±1.46 

Ch – chow diet, Ca – casein diet. Data provided as mean and standard deviation. Columns not sharing the same letter are statistically significant 

(males and females analyzed separately). 
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Supplementary Table 3: In vivo sex steroid signaling gene expression data. 

 Male Female 

 16Ch (n=8) 16Ca (n=6) 78Ch (n=6) 78Ca (n=6) 16Ch (n=8) 16Ca (n=6) 78Ch (n=7) 78Ca (n=6) 

Bone Esr1 1.114±0.42 0.884±0.81 0.998±0.80 0.840±0.61 1.432±0.79 1.366±0.72 1.846±0.49 2.202±1.37 

Bone Esr2 1.610±1.23 0.910±0.94 1.552±1.45 1.336±1.25 1.781±0.92 1.427±0.90 1.415±0.69 1.351±1.05 

Bone AR 1.095±0.41 1.162±0.89 0.675±0.48 0.756±0.42 1.680±1.10 1.213±0.64 1.776±0.45 2.063±1.22 

Ch – chow diet, Ca – casein diet. Data provided as mean and standard deviation. 
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CHAPTER 3 

THE COMBINATION OF AGING AND CHRONIC KIDNEY DISEASE LEADS TO AN 

EXACERBATED CORTICAL POROSITY PHENOTYPE 

 

3.1 Introduction 

Chronic kidney disease (CKD) and aging are each independently associated with higher 

risk of fracture. Although ~38% of the U.S. population of 65+ years has CKD23, the interaction 

between aging and CKD with respect to bone structure and mechanics is not well understood. 

Skeletal fragility associated with CKD is primarily due to deterioration of cortical bone and 

development of holes within the cortical bone (cortical porosity), the region that principally 

determines the mechanical properties of the bone33. Often due to unbalanced remodeling, 

cortical porosity also occurs in aging, although to a lesser degree than in CKD109. Interactions 

between CKD and aging are important to understand in order to frame efficacy of future 

treatments for the aging CKD population. 

 Despite osteonal remodeling not being a normal part of rodent physiology, we previously 

have shown robust cortical porosity development in rodents with CKD23,33,109, indicating the 

potential for overlapping mechanisms of porosity development in rodents and humans. We 

have shown that mice with adenine-induced CKD have a skeletal phenotype that includes 

cortical porosity and thinning110. Additionally, we and others have documented age-induced 

cortical porosity in male mice without impaired renal function111. The goal of this study was to 

compare the individual and combined effects of aging and CKD on cortical porosity and 

mechanical properties utilizing the adenine-induced CKD model in young, skeletally mature 

and aging mice. We hypothesized that interactions would exist between CKD and aging for 

cortical porosity and whole-bone mechanical properties. 
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3.2 Materials & Methods 

3.2.1 Animals: Male C57Bl/6J mice were obtained from Jackson Laboratories (JAX stock #000-

664, Bar Harbor, ME, USA) at 15- and 77- weeks of age (n=16/age) and group housed at 

an institutionally approved animal facility with 12h light/dark cycles. After one week of 

acclimation, all mice were switched to a casein diet with adjusted calcium and phosphorus 

(0.9% P, 0.6% Ca). Half of the mice were given the same casein-based diet with 0.2% 

adenine (AD; Envigo-Teklad Diets, Madison, WI, USA) to induce CKD while the 

remaining mice served as age-matched controls (CON; n=8/group). After six weeks on the 

adenine diet, the AD mice were switched to the casein diet for an additional two weeks to 

produce an eight-week total timeline. Body weight was measured weekly, and animals 

were monitored for health daily. Animals were euthanized via exsanguination under 

isoflurane anesthesia, and blood was collected from the heart for biochemical analyses. 

One femur was fixed in 10% neutral buffered formalin, and one tibia was placed in saline-

soaked gauze and frozen. All animal procedures were approved by the Indiana University 

School of Medicine Institutional Animal Care and Use Committee prior to the initiation of 

experimental protocols, and methods were carried out in accordance with relevant 

guidelines and regulations. 

 

3.2.2 Serum Biochemistries: Cardiac blood collected at time of termination was used to measure 

serum calcium and phosphorus (Pointe Scientific, Canton, MI, USA) and blood urea 

nitrogen (BUN) (BioAssay Systems, Hayward, CA, USA) via colorimetric assays. Serum 

parathyroid hormone (PTH) was measured via ELISA (Immutopics Quidel, San Diego, 

CA, USA) as previously described40. 
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3.2.3 Ex Vivo Micro-Computed Tomography of the Femur: Distal femora were scanned on a 

SkyScan 1172 system (Bruker, Billerica, MA, USA) using a custom holder that allows 

scanning of 3 bones at a time112 with the following settings: 60kV, medium camera, 0.5 

aluminum filter, frame averaging of 2, 0.7 rotation step, and 8µm voxel size. Trabecular 

bone architecture was analyzed from a 1mm region of interest (ROI) just proximal to the 

distal growth plate. Measures of trabecular bone included bone volume fraction/total 

volume, trabecular thickness, trabecular number, and trabecular spacing. Cortical bone 

geometry was analyzed from five consecutive slices ~2.5mm proximal to the distal growth 

plate in a region proximal to the trabecular bone of the distal femur. Measures of cortical 

bone included cortical bone area, cortical thickness, and cortical porosity. Cortical porosity 

was determined by assessing void area between the periosteal and endosteal surfaces, 

presented as a percentage of overall cortical bone area. ROIs were hand-drawn with a 

binary threshold of 100 – 255. All nomenclature followed standard recommendations87. A 

visual interpretation of our analysis process can be found in Supplemental Figure 1. 

Tibial midshafts were group-scanned using the SkyScan 1172 system (Bruker, Billerica, 

MA, USA) with a 0.5 aluminum filter and a 9µm voxel size to assess geometric properties 

for stress/strain calculations following mechanical testing. Cortical bone geometry was 

analyzed from five consecutive slices selected at the location of the proximal tibiofibular 

joint (TFJ); measures of cortical bone included cortical bone area, cortical thickness, and 

cortical porosity. 

 

3.2.4 Four-Point Bending of the Tibia: Tibiae underwent four-point bending (TA Instruments, 

New Castle, DE, USA) as previously described111. Briefly, bones were thawed to room 

temperature soaked in PBS. The anterior surface was placed on two metal supports located 

±9mm from the mid-diaphysis testing site, and the upper supports were centered on the 

bone with a span of ±4mm. Specimens were loaded to failure at a rate of 0.025mm/sec, 
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producing a force-displacement curve for each sample. Structural mechanical properties 

(yield/ultimate load, stiffness, pre-yield/post-yield/total displacement, and pre-yield/post-

yield/total energy to failure) were obtained directly from the curves using a MATLAB 

code, while estimated material properties (ultimate stress, elastic modulus, strain, 

resilience, total toughness) were derived from force-displacement curves and geometric 

properties noted above using standard beam-bending equations for four-point bending. 

 

3.2.5 Statistical Analysis: Statistical analyses were completed in SPSS Statistics 25 (IBM, 

Armonk, NY, USA). Data were analyzed as a 2x2 factorial ANOVA (age-by-disease) with 

main effects of disease (CKD versus control), age (young versus aging), and disease-by-

age interactions noted. When the 2x2 ANOVA was statistically significant (p<0.05), an 

all-groups Duncan post-hoc analysis was applied to determine individual group 

differences. Linear regressions were performed to assess the relationships between cortical 

porosity, PTH, and select mechanical properties. All data are presented as mean ± standard 

deviation. 

 

3.3 Results 

Due to low body condition scoring, one young adenine fed mouse was euthanized at week 5, 

and one aging adenine fed mouse was euthanized at week 7. Two aging adenine fed mice died 

of unknown causes at week 1 and week 7; one aging control mouse died of unknown causes 

prior to the start of the study. This resulted in group sizes of young control (n=8), young adenine 

(n=7), aging control (n=7), and aging adenine (n=5). 

 

 

 



    

45 

 

3.3.1 Ingestion of adenine resulted in reduced food intake and body weight in both ages. 

There was an age-by-disease interaction for endpoint body weight (p<0.0001). Both young 

(-37%) and aging (-29%) AD mice had significantly lower values than their age-matched 

controls (Figure 12B). Body weight differences were consistent with altered food intake. 

While on the adenine diet, young mice consumed 54% and aging mice consumed 55% of 

the total food consumed by age-matched mice on the control diet; with resumption of the 

control diet at week 7, food intake increased in both young (+62%) and aging (+67%) mice. 
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Figure 12: Biochemical parameters reveal interactions between aging and CKD. A Schematic of 

study design (n=6-8 per group). B Both adenine-fed groups (AD) had lower endpoint body weight 

(p<0.0001) compared to control (Con) with an effect of age (p=0.002) and an age-by-disease 

interaction (p<0.0001). C Serum phosphorus was highest in adenine-fed groups (p<0.0001), 

although there was no age-by-disease interaction effect. D There were no differences in serum 
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calcium across groups. E Blood urea nitrogen (BUN) was highest in aging AD mice (p=0.02) with 

an effect of disease (p<0.0001) and an age-by-disease interaction (p<0.0001). F Parathyroid 

hormone (PTH) was highest in aging AD mice (p=0.002) with an effect of disease (p<0.0001) and 

an interaction effect (p<0.0001). Data are presented as mean ± standard deviation. Bars with 

different letter notations are statistically different from each other (p<0.05). 

 

3.3.2 Biochemical indices were influenced by both age and disease. 

Although there was no age-by-disease interaction for serum phosphorus, both young 

(+40%) and aging (+44%) AD mice had significantly higher values than their age-matched 

controls (Figure 12C). There were no differences in serum calcium across the four groups 

(Figure 12D). There was an age-by-disease interaction for serum BUN (p<0.0001) and 

serum PTH (p<0.0001). While there was no difference between young and aging CON 

mice, both young (+59%) and aging (+67%) AD mice had significantly higher values than 

their age-matched controls. Aging AD mice had BUN levels significantly higher than 

young AD animals (+33%) (Figure 12E). Young and aging control mice had no 

differences in PTH. Aging AD mice had PTH levels that were nine-fold higher than their 

age-matched controls (p<0.05). The young AD group had four-fold higher PTH than the 

young CON group, but this did not reach statistical significance (Figure 12F). 

 

3.3.3 Cortical bone structure was compromised by both age and disease. 

There was an age-by-disease interaction for femoral cortical porosity (p=0.001). Aging AD 

mice had +78% higher femoral porosity than young AD mice and +63% higher femoral 

porosity than age-matched controls (Figure 13A). The young AD group exhibited three-

fold higher femoral porosity than the young CON group (p<0.0001). From linear regression 

analysis, PTH levels predicted ~35% of femoral cortical porosity across this dataset. 
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Although there were effects of age (p=0.014) and disease (p=0.004) on tibial midshaft 

cortical porosity, the age-by-disease interaction did not reach significance (p=0.051). 

Aging AD mice had +76% higher tibial cortical porosity than young AD mice and +86% 

higher tibial cortical porosity than age-matched counterparts (Figure 13B). 
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Figure 13: Cortical bone parameters in femur and tibia are compromised with aging and CKD. A 

Femoral cortical porosity was highest in aging AD mice (p=0.001) with an effect of disease 

(p=0.012) and an interaction effect (p=0.001). B Tibial cortical porosity was also highest in aging 

AD mice (p=0.014) with an effect of diet (p=0.004) but no interaction effect. C Regardless of age, 

AD mice had the lowest femoral cortical bone area (p<0.0001) without an age-by-disease 

interaction effect. D Regardless of age, CON mice had the highest tibial cortical bone area 

(p<0.0001) without an age-by-disease interaction. E Adenine-fed groups exhibited the lower 

femoral cortical thickness (p<0.0001) with an effect of age (p<0.0001) but no age-by-disease 

interaction. F Tibial cortical thickness was highest in young CON mice (p=0.026) with an effect of 

disease (p<0.0001) but no interaction effect. G Representative µCT images of the femur (CON, 

AD closest to mean for porosity, and AD highest porosity) for young and aging mice. Data are 

presented as mean ± standard deviation. Bars with different letter notations are statistically different 

from each other (p<0.05). 

 

Femoral cortical bone area was affected by diet (p<0.0001), with aging AD mice having -

36% lower cortical area and young AD mice having -32% lower cortical area compared to 

age-matched counterparts (Figure 13C). Both age (p<0.0001) and disease (p<0.0001) 

affected femoral cortical thickness; both young and aging AD mice had roughly 30-38% 

lower femoral cortical thickness compared to age-matched counterparts (Figure 13E). 

Although there were not differences due to age, both young and aging AD mice had 45-

55% lower tibial cortical area and 45-60% lower tibial cortical thickness compared to age-

matched counterparts (Figure 13D and 13F). There were no differences in distal femur 

trabecular bone volume across groups but interaction effects existed for both trabecular 

thickness (p=0.019) and trabecular separation (p<0.0001) (Table 3). 
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Table 3: Trabecular bone architecture and cortical bone mechanical properties. 

 Young Con Young Ad 
Aging  

Con 

Aging  

Ad 

Disease p-

value 
Age p-value 

Disease x 

Age p-value 

BV/TV (%) 6.3± 1.1 5.1±1.7 5.4±1.9 4.6±1.9 0.299 0.130 0.706 

Tb.Th (mm) 0.04±  0.01ab 0.05± 0.01b 0.04± 0.003a 0.04± 0.003ab 0.024 0.018 0.019 

Tb.Sp (mm) 0.25± 0.02b 0.33± 0.04b 0.27± 0.03a 0.34± 0.06a 0.231 <0.0001 <0.0001 

Tb.N (1/mm) 1.49±  0.28 1.10±  0.43 1.45±  0.44 1.09± 0.45 0.882 0.018 0.936 

        

Ultimate Force 

(N) 
14.7±1.6a 8.3±1.0bc 10.3±4.0b 5.6±2.0c <0.0001 0.003 0.395 

Total 

Displacement 

(µm) 

917± 387a 1075±467a 463±172b 455±211b 0.582 0.001 0.544 

Stiffness 

(N/mm) 
82.57± 16.83a 40.91± 15.44b 68.73± 20.71a 36.45± 9.44b <0.0001 0.195 0.5 

Total Work 

(mJ) 
8.08± 2.62a 5.45± 3.15ab 3.34± 2.01bc 1.48± 1.14c 0.03 <0.0001 0.696 

Ultimate Stress 

(MPa) 
167± 53a 90±22b 98±27b 66±24b 0.002 0.005 0.153 

Modulus (GPa) 11.0±3.8a 4.6±2.1b 7.2±2.2b 4.5±1.2b 0.089 <0.0001 0.107 

Resilience 

(MPa) 
1.04± 0.57a 0.41± 0.32b 0.51± 0.25b 0.14± 0.05b 0.004 0.018 0.406 

Toughness 

(MPa) 
7.37± 2.12a 5.38± 2.20a 2.94± 1.51b 1.69± 1.41b 0.045 <0.0001 0.632 

Data provided as mean ± standard deviation. Groups with different letter notations are statistically different from each other (p<0.05). 
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3.3.4 Mechanical properties were negatively affected by both age and disease. 

There were no age-by-disease interactions across mechanical properties but several 

properties had independent age and disease effects. Structural properties of ultimate force, 

stiffness, and total work and estimated material properties of ultimate stress, resilience, and 

toughness were all significantly lower in adenine-fed mice compared to controls (Table 3). 

Structural properties of ultimate force, total displacement, and total work and estimated 

material properties of ultimate stress, modulus, resilience, and toughness were all 

significantly lower in aging mice compared to young mice (Table 3). To assess whether 

periosteal expansion occurred, total bone area and periosteal perimeter were measured. 

There were no differences in total bone area (all bone and marrow tissue; p=0.095) or 

periosteal perimeter (p=0.457). From linear regression models, tibial cortical porosity 

levels predicted 22% and 15% of the variability in ultimate force and toughness, 

respectively. 

 

3.4 Discussion 

The primary finding of this study is that while both young and aging male C57Bl/6J mice 

are negatively impacted by adenine-induced CKD, aging mice exhibit a more severe phenotype 

with greater cortical porosity and higher PTH than young mice. Adenine-induced CKD in both 

ages led to reduced structural and estimated mechanical properties with no significant 

interactions between the two conditions (age and disease). 

There are multiple animal models that allow researchers to study CKD, two of the most 

common being 5/6-nephrectomy and oral ingestion of adenine. Surgical methods have several 

key limitations, including post-surgical mortality, variability in surgical technique, and rapid 

onset of kidney function decline84. Adenine was first utilized in a rat model where higher doses 

(0.75% adenine) caused rapid, severe kidney alterations that were more consistent with 
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nephrotoxic disease; however, reductions in dosage to 0.25% adenine produced a milder and 

more gradual disease more consistent with CKD113. Studies from our lab using a casein-based 

adenine diet for mice have used a 0.2% dose and shown it produces progressive loss of kidney 

function and recapitulates the biochemical and skeletal effects seen in CKD-MBD84. One 

limitation of the adenine diet is weight loss due to reduced food intake, which could contribute 

to some, but unlikely all, of the skeletal changes in the model. To our knowledge, the adenine 

diet has not been utilized to study aging mice, which is a key strength and novelty of the current 

paper. 

It is well-established that cortical porosity increases with age114,115. Burghardt et. al (2010) 

found that cortical porosity was more strongly associated with age compared to other cortical 

metrics, such as cortical thickness and cortical bone area116. Analyses of human iliac crest 

biopsies have documented that higher cortical porosity with age is more often due to an increase 

in the size of individual pores rather than areal pore density; additionally, porosity was tied to 

remodeling of existing canals rather than the generation of new canals117. Despite known 

differences between human and rodent cortical bone structure and physiology, mice develop a 

skeletal aging phenotype that includes age-related cortical porosity118. In this current study, 

untreated aging mice had lower cortical thickness and cortical area as well as ~6% higher 

femoral cortical porosity, demonstrating age-induced cortical bone alterations. Although 

intracortical osteonal remodeling is not part of normal rodent bone physiology, rodents with 

CKD still develop cortical porosity like humans. We hypothesize there are overlapping 

mechanisms driving pore development in both species, likely driven though the initiation of 

resorption by osteoclasts from the endocortical surface that then tunnel through the cortical 

bone. 

In humans and rodents, high circulating PTH is associated with loss of cortical bone and 

cortical porosity development33,40,119. With patients that have declining renal function, serum 

PTH can be dysregulated and rise uncontrollably120. In this current study, our results are 



    

54 

 

consistent with previous studies that demonstrate that adenine-induced CKD results in elevated 

PTH40,65,110. Importantly, our study shows that aging mice fed adenine had elevations in PTH 

that were notably higher compared to young AD, specifically 72% higher than young AD mice. 

The mechanisms leading to more robust PTH response to CKD in aging mice is not known, 

but it indicates that alterations caused by impaired renal function may be exacerbated by age. 

While age-related cortical porosity occurs slowly, CKD-induced cortical porosity in both 

rodents and humans changes rapidly over time33,121. Evaluation of CKD patients demonstrates 

4-5% loss of cortical bone density per year122, illustrating that CKD more rapidly and 

significantly affects the cortical bone than aging. CKD produces robust cortical porosity, even 

in younger rodents40,110, but how this impacts porosity in aging animals is less understood. In 

the present study, aging AD mice had 78% higher femoral cortical porosity than young AD 

mice and 63% higher femoral porosity than age-matched counterparts. Previously, Heveran et. 

al (2019) examined young (12-week) and old (84-week) mice with 5/6-nephrectomy and found 

that the reduced bone material quality in CKD was distinct from age-related bone quality 

changes, but no differences in cortical porosity were observed123. In our study, adenine-induced 

CKD caused 4.2-fold higher PTH in young mice and 9-fold higher PTH in aging vs. age-

matched counterparts, while the 5/6-nephrectomy in Heveran et. al caused ~2-fold higher PTH 

across both ages123. Since high PTH is associated with cortical porosity in CKD, we 

hypothesize this difference, namely the higher PTH induced by the adenine model, was largely 

responsible for the adenine-induced cortical porosity and the heightened porosity development 

in the aging mice. Unlike our previous study40, this study did not measure PTH across the 

experimental timeline, so we can only speculate that the elevated cortical porosity in adenine 

mice was mediated largely by elevated PTH levels. This result reiterates the importance of PTH 

in cortical porosity development and certainly supports the clinical approach of controlling 

PTH levels in CKD patients. 
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Along with increases in cortical porosity, adenine-induced CKD also resulted in lower 

cortical thickness and cortical bone area, but no differences between young and aging mice 

were observed. Because cortical bone is closely linked to the mechanical strength of bone, 

deterioration of cortical bone, through porosity and cortical thinning, is associated with a 

decline in mechanical properties. Previously, we demonstrated adenine-induced CKD in male 

mice reduced structural properties, including ultimate force and stiffness, while estimated 

material properties, such as toughness, showed no difference between CON and AD110. In the 

current study, there were independent effects of age and disease on both structural and material 

properties, although no interaction effects were observed. Interestingly, the aging AD mice 

even with higher cortical porosity did not have greater alterations in mechanical properties vs. 

the young AD mice. These findings allude to a potential compensatory mechanism that may 

occur within aging bone to preserve bone mechanical properties despite increasing cortical 

porosity. Analysis of total bone area and periosteal perimeter of tibiae showed no differences 

across groups, indicating that periosteal expansion is not a likely compensatory mechanism in 

this model. 

Limitations of the current study include the use of only male mice. We chose to utilize 

male mice, because we previously showed that with aging, male mice exhibit higher PTH and 

cortical porosity than aging, female mice without kidney disease111. However, this prior study 

found sex-based differences in regulation of phosphate metabolism in young and aging mice111, 

so future studies should assess whether sex-based differences would also be observed in aging 

mice with CKD. As our focus was on the skeletal manifestations, we used BUN to assess the 

presence/absence of altered kidney function. We acknowledge that measures, such as GFR or 

creatinine, can be more specific, and therefore our study is limited in its ability to determine 

the extent of kidney function or if interactions between aging and CKD occurred with respect 

to kidney function. The adenine-induced CKD model in mice does cause reduced food intake, 

which may cause protein malnourishment and lead to metabolic acidosis124,125. How each of 



    

56 

 

these components contributes to disease progression and the skeletal phenotype is not 

addressed by this work. Finally, our study utilized a relatively small sample size for mechanics, 

which could have affected our ability to find significant interaction effects. 

In conclusion, these data demonstrate that combining aging and CKD leads to an 

exacerbated cortical porosity phenotype that appears linked to the differential elevations of 

PTH. This highlights the importance of assessing mechanisms and potential interventions in 

both young and aged animals to translate to a broader spectrum of CKD patients. 
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3.5 Supplementary Figures 

 

Supplementary Figure 1: MicroCT region of interest for cortical bone of distal femur. Middle 

image shows anatomical location of femoral analyses (blue box – trabecular ROI and green line – 

cortical ROI). Representative images for control and CKD bone demonstrate: raw image (top), 

binary image (middle), and cortical ROI (bottom). 
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CHAPTER 4 

ROMOSOZUMAB TREATMENT IMPROVES TRABECULAR AND CORTICAL BONE IN 

HEALTHY YOUNG AND AGING MICE 

 

4.1 Introduction 

Osteoporosis is the most common skeletal disorder in the world and is 

characterized by low bone mass and deterioration of bone microarchitecture126. In 2010, 

10.2 million people aged 50 and older had osteoporosis and an additional 43.3 million 

people suffered from low bone mass7. Because people are living longer, these numbers will 

continue to grow, underscoring the importance of finding effective therapies to improve 

bone quantity and quality. 

Modeling is the process by which bones are initially formed and involves 

uncoupled bone formation and/or bone resorption. However, bone loss associated with 

osteoporosis is tied to changes in the bone remodeling cycle. In a healthy state, there is a 

coupling of bone remodeling with bone resorption followed by bone formation at the same 

spatial location over time, thereby the removal of old bone is replaced with new bone. For 

this process to be fully coupled, the relative amounts of resorption and formation should 

be equal (although every remodeling unit is known to have a slight negative bone balance). 

However, with aging or estrogen deficiency (i.e., menopause), overall resorption is greater 

than the overall formation (most often due to less activity and/or lower numbers of 

osteoblasts), which leads to a greater negative bone balance and thus loss of bone with each 

remodeling cycle6. Loss of both trabecular and cortical bone contributes to overall bone 

loss; trabecular bone loss primarily involves thinning of trabeculae, while cortical bone 

loss involves an increased number of resorption cavities (called pores)127. 
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Osteoporosis therapies fall into one of two broad categories – anti-resorptive and 

anabolic treatments. Anti-resorptive drugs include bisphosphonates (BPs), which bind to 

the bone due to high affinity for hydroxyapaptite128. BPs inhibit osteoclast activity, thus 

reducing bone resorption. Denosumab, another anti-resorptive agent, interferes with 

RANK-RANKL binding, a crucial step in osteoclastogenesis, leading to decreased 

osteoclast formation and activity. Although anti-resorptives are often the first-line therapy 

for treating osteoporosis, they are known to blunt the effects of anabolic therapy when used 

in combination or when administered years later. 

Anabolic drugs, including teriparatide and romosozumab, increase bone 

formation. Teriparatide, intermittently administered parathyroid hormone (PTH), 

stimulates increased bone turnover, both formation and resorption, but the dosing regimen 

leads to net gain of bone mass. Romosozumab stimulates the Wnt signaling pathway by 

inhibiting sclerostin, thereby increasing bone formation129. Unlike teriparatide, 

romosozumab decreases the activation of remodeling while increasing the activation of 

modeling; therefore, romosozumab treatment results in increased bone formation and 

decreased bone resorption, which is advantageous for building bone mass rapidly130. 

This study was a pilot study to determine whether romosozumab is an effective 

anabolic agent in aging versus young mice. Given that the bone formation rate and pool of 

osteoblasts is lower in aging mice, we sought to determine whether romosozumab is able 

to effectively stimulate bone formation in aging mice to the same degree as in younger 

mice. This pilot study was performed prior to exploring the effectiveness of combination 

treatment in aging mice. 
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4.2 Materials & Methods 

4.2.1 Animals: Male C57Bl/6J mice were obtained from Jackson Laboratories (JAX stock #000-

664, Bar Harbor, ME, USA) at 15- and 77-weeks of age (n=12/age) and group housed at 

an institutionally approved animal facility with 12h light/dark cycles. After one week of 

acclimatization, all mice were fed a grain-based diet (2018SX, Envigo-Teklad Diets, 

Madison, WI, USA) for four weeks. Once weekly, half of the mice of each age were 

injected subcutaneously with romosozumab (10mg/kg; Amgen, Thousand Oaks, CA). 

Body weight was measured weekly, and animals were monitored for health daily. All mice 

were injected with fluorochrome calcein labels 7 and 2 days prior to euthanasia. Following 

euthanasia, both femurs of each animal were fixed in 10% neutral buffered saline. All 

animal procedures were approved by the Indiana University School of Medicine 

Institutional Animal Care and Use Committee prior to the initiation of experimental 

protocols, and methods were carried out in accordance with relevant guidelines and 

regulations. 

 

4.2.2 Ex Vivo Micro-Computed Tomography of the Femur: Distal femora were scanned on a 

SkyScan 1172 system (Bruker, Billerica, MA, USA) with a 0.5 aluminum filter and an 

8µm voxel size using a custom holder that allows scanning of 3 bones at a time112. 

Trabecular bone architecture was analyzed from a 1mm region of interest (ROI) just 

proximal to the distal growth plate as previously described131. Measures of trabecular bone 

included bone volume fraction/total volume, trabecular thickness, trabecular number, and 

trabecular spacing. Cortical bone geometry was analyzed from five contiguous slices 

~2.5mm proximal to the distal growth plate. Measures of cortical bone included cortical 

bone area, cortical thickness, and cortical porosity. Cortical porosity was determined by 

assessing void area between the periosteal and endosteal surfaces, presented as a 
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percentage of overall cortical bone area. All nomenclature followed standard 

recommendations87. 

 

4.2.3 Histomorphometry: Undemineralized right distal femurs were fixed in neutral buffered 

formalin, subjected to serial dehydration, and then embedded in methyl methacrylate 

(Sigma Aldrich, St. Louis, MO). Serial frontal sections (4µm-thick) were cut and left 

unstained for analysis of fluorochrome calcein labels. Histomorphometric analyses were 

performed using BIOQUANT (BIOQUANT Image Analysis, Nashville, TN). A standard 

region of interest of trabecular bone excluding primary spongiosa and endocortical surfaces 

was utilized. Total bone surface (BS), single-labeled surface (sLS), double-labeled surface 

(dLS), and interlabel distances were measured at 20X magnification. Mineralized surface 

to bone surface (MS/BS; [dLS+(sLS/2)]/BS*100), mineral apposition rate (MAR; average 

interlabel distance/5 days), and bone formation rate (BFR/BS; MS/BS*MAR*3.65) were 

calculated. All nomenclature for histomorphometry follows standard usage132. 

 

4.2.4 Statistical Analyses: Statistical analyses were completed in SPSS Statistics 27 (IBM, 

Armonk, NY, USA). Data were analyzed as a 2x2 factorial ANOVA (age-by-treatment) 

with main effects of treatment (no treatment vs. romosozumab), age (young versus aging), 

and treatment-by-age interactions and effect sizes (ES) noted. When the 2x2 ANOVA was 

statistically significant (p<0.05), an all-groups Duncan’s multiple range test post-hoc 

analysis was applied to determine individual group differences. All data are presented as 

mean ± standard deviation. 

 

 

4.3 RESULTS 

4.3.1 Romosozumab treatment had no effect on body weight in either age. 
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Over the course of the study, there was no statistical difference in body weight 

between treatment groups or between ages (Figure 14). 
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Figure 14: There was no statistical difference in body weight between treatment groups or between 

ages. 

4.3.2 Both age and treatment influenced trabecular bone parameters. 

Both age (p=0.015, ES=0.263) and treatment (p<0.0001, ES=0.658) affected 

femoral bone trabecular volume fraction; however, there was no age-by-treatment 

interaction effect. Aging mice had 62% higher BV/TV when treated with 

romosozumab than age-matched controls, while young mice had 33% higher 

BV/TV when treated with romosozumab than age-matched controls (Figure 15A). 
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Figure 15: Romosozumab (Romo) treatment improved trabecular bone architecture over control 

(Con) in young (Y) and aging (A) mice after 4 weeks of treatment. A BV/TV was highest in 

romosozumab-treated animals regardless of age. B Trabecular thickness was higher with 

romosozumab treatment in aging and young animals. C Trabecular separation was highest in aging 

control mice. D Romosozumab treatment led to higher trabecular number in both aging and young 

mice. Data are presented as mean ± standard deviation. Bars with different letter notations are 

statistically different from each other (p<0.05). 
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There was an age-by-treatment interaction for femoral trabecular thickness 

(p=0.026, ES=0.225). With romosozumab treatment, aging mice had 37% thicker 

trabeculae, and young mice had 20% thicker trabeculae (Figure 15B). Aging mice, 

regardless of treatment, had higher trabecular thickness than young mice; with 

romosozumab treatment, the aging mice had the highest trabecular thickness of all 

groups. There was an age effect (p<0.0001, ES=0.636) for femoral trabecular 

separation, but no treatment or interaction effects (Figure 15C). There were age 

(p<0.0001, ES=0.85) and treatment (p<0.0001, ES=0.569) effects for femoral 

trabecular number. Regardless of age, romosozumab treatment led to a higher 

number of trabeculae. With romosozumab treatment, aging mice had 40% higher 

trabecular number and young mice had 15% higher trabecular number (Figure 

15D). 

 

4.3.3 Although cortical porosity was not different across groups, cortical bone area and 

thickness improved with treatment. 

There were no significant differences between groups for cortical porosity (Figure 

16A). For cortical bone area, there was an age-by-treatment interaction effect 

(p=0.005, ES=0.335). Regardless of treatment, the aging mice had higher cortical 

area (Figure 16B). With romosozumab treatment, aging mice exhibited 29% 

higher cortical bone area than age-matched controls while young mice only had 

11% greater cortical bone area than age-matched controls. There was also an age-

by-treatment interaction effect (p=0.012, ES=0.275) for cortical thickness. 

Regardless of age, the romosozumab-treated mice had thicker cortices (Figure 

16C). Romosozumab treatment resulted in 25% higher cortical thickness in aging 
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mice and 10% higher cortical thickness in young mice compared to age-matched 

control groups. 
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Figure 16: Romosozumab (Romo) treatment improved cortical bone properties over control (Con) 

in young (Y) and aging (A) mice after 4 weeks of treatment. A There were no differences in cortical 

porosity between ages or treatment groups. B Romosozumab treatment led to higher cortical bone 

area in aging and young mice. C There was a main effect of treatment (p<0.0001) and an age-by-

treatment interaction (p=0.012) for cortical thickness. Data are presented as mean ± standard 

deviation. Bars with different letter notations are statistically different from each other (p<0.05). 
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4.3.4 There was an influence of age but not treatment on histomorphometry-based bone 

formation. 

Although there were no treatment or age-by-treatment interaction effects, there 

were age effects for all parameters. Mineralizing surface to bone surface (MS/BS) 

was 30% higher in young mice compared to aging mice regardless of treatment; 

there were no differences between control and romosozumab-treated animals 

(Figure 17A). Similar patterns were also observed for mineral apposition rate 

(MAR) and bone formation rate (BFR) (Figure 17B and 17C).  
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Figure 17: Romosozumab (Romo) treatment had no effect on trabecular bone formation properties 

compared to control (Con) in young (Y) and aging (A) mice after 4 weeks of treatment. A 

Mineralizing surface per bone surface (MS/BS) was higher in young mice regardless of treatment. 

B Mineral apposition rate (MAR) was higher in young mice regardless of treatment. C Bone 

formation rate (BFR) was higher in young mice compared to aging mice regardless of treatment. 

Data are presented as mean ± standard deviation. Bars with different letter notations are statistically 

different from each other (p<0.05). 
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4.4 DISCUSSION 

The primary finding of this study is that romosozumab treatment can improve bone 

microarchitecture, both trabecular and cortical, in young and aging mice. Although 

histomorphometric measures demonstrated little change at the time point measured, the 

structural data for both trabecular and cortical bone illustrates the effectiveness of 

romosozumab. 

Romosozumab has received increasing attention as a potential osteoporosis therapy. 

Phase I clinical trials utilizing romosozumab have shown stimulation of bone formation and 

inhibition of bone resorption in healthy men and postmenopausal women61. More specifically, 

healthy men and postmenopausal women demonstrate a dose-dependent increase in bone 

formation markers, including procollagen 1 intact N-terminal propeptide (P1NP) and bone 

alkaline phosphatase (BAP), and a dose-dependent decrease in bone resorption markers, 

including serum C-terminal telopeptide (CTX)61. Phase II clinical trials demonstrated that 

postmenopausal women treated with romosozumab had larger gains in bone mineral density 

than treatment with alendronate or teriparatide60. Phase III clinical trials in men and women 

with osteoporosis showed increased bone mineral density after 1-year of treatment with 

romosozumab, indicating that romosozumab is an effective osteoporosis treatment in both men 

and women62,133. Traditional aging studies would typically use mice of at least 2 years of age, 

while our mice are more consistent with a middle-aged population. In each of the clinical trials 

previously discussed, the men and women ranged from 40-85 years of age, which is consistent 

with a mostly middle-age human population and thus the animal ages utilized in the current 

study. 

Research with both ovariectomized rats and gonad-intact female cynomolgus 

monkeys demonstrate increased trabecular and cortical bone mass and associated gains in bone 
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mineral density (BMD)134,135. Unlike combining parathyroid hormone and bisphosphonates, the 

effects of romosozumab are not blunted when combined with a bisphosphonate136, creating the 

potential for combination anti-resorptive and anabolic therapy. When comparing romosozumab 

with teriparatide in young rats, romosozumab increased trabecular bone mass in 4 weeks and 

maintained bone formation rate for over one month superior to teriparatide137. Our study builds 

on previous pre-clinical studies by evaluating the effectiveness of romosozumab in aging mice, 

data that is surprisingly lacking in the literature. 

Our study is consistent with previous studies that demonstrate higher trabecular and 

cortical bone following treatment in non-aged animals. Most importantly, our study shows that 

romosozumab treatment had a greater percent difference in trabecular bone volume from age-

matched controls in aging mice compared to young mice. Despite the lower basal bone 

formation rate in aging mice, the romosozumab treatment appeared to stimulate a strong 

anabolic response in the early treatment phase based on the change in bone volume. An increase 

in bone formation rate was not detected within the last week of the treatment when 

fluorochrome labels were given in this study, which suggests the anabolic potential is early in 

treatment. Although unlikely, an alternate interpretation is that romosozumab suppressed 

osteoclasts, which could also explain the change in bone mass without a concurrent change in 

bone formation rate. Additionally, strong increases to cortical bone area and cortical thickness 

may contribute to reduced fracture risk, which is the key outcome for utilization of 

romosozumab in patients. This data is promising when aging is overlaid with another disease 

that negatively affects bone, such as chronic kidney disease. 

Limitations of our study include the use of only male mice and the small sample sizes. 

We chose to utilize male mice, because we previously showed that with aging, male mice 

exhibit more cortical porosity than aging, female mice in the absence of kidney disease111. 

However, this prior study found sex-based differences in regulation of phosphate metabolism 

in young and aging mice111, so future studies should assess whether sex-based differences 
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would also be observed with romosozumab treatment. The small sample size was due to the 

overall goal of the study, which was to confirm that romosozumab doses used in young mice 

were anabolic in aging mice. Another limitation of the current study pertains to 

histomorphometry. By analyzing the bone at the end of the study, we appear to have missed 

the window of bone formation following once-weekly romosozumab administration; however, 

the strong increases in trabecular and cortical bone seen with micro-CT illustrate that the drug 

was effective and recapitulated previous results. 

In conclusion, these data demonstrate that romosozumab treatment effectively 

increases both trabecular and cortical structural bone properties in young and aging animals. 

This study highlights the usefulness of romosozumab as a therapy for aging bone.  
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CHAPTER 5 

ROMOSOZUMAB ALONE OR IN COMBINATION WITH PTH SUPPRESSION 

IMPROVES TRABECULAR AND CORTICAL BONE MICROARCHITECTURE AND 

BONE MECHANICAL PROPERTIES IN AGING MICE WITH CKD 

 

5.1 Introduction 

Approximately 15% of adults in the United States have chronic kidney disease 

(CKD), which leads to a host of comorbidities including increased risk of fractures and 

greater fracture-related complications. The incidence of CKD increases with age. Those 

over the age of 65 comprise 38% of the total adult population with CKD138. Aging is also 

commonly associated with osteoporosis, which is recognized as the most common skeletal 

disorder in the world10. Due to deficits in bone quantity and quality, both aging and CKD 

decrease bone strength and increase in likelihood of fractures. This is due in part to the 

negative effects of CKD and aging on cortical bone with both leading to cortical thinning 

and increased cortical porosity40,110,111,131,139,140. Cortical porosity is inversely related to 

bone mechanical properties and fracture33,34,38,39. Understanding how aging and CKD 

interact with respect to cortical bone structure and mechanics has important translational 

value for designing effective interventions. 

Despite the high prevalence of CKD in the aging population, few clinical and pre-

clinical studies have assessed these comorbid conditions together. One clinical study found 

higher 3-year fracture incidence with increasing stages of CKD regardless of age, but an 

even higher fracture incidence in patients over age 6530. Preclinical work in our lab found 

that aging mice with adenine-induced CKD has altered bone mechanical properties with 

significantly lower ultimate force and stiffness than aging control mice. Concurrently, 

femoral and tibial cortical porosity was ~77% higher in aging adenine mice compared to 
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young adenine mice131. These studies point to the negative impact of CKD in the aging 

skeleton due in part to an exacerbated phenotype of cortical porosity. 

Secondary hyperparathyroidism is proposed to be a strong driver of the observed 

bone deficits in CKD, and many treatment options are aimed at reducing parathyroid 

hormone (PTH) levels. Patients with early-stage CKD can be given calcimimetics, such as 

cinacalcet, to mitigate elevations in PTH50. Cinacalcet has been shown to reduce fracture 

risk in patients on hemodialysis (stage 5 CKD) as compared to placebo, yet aging patients 

on treatment still had a higher risk of fracture than young patients51. In pre-clinical models, 

modulation of PTH through either calcium supplementation or use of calcimimetics65,141,142 

effectively reduces PTH levels and prevents or infills cortical pores depending on the 

administration period (before or after pore development). However, reducing PTH alone 

may not be sufficient to mitigate cortical porosity or mechanical fragility, particularly in 

aging bone where declines in bone formation may hinder the ability to reverse/infill cortical 

pores. Romosozumab, a humanized monoclonal sclerostin antibody approved for use in 

osteoporosis, uses PTH-independent mechanisms to increase osteoblast activity, making it 

an attractive therapeutic for CKD58. In post-menopausal women with osteoporosis from 

both the FRAME and ARCH studies, post-hoc analyses across mild and moderate levels 

of renal function showed that patients had increased bone mineral density and lower risk 

of vertebral fractures58. The impact in later-stage CKD and how it alters cortical bone is 

unknown. 

The purpose of this study was to assess romosozumab treatment with and without 

concurrent PTH suppression on bone microarchitecture and mechanical properties in aging 

mice with adenine-induced CKD. Previously, we demonstrated that calcium suppression 

through calcium water effectively reduced circulating PTH and reversed cortical porosity 

in skeletally mature adenine-induced CKD mice65. We hypothesized that romosozumab 
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with concurrent PTH suppression (via calcium water) would most effectively reverse 

cortical porosity and improve mechanical properties in aging mice with CKD. 

 

5.2 Materials and Methods 

5.2.1 Animals 

Male C57Bl/6J mice were obtained from Jackson Laboratories (JAX stock #000-

664, Bar Harbor, ME, USA) at 66 weeks of age (n=154) and group housed at an 

institutionally approved animal facility with 12h light/dark cycles. After one week 

of acclimatization, all mice were switched to a casein-based diet with adjusted 

calcium and phosphorus (0.9% P, 0.6% Ca). Half of the mice were given the same 

casein-based diet with 0.2% adenine (AD; Envigo-Teklad Diets, Madison, WI, 

USA) to induce CKD while the remaining mice served as age-matched controls 

(CON). After six weeks on the adenine diet, the AD mice were switched to the 

casein diet for the remainder of the study. 

At 8 weeks, mice were placed into one of the following treatment groups and 

received their respective treatment for four weeks: 1) calcium water (Ca), 2) 

romosozumab (Romo), or 3) combination calcium water and romosozumab 

(Combo). For calcium water supplementation, 3% calcium gluconate water was 

provided ad libitum; all other groups remained on standard purified drinking water. 

For romosozumab treatment, mice were injected subcutaneously with 

romosozumab once weekly (10mg/kg; Amgen, Thousand Oaks, CA). 

Body weight was measured weekly, and animals were monitored for health daily. 

Animals were euthanized via exsanguination under isoflurane anesthesia, and 

blood was collected from the heart for biochemical analyses. One femur and one 

tibia were fixed in 10% neutral buffered formalin, and one tibia and one femur 

were placed in saline-soaked gauze and frozen. All animal procedures were 
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approved by the Indiana University School of Medicine Institutional Animal Care 

and Use Committee prior to the initiation of experimental protocols, and methods 

were carried out in accordance with relevant guidelines and regulations. 

The study was completed across two different cohorts. The first cohort was 

initiated with 71 mice, but 14 mice died or had to be euthanized prior to study 

endpoint (20% attrition rate). The second cohort was initiated with 83 mice, but 28 

mice died or had to be euthanized prior to study endpoint (34% attrition rate). Thus, 

our final animal number was 113 (n=8-14/group). 

 

5.2.2 Serum Biochemistries 

Cardiac blood collected at the time of termination was used to measure serum 

blood urea nitrogen (BUN) (BioAssay Systems, Hayward, CA, USA) via 

colorimetric assays. P1NP and CTX (IDS, East Boldon, UK) and serum 

parathyroid hormone (Immutopics Quidel, San Diego, CA, USA) were measured 

via ELISA as previously described40. 

 

5.2.3 Ex Vivo Micro-Computed Tomography of the Femur 

Distal femora were scanned on a SkyScan 1172 system (Bruker, Billerica, MA, 

USA) using a custom holder that allows scanning of 3 bones at a time112 with the 

following settings: 60kV, medium camera, 0.5 aluminum filter, frame averaging 

of 2, 0.7 rotation step, and 8µm voxel size. Trabecular bone architecture was 

analyzed from a 1mm region of interest (ROI) just proximal to the distal growth 

plate. Measures of trabecular bone included bone volume/total volume, trabecular 

thickness, trabecular number, and trabecular spacing. Cortical bone geometry was 

analyzed from five consecutive slices ~2.5mm proximal to the distal growth plate 

in a region proximal to the trabecular bone of the distal femur as previously 



    

75 

 

described131. Measures of cortical bone included cortical bone area, cortical 

thickness, and cortical porosity. Cortical porosity was determined by assessing 

void area between the periosteal and endosteal surfaces, presented as a percentage 

of overall cortical bone area. ROIs were hand-drawn with a binary threshold of 

100-255. All nomenclature followed standard recommendations87. 

Tibial midshafts were group-scanned using the SkyScan 1176 system (Bruker, 

Billerica, MA, USA) with a 0.5 aluminum filter and a 9µm voxel size to assess 

geometric properties (cortical area, cross-sectional moment of inertia) for 

stress/strain calculations following mechanical testing. 

 

5.2.4 Four-Point Bending of the Tibia 

Tibiae underwent four-point bending (TA Instruments, New Castle, DE, USA) as 

previously described111. Briefly, bones were thawed to room temperature soaked 

in PBS. The anterior surface was placed on two metal supports located ±9mm from 

the mid-diaphysis testing site, and the upper supports were centered on the bone 

with a span of ±4mm. Specimens were loaded to failure at a rate of 0.025mm/sec, 

producing a force-displacement curve for each sample. Structural mechanical 

properties (yield/ultimate load, pre-yield/post-yield/total displacement, and pre-

yield/post-yield/total energy to failure) were obtained directly from the curves 

using a MATLAB code, while estimated material properties (ultimate stress, 

elastic modulus, strain, resilience, total toughness) were derived from force-

displacement curves and geometric properties noted above using standard beam-

bending equations for four-point bending. 
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5.2.5 Fracture Toughness of the Femur 

Bone resistance to crack propagation was assessed using a linearly elastic fracture 

toughness testing approach143. Right femora were notched at the anterior mid-

diaphysis using a low-speed sectioning saw (Buehler, Lake Bluff, IL, USA) not 

more than halfway through the medullary cavity. The notch was sharpened using 

a scalpel coated with a 1µm diamond suspension. Femora were loaded in three-

point bending with the notched surface in tension, and the crack was advanced 

until failure. Marrow was removed and femora were dehydrated using a vacuum 

pump. After gold sputtering, the crack surface was imaged using a scanning 

electron microscope (JEOL, Akishima, Tokyo, Japan). Stable and unstable crack 

lines were identified using a custom MATLAB script, and the cortical bone 

geometry was used to calculate the stress intensity factors for crack initiation and 

maximum load. 

 

5.2.6 Statistical Analysis 

Statistical analyses were completed in SPSS Statistics 27 (IBM, Armonk, NY, 

USA). Data were analyzed as a 2x2x2 factorial ANOVA (adenine-calcium-

romosozumab) with all main and interaction effects noted. When the 2x2x2 

ANOVA was statistically significant (p<0.05), an all-groups Duncan post-hoc 

analysis was applied to determine individual group differences. All data are 

presented as mean ± standard deviation. 

 

5.3 Results 

5.3.1 Animal losses during the study period 

During the 8-week CKD induction and maintenance period, 24 adenine mice were 

found dead and 13 needed to be euthanized, while one control was found dead and 
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none needed to be euthanized. All mice that were found dead had no changes in 

body weight or appearance prior to being found dead. During the four-week 

treatment period, no untreated adenine mice were euthanized and one was found 

dead, one adenine calcium mouse was euthanized and 3 were found dead, 2 

romosozumab mice were euthanized and 2 were found dead, and within the 

combination treatment group, none were euthanized and 2 were found dead. In the 

control groups, no mice were euthanized or found dead during the four-week 

treatment period. The majority of the losses were in the induction phase of CKD 

and not due to treatment. 
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Figure 18: Biochemical parameters reveal interactions between aging and CKD that were altered 

with PTH suppression and anabolic treatment. A Adenine groups (Ad) had lower endpoint body 

weight (p<0.0001) compared to control (Con) with interaction effects of adenine-calcium 



    

79 

 

(p=0.044) and adenine-romosozumab (p<0.0001). B Blood urea nitrogen (BUN) was highest in 

adenine groups compared to control (p<0.0001) with an interaction effect of adenine-romosozumab 

(p=0.023). C Parathyroid hormone (PTH) was highest in adenine animals (p<0.0001) with 

interaction effects of adenine-calcium (p<0.0001) and adenine-romosozumab (p=0.031). D 

Procollagen type I N-terminal propeptide (P1NP) was highest in romosozumab-treated animals 

(p=0.004) with an interaction effect of adenine-romosozumab (p=0.025). E Carboxy-terminal 

collagen crosslinks (CTX) was highest in adenine animals compared to control (p<0.0001) but no 

interaction effects. Data are presented as mean ± standard deviation. Bars with different letter 

notations are statistically different from each other (p<0.05). 

 

5.3.2 Adenine-fed animals had significantly lower endpoint body weight. 

There was a main effect of adenine (p<0.0001) with animals having lower body 

weight compared to controls. There were also significant interaction effects of 

adenine-calcium (p=0.044) and adenine-romosozumab (p<0.0001). The control 

romosozumab-treated groups had the highest endpoint body weight, and the 

adenine and adenine-romosozumab animals had the lowest endpoint body weight 

(Figure 18A). 

 

5.3.3 PTH levels were attenuated with the addition of calcium water while romosozumab 

treatment led to higher PTH and BUN. 

For blood urea nitrogen (BUN), there were main effects of adenine (p<0.0001), 

calcium (p=0.03), and romosozumab (p=0.002) and an adenine-romosozumab 

interaction effect (p=0.023). BUN was higher in all adenine-fed groups compared 

to control groups (Figure 18B). Both romosozumab and combination treatment 

adenine groups had BUN levels significantly higher than adenine control. 
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Parathyroid hormone (PTH) levels exhibited main effects of adenine (p<0.0001) 

and calcium (p<0.0001), and interaction effects for adenine-calcium (p<0.0001) 

and adenine-romosozumab (p=0.031). Overall, the adenine-fed animals had higher 

PTH levels than controls, with the romosozumab-treated group having the highest 

levels of all groups (38% higher versus untreated adenine) (Figure 18C). Calcium 

water decreased PTH in both adenine-treated groups, approximately 45-75% lower 

than untreated adenine and statistically similar to controls. 

 

5.3.4 Romosozumab treatment led to higher overall bone formation P1NP levels, which were 

normalized with the addition of calcium water. 

Procollagen type I N-terminal propeptide (P1NP) had main effects of adenine 

(p<0.0001), calcium (p<0.0001), and romosozumab (p=0.004) and an adenine-

romosozumab interaction (p=0.025). Adenine-fed animals had higher P1NP levels 

versus control, with untreated adenine 35% higher than untreated control, and the 

adenine romosozumab-treated group was 29% higher than untreated adenine 

(Figure 18D). With the addition of calcium water, P1NP levels were 40% and 23% 

lower in adenine and control animals, respectively. 

 

Carboxy-terminal collagen crosslinks (CTX) had main effects of adenine 

(p<0.0001) and calcium (p=0.01). Adenine-fed animals had higher CTX levels 

regardless of treatment, and the adenine and adenine-romosozumab groups had the 

highest CTX levels (Figure 18E). 
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Figure 19: Trabecular microarchitecture is improved with PTH suppression and anabolic treatment 

in aging and aging-CKD. A Trabecular bone volume (BV/TV) was highest in romosozumab-treated 

groups (p<0.0001) with interaction effects of adenine-romosozumab (p=0.037) and calcium-

romosozumab (p=0.012). B Trabecular thickness (Tb.Th) was highest in romosozumab-treated 

groups (p=0.001). C There were minimal differences in trabecular separation (Tb.Sp), with 

romosozumab treatment resulting in the lowest separation between trabeculae (p=0.001). D 

Trabecular number (Tb.N) was highest in animals receiving romosozumab (p<0.0001). Data are 

presented as mean ± standard deviation. Bars with different letter notations are statistically different 

from each other (p<0.05). 

 

C
on

C
on-C

a

C
on-R

om
o

C
on-C

om
bo

A
d

A
d-C

a

A
d-R

om
o

A
d-C

om
bo

0

5

10

15

20
BV/TV, %

d

ab

d

c

b

a

d d

C
on

C
on-C

a

C
on-R

om
o

C
on-C

om
bo

A
d

A
d-C

a

A
d-R

om
o

A
d-C

om
bo

0.00

0.02

0.04

0.06

0.08

0.10
Tb.Th, mm

d

b

d
c

a
a

e e

C
on

C
on-C

a

C
on-R

om
o

C
on-C

om
bo

A
d

A
d-C

a

A
d-R

om
o

A
d-C

om
bo

0.20

0.25

0.30

0.35

0.40

0.45
Tb.Sp, mm

ab

ab b

c

a

a

ab ab

C
on

C
on-C

a

C
on-R

om
o

C
on-C

om
bo

A
d

A
d-C

a

A
d-R

om
o

A
d-C

om
bo

0.0

0.5

1.0

1.5

2.0

2.5
Tb.N, 1/mm

d

a

cd

abc

bc ab cd
cd

A

C

B

D



    

82 

 

5.3.5 Romosozumab treatment improved trabecular microarchitecture in both healthy and 

adenine-treated animals, and effects were amplified with the addition of calcium water. 

Trabecular bone volume (BV/TV) displayed main effects of adenine (p=0.006), 

calcium (p<0.0001), and romosozumab (p<0.0001), and interactions between 

adenine-romosozumab (p=0.037) and calcium-romosozumab (p=0.012). There 

were no differences in trabecular BV/TV between adenine and control groups for 

the untreated and calcium water animals; the addition of romosozumab led to 

higher BV/TV in both adenine and control mice. Regardless of disease state, the 

combination treatment resulted in the highest BV/TV, with no difference between 

the adenine-fed and untreated controls (Figure 19A). 

 

For trabecular thickness (Tb.Th), there were main effects of adenine (p<0.0001), 

calcium (p=0.002), and romosozumab (p<0.0001) and an adenine-romosozumab 

interaction (p<0.0001). Adenine animals had lower trabecular thickness regardless 

of treatment compared to control animals. Regardless of disease, the combination 

treatment resulted in the higher trabecular thickness (Figure 19B). Although the 

romosozumab and combination treatments were no different in control animals, 

the combination treatment resulted in 18% higher trabecular thickness compared 

to romosozumab alone in adenine-fed animals. 

 

For trabecular separation (Tb.Sp), there were main effects of adenine (p<0.0001) 

and romosozumab (p=0.001). Regardless of disease, the combination treatment 

resulted in the lowest trabecular separation, with romosozumab alone or in 

combination with calcium water being no different in the adenine-fed groups 

(Figure 19C). 
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For trabecular number (Tb.N), there were main effects of calcium (p=0.028) and 

romosozumab (p<0.0001). Trabecular number was highest in the combination 

treatment groups, with the adenine and control combination treatment groups being 

no different from one another (Figure 19D). Additionally, the combination 

treatment resulted in significantly higher trabecular number compared to the 

calcium water and untreated groups. 

 

Figure 20: Cortical bone morphology and mechanical properties are improved with PTH 

suppression and anabolic treatment. A Femoral cortical porosity was highest in untreated adenine 

animals (p<0.0001) and was improved with romosozumab (p<0.0001). B Cortical bone area was 

highest in animals that received romosozumab (p<0.0001) with interaction effects of adenine-

romosozumab (p=0.001) and calcium-romosozumab (p=0.027). C Cortical thickness was highest 
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in animals receiving romosozumab (p<0.0001) with an adenine-romosozumab interaction effect 

(p<0.0001). D Ultimate force was compromised with adenine (p<0.0001) but exhibited 

improvements with calcium (p=0.014) and romosozumab (p<0.0001), demonstrating an adenine-

calcium-romosozumab interaction effect (p=0.007). Data are presented as mean ± standard 

deviation. Bars with different letter notations are statistically different from each other (p<0.05). 

 

5.3.6 Romosozumab treatment enhanced cortical bone parameters in healthy and adenine-

fed animals, and effects were amplified with the addition of calcium water. 

Femoral cortical porosity had main effects of adenine (p<0.0001) and 

romosozumab (p<0.0001). Porosity was higher in the adenine animals, and all 

treatments had significantly lower porosity that was comparable with untreated 

controls (Figure 20A). The combination treatment reduced cortical porosity by 

61% in adenine animals and 83% in control animals compared to the untreated 

groups. 

 

Cortical bone area had main effects of adenine (p<0.0001) and romosozumab 

(p<0.0001) and interaction effects of adenine-romosozumab (p=0.001) and 

calcium-romosozumab (p=0.027). Cortical bone area was lower in adenine 

animals compared to control animals regardless of treatment. In adenine-treated 

animals, the combination treatment group had the highest cortical bone area and 

was statistically no different from the untreated control group (Figure 20B). 

 

Cortical thickness had main effects of adenine (p<0.0001), calcium (p=0.014), and 

romosozumab (p<0.0001) and an adenine-romosozumab interaction (p<0.0001). 

Cortical thickness was lower in adenine animals compared to control animals 
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regardless of treatment. The control groups receiving romosozumab and 

combination treatment had the highest cortical thickness overall, but the same 

patterns were observed in adenine animals (Figure 20C). The adenine animals 

treated with romosozumab or combination treatment had cortical thickness no 

different from the control animals. 

 

5.3.7 Romosozumab treatment enhanced bone structural properties in healthy and adenine-

treated animals, and the effect on ultimate force was amplified with the addition of 

calcium water. 

Ultimate force had main effects of adenine (p<0.0001), calcium (p=0.014), and 

romosozumab (p<0.0001) and an adenine-calcium-romosozumab interaction 

effect (p=0.007). Adenine-treated animals had lower ultimate force regardless of 

treatment compared to control animals. The control animals receiving 

romosozumab or combination treatment had the highest ultimate force; the adenine 

animals that received the combination treatment were statistically no different than 

the control animals, 39% higher than the untreated adenine group (Figure 20D). 

With combination treatment, ultimate force was 25% higher in control animals and 

39% higher in adenine animals compared to the untreated disease-matched group. 

 

For stiffness, there were main effects of adenine (p<0.0001) and romosozumab 

(p<0.0001). Adenine-treated groups had lower stiffness than control animals 

regardless of treatment. All treated control groups had higher stiffness versus 

untreated animals (Table 4). For the animals that received adenine, the 

romosozumab and combination treatments resulted in stiffness that was 

statistically similar to the untreated controls and significantly higher than untreated 

adenine. 
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For total work, there were main effects of adenine (p<0.0001) and romosozumab 

(p=0.018). Adenine groups had lower total work compared to control animals. The 

combination-treated adenine animals were not different from the untreated control 

animals (Table 4). Similar patterns were observed for ultimate stress and 

toughness. 
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Table 4: Trabecular bone architecture and bone mechanical and material properties. 

 Con Con-Ca Con-Romo Con-Combo Ad Ad-Ca Ad-Romo Ad-Combo 

Trabecular 

bone 

volume/tissue 

volume (%) 

5.18 ± 1.28d 5.82 ± 0.83d 10.18 ± 2.17b 11.94 ± 1.94a 5.13 ± 1.04d 5.34 ± 1.54d 7.76 ± 2.27c 
10.67 ± 

2.13ab 

Trabecular 

thickness 

(mm) 

0.05 ± 0.006d 0.05 ± 0.006d 0.08 ± 0.006a 0.08 ± 0.005a 0.04 ± 0.004e 0.04 ± 0.005e 0.06 ± 0.006c 0.07 ± 0.007b 

Trabecular 

spacing (mm) 
0.33 ± 0.03ab 0.32 ± 0.03ab 0.31 ± 0.04b 0.28 ± 0.03c 0.34 ± 0.02a 0.34 ± 0.04a 0.33 ± 0.03ab 0.32 ± 0.02ab 

Trabecular 

number 

(1/mm) 

1.04 ± 0.23d 1.16 ± 0.20cd 1.32 ± 0.30bc 1.50 ± 0.22ab 1.21 ± 0.24cd 1.18 ± 0.28cd 1.37 ± 0.34abc 1.60 ± 0.25a 

         

Ultimate 

Force (N) 
19.04 ± 2.66b 20.88 ± 3.33b 24.96 ± 2.81a 25.31 ± 1.88a 12.78 ± 2.59d 12.07 ± 2.61d 15.50 ± 3.96c 20.88 ± 2.00b 

Total 

Displacement 

(µm) 

697.84 ± 

488.06 

752.25 ± 

536.15 

835.34 ± 

328.35 

611.09 ± 

233.57 

482.30 ± 

401.06 

743.86 ± 

334.87 

628.97 ± 

343.45 

579.63 ± 

386.72 

Stiffness 

(N/mm) 

97.46 ± 

28.54b 

121.40 ± 

17.76a 

126.94 ± 

11.03a 

128.97 ± 

15.46a 

77.64 ± 

12.89c 
76.00 ± 9.86c 

95.90 ± 

20.85b 

104.31 ± 

19.22b 

Total Work 

(mJ) 
7.58 ± 5.60bcd 9.58 ± 6.12abc 13.39 ± 5.15a 

10.46 ± 

3.80ab 
3.49 ± 2.30d 6.45 ± 3.41bcd 5.90 ± 2.71cd 7.10 ± 3.59bcd 

Ultimate 

Stress (MPa) 

186.22 ± 

42.20bc 

200.41 ± 

46.78bc 

262.84 ± 

69.26a 

237.20 ± 

70.89ab 

165.06 ± 

41.19c 

151.57 ± 

32.76c 

204.22 ± 

56.87bc 

189.75 ± 

56.47bc 

Total Strain 

(µε) 

76903 ± 

49990 

81601 ± 

56746 

87145 ± 

35874 

72492 ± 

27595 

50376 ± 

47702 

76230 ± 

35233 

59566 ± 

27812 

63591 ± 

39218 
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Modulus 

(GPa) 
9.07 ± 5.32 10.72 ± 2.52 13.43 ± 5.17 10.67 ± 4.75 11.37 ± 3.13 9.68 ± 3.08 13.22 ± 3.83 8.90 ± 3.89 

Resilience 

(MPa) 
1.53 ± 0.83 1.61 ± 0.62 1.62 ± 0.47 1.85 ± 0.65 1.60 ± 0.72 0.99 ± 0.28 1.24 ± 0.54 1.67 ± 0.88 

Toughness 

(MPa) 
8.97 ± 7.80bc 9.66 ± 5.19bcd 14.56 ± 7.03a 

11.57 ± 

4.97ab 
4.57 ± 2.90c 7.94 ± 3.38bc 7.40 ± 3.29bc 7.04 ± 3.82bc 

         

Initiation 

toughness, 

Kinit 

79.94 ± 

53.00bcd 

105.78 ± 

33.85ab 

111.38 ± 

27.90ab 

132.07 ± 

13.27a 
7.25 ± 16.49e 

41.90 ± 

44.42de 

90.29 ± 

56.07abc 

53.15 ± 

36.41cd 

Instability 

toughness,  

Kmax load 

109.55 ± 

70.23ab 

145.69 ± 

26.50a 

120.99 ± 

26.57ab 

146.49 ± 

11.29a 

16.71 ± 

40.66c 

75.63 ± 

86.53bc 

99.31 ± 

60.23ab 

67.23 ± 

45.38bc 

Data provided as mean ± standard deviation. Groups with different letter notations are statistically different from each other (p<0.05). 
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5.3.8 Romosozumab treatment increased the energy necessary to propagate the initial crack, 

while the addition of calcium water mitigated the effect. 

Initiation toughness (K init) had main effects of adenine (p<0.0001) and 

romosozumab (p=0.001). Overall, adenine resulted in lower initiation toughness. 

In control animals, the combination treatment resulted in higher initiation 

toughness by 39%; in adenine animals, the romosozumab-treated animals were no 

different from the control animals and improved initiation toughness by 92% 

compared to the untreated adenine group (Table 4). 

 

For instability toughness at the ultimate load (K max load), there was a main effect 

of adenine (p<0.0001). Although there were no differences with treatment in 

control animals, romosozumab and combination treatment improved instability 

toughness at the ultimate load (Table 4). The romosozumab-treated adenine 

animals were no different from the control animals. 

 

5.4 Discussion 

The primary finding of this study is that romosozumab effectively 

mitigated changes in bone structural and mechanical properties in the setting of 

aging and CKD. While calcium water supplementation effectively mitigated the 

high PTH that manifests in adenine-induced CKD, the combination with 

romosozumab had minimal additive benefit compared to romosozumab alone. 

Adenine-induced CKD in aging mice led to increased cortical porosity and reduced 

structural and estimated material mechanical properties, all of which were 

improved with romosozumab treatment, either alone or in combination with PTH 

suppression through calcium water. 
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Clinical studies utilizing romosozumab have shown stimulation of bone 

formation and inhibition of bone resorption in healthy men and postmenopausal 

women51. This is the result of a dose-dependent increase in bone formation 

markers, including procollagen I intact N-terminal propeptide (P1NP) and bone 

alkaline phosphatase (BAP), and a dose-dependent decrease in bone resorption 

markers, including serum C-terminal telopeptide (CTX)61. Phase II clinical trials 

demonstrated that postmenopausal women treated with romosozumab had larger 

gains in bone mineral density than treatment with alendronate or teriparatide30. 

Phase III clinical trials in men with osteoporosis showed increased bone mineral 

density after 1-year treatment with romosozumab, indicating that romosozumab is 

an effective osteoporosis treatment in both men and women141. A phase I clinical 

trial evaluating the use of single-dose romosozumab in stage 4 and stage 5 CKD 

patients aged 50 years and older found similar increases in P1NP and decreases in 

CTX in healthy controls and CKD patients; however, the CKD groups had greater 

increases in PTH than healthy controls144. In our aging mice, we found increased 

P1NP with romosozumab; intriguingly, we also found higher PTH with 

romosozumab treatment, like what was found in the previous clinical trial, but 

whether this has an effect in CKD and CKD-induced bone loss should be assessed 

further in future studies. 

In animal studies using romosozumab, research with both ovariectomized 

rats and gonad-intact female cynomolgus monkeys demonstrate increased 

trabecular and cortical bone mass and associated gains in bone mineral density 

(BMD)134,135. When comparing romosozumab with teriparatide in young rats, 

romosozumab increased trabecular bone mass in 4 weeks and maintained bone 

formation rate for over one month compared to teriparatide, suggesting that 

romosozumab increases the maturation of osteoblasts137. Our study is consistent 
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with previous studies that demonstrate higher trabecular and cortical bone and 

increased P1NP following treatment with romosozumab. Cortical porosity 

imparted from aging, CKD, and the combination was also significantly lower in 

romosozumab-treated animals, and this finding likely explains the improved bone 

mechanical properties with the addition of romosozumab. Most importantly, 

romosozumab alone and in combination with calcium water, normalized many 

bone-specific parameters to the levels of the untreated control animals. Our study 

builds on previous pre-clinical trials by evaluating the effectiveness of 

romosozumab in both aging mice and aging mice with CKD. Taken together, these 

findings indicate that romosozumab could be an effective strategy to increase bone 

mass for aging, CKD patients. 

Secondary hyperparathyroidism (SHPT) is a common complication linked 

to renal function declines in CKD. Elevated PTH increases M-CSF and RANKL 

expression, which then drive osteoclast differentiation and function145. As a result, 

patients with SHPT are often treated with calcimimetics, which bind to the 

calcium-sensing receptor (CaSR), decrease PTH secretion, and improve serum 

calcium and phosphorus levels146. Several clinical studies evaluating the use of 

cinacalcet in stage 3- 5 CKD patients have demonstrated that administration of 

cinacalcet reduces PTH and improves calcium-phosphorus homeostasis compared 

to placebo51,147,148. Additionally, the use of KP-2326, which is analogous to human 

etelcalcetide, in the Cy/+ rat model of CKD-MBD found an almost two-fold 

decrease in PTH compared to untreated CKD animals142. Previous studies in that 

same animal model have shown that suppression of PTH via calcium water 

supplementation is also effective at reducing cortical porosity in skeletally mature 

CKD animals48,65,149. Our study builds on previous work by demonstrating that 

calcium water reduces PTH levels in aging mice with adenine-induced CKD. The 
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aging adenine animals in the current study had more than three-fold higher PTH 

than the skeletally mature young adenine mice in a previous study performed in 

our lab65. In the current study, even though administration of calcium water 

reduced PTH by 74% and cortical porosity by 46%, the PTH levels were still 52% 

higher than untreated control levels. Therefore, effectively reducing PTH in aging 

animals could require modified treatment (altered dosing). Although calcium water 

is not a clinically viable treatment due to increased risk of extracellular and 

vascular calcifications in CKD, these results are promising for the use of PTH-

lowering agents (such as calcimimetics) in aging patients with CKD. 

Cortical porosity is a central tenet that underlies the skeletal fragility found 

in CKD and can also be prominent with advanced aging33–37. Because the 

mechanical strength of bone is mostly conferred by the cortex, aggregation of 

porosity leads to weakened bone and increased fracture risk. In fact, a person with 

CKD at age 45 has the same fracture risk as a healthy person at 65, while a person 

aged 65+ has a fracture risk 3-4 times higher than the general population31. 

Increased fracture risk is believed to involve both altered bone quantity and quality. 

Decreased bone quantity has been frequently shown in pre-clinical studies in form 

of decreased trabecular volume, increased cortical porosity, and cortical 

thinning65,111,131. Although aging and CKD are both known to negatively affect 

bone, very few studies have assessed quantity and quality alterations in aging CKD 

bone. One study performed in aging mice that underwent a 5/6-nephrectomy found 

significant main effects of aging or CKD for measures of bone quality (via three-

point bending, finite element analysis, Raman spectroscopy, and nanoindentation), 

although interaction effects failed to meet statistical significance123. This study 

highlighted that there are changes in bone quality that are occurring in both aging 

and CKD, findings that our study builds on by showing that adenine-induced CKD 
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decreases the energy necessary to move an initial flaw through the bone during 

fracture toughness tests. However, administration of romosozumab, whether alone 

or in combination, increased the energy necessary to move the initial flaw and 

increased the overall toughness at the ultimate load, both of which are promising 

results for bone mechanical properties. 

Limitations of the current study include the use of only male mice and a 

significant number of animals that did not make it to study endpoint. Because we 

have previously shown that aging male mice exhibit higher cortical porosity than 

aging female mice, we chose to use male mice in this first study examining 

interaction effects111. Because sex-based differences have been shown previously 

in CKD models, future studies should examine the effectiveness of romosozumab 

and combination treatment in female mice. Overlaying aging and CKD in a pre-

clinical model proved difficult as evident by the significant loss of animals. With 

loss of almost 40% of our animals over the course of the study, the data represented 

here is likely biased toward animals that were more resilient. However, research 

investigating the intersection of aging and CKD is extremely relevant and could 

be useful for developing future therapies. We chose to use BUN as our indictor of 

altered kidney function, rather than creatinine or glomerular filtration rate (GFR). 

Therefore, our study is limited in its ability to assess the degree of kidney function 

and how that was affected by the treatment regimens. 

In conclusion, this study demonstrates that romosozumab, whether alone 

or in combination with PTH-suppressing interventions, is effective at improving 

trabecular and cortical bone morphology and cortical bone mechanical and 

material properties when CKD is overlaid with aging. This highlights the 

importance of testing pharmaceuticals across various ages in disease states to 

increase the treatment options for multiple patient populations. 
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5.5 Supplementary Tables 

Supplementary Table 4. Statistical results from the 2x2x2 ANOVA 

 Ad Ca Romo Ad*Ca Ad*Romo Ca*Romo Ad*Ca*Romo 

BUN (mg/dL) <0.0001 0.03 0.002 0.223 0.023 0.262 0.785 

PTH (pg/mL) <0.0001 <0.0001 0.054 <0.0001 0.031 0.438 0.423 

P1NP (ng/mL) <0.0001 <0.0001 0.004 0.098 0.025 0.732 0.072 

CTX (ng/mL) <0.0001 0.01 0.277 0.265 0.966 0.175 0.177 

        

BV/TV (%) 0.006 <0.0001 <0.0001 0.632 0.037 0.012 0.288 

Tb.Th (mm) <0.0001 0.002 <0.0001 0.051 <0.0001 0.05 0.179 

Tb.Sp (mm) <0.0001 0.064 0.001 0.319 0.275 0.238 0.662 

Tb.N (mm) 0.133 0.028 <0.0001 0.661 0.87 0.183 0.369 

        

Cortical porosity (%) <0.0001 0.195 <0.0001 0.555 0.345 0.079 0.136 

Cortical bone area (mm2) <0.0001 0.113 <0.0001 0.095 0.001 0.027 0.604 

Cortical thickness (mm) <0.0001 0.014 <0.0001 0.805 <0.0001 0.413 0.541 

        

Ultimate Force (N) <0.0001 0.014 <0.0001 0.366 0.665 0.094 0.007 

Total Displacement (µm) ND 

Stiffness (N/mm) <0.0001 0.058 <0.0001 0.262 0.577 0.487 0.064 

Total Work (mJ) <0.0001 0.423 0.018 0.208 0.369 0.1 0.431 

Ultimate Stress (MPa) 0.001 0.457 0.001 0.755 0.495 0.441 0.463 

Total Strain (µε) ND 

Modulus (GPa) ND 

Resilience (MPa) ND 

Toughness (MPa) <0.0001 0.876 0.048 0.261 0.238 0.118 0.992 
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Initiation toughness, Kinit <0.0001 0.308 0.001 0.257 0.397 0.079 0.126 

Instability toughness, Kmax load <0.0001 0.138 0.148 0.555 0.296 0.09 0.177 

Ad: adenine, Ca: calcium water, Romo: romosozumab 

ND: no statistical difference in the model 
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CHAPTER 6 

DISCUSSION 

Synthesis 

The overarching goals of these studies were to improve our understanding of how aging 

interacts with CKD to affect bone and evaluate potential therapeutic targets to reduce bone 

fragility in these comorbid conditions. This dissertation work aimed to answer the following 

questions: (1) What are the skeletal implications of aging? (2) Does the combination of aging 

and CKD produce a more severe skeletal phenotype than either alone? (3) Does aging bone 

have a similar anabolic response to treatment as skeletally mature bone? and (4) Can individual 

or combined therapies improve bone quantity and quality in aging-CKD? 

Little research has assessed the intersection of aging and CKD, leaving questions as to 

whether these two conditions interact to further accelerate bone loss and how this could 

influence the response to therapies. Although there are many therapeutic options for treating 

osteoporosis, treating CKD-associated bone loss is more challenging. Due to reduced renal 

function, the gold-standard treatment for osteoporosis – bisphosphonates – is contraindicated 

at later stages of CKD150,151. Additionally, CKD patients often experience secondary 

hyperparathyroidism, meaning that therapies upregulating the PTH pathway, like teriparatide, 

may not be ideal treatments for CKD patients. In the past five years, a new therapeutic based 

on the Wnt pathway, known as romosozumab, was developed and approved for the treatment 

of post-menopausal women at high risk of fracture. This treatment provides an exciting option 

for the treatment of CKD-associated bone loss. 

What are the skeletal implications of aging? In our first study, we aimed to assess the 

skeletal impact of aging in male and female mice. To answer this question, we placed young 

and aging mice on a casein diet, which has higher phosphate bioavailability than a traditional 

rodent diet84. Because aging is known to be associated with a normal, mild loss of renal 
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function, our goal was to challenge the mice with an increased phosphate load and examine the 

effects on both bone microarchitecture and strength. We did find that female mice upregulate 

FGF23 while male mice upregulate Klotho in response to the casein-based diet as outlined in 

Chapter 2, but for the purposes of our overarching focus, we were primarily interested in the 

male and female comparison within the casein-based diet. We found that, in both male and 

female mice, aging is associated with decreased trabecular bone volume fraction, increased 

cortical porosity, and decreased cortical thickness compared to younger mice (Figure 21). 

Although architectural changes were observed, there were few changes to bone mechanical 

properties, with significant differences only being observed in female mice. 
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Figure 21: Aging contributes to significant differences in bone microarchitecture and 

mechanical properties. All data adapted from Chapter 2111. 
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 This study demonstrated important skeletal effects in an aging mouse model with loss of 

both trabecular and cortical bone. Most importantly for the studies presented here, this study found 

that aging males have significantly higher cortical porosity relative to females. Although one of the 

notable strengths of this study was to include paired sexes, the subsequent studies utilized only 

male mice due to the high incidence of cortical porosity in those animals. Additionally, the use of 

the casein diet provided a slight increase in bioavailable phosphate that did not induce CKD and 

rather mimicked potential increases in phosphate associated with natural aging. Thus, this study 

allowed us to study the skeletal effects of aging and laid the groundwork for all future studies. 

Does the combination of aging and CKD produce a more severe skeletal phenotype 

than either alone? Nearly 40% of CKD patients are over age 65138, which underscores the 

importance of studying a combined model of aging-CKD. However, very few studies have 

examined this interaction and its effects on bone. In Chapter 3, we studied adenine-induced CKD 

in young and aging mice. We found that aging mice with adenine-induced CKD had 33% higher 

BUN and 72% higher PTH compared to young adenine mice. Femoral and tibial cortical porosity 

were also higher in aging CKD mice versus young, indicating that there was likely higher osteoclast 

activity and increased cortical pore development in the aging CKD animals. Cortical area and 

cortical thickness, in both femur and tibia, were also compromised due to adenine-induced CKD 

but were not impacted by age; therefore, the primary skeletal effect was an exacerbated cortical 

porosity phenotype in aging CKD mice. Both aging and CKD led to lower mechanical and material 

bone properties, but interestingly, the mice with the highest cortical porosity did not have greater 

alterations to mechanical properties, suggesting a potential compensatory mechanism that may 

occur to preserve overall mechanical strength in conditions of porosity. A potential compensatory 

mechanism that has been noted in other conditions is periosteal expansion; however, we found that 

total bone area and periosteal perimeter were no different between groups, indicating that periosteal 

expansion may not have been the driving factor of this result. Taken together, this study 
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demonstrated that combining aging and CKD leads to an exacerbated skeletal phenotype that 

appears to be linked to elevations in PTH. 

Does aging bone have a similar anabolic response to treatment as skeletally mature 

bone? Aging-associated bone loss is due to a reduction in osteoblast-mediated bone formation and 

an increase in osteoclast-mediated bone resorption. Methods of decreasing resorption, such as 

utilization of bisphosphonates and denosumab, do not address the low bone formation in aging. 

Therefore, in Chapter 4, we utilized an anabolic therapy to increase osteoblast activity in aging 

mice. In both young and aging mice, romosozumab increased trabecular bone volume fraction by 

both increasing the thickness and number of trabeculae; aging romosozumab-treated mice had 62% 

higher BV/TV than untreated controls while young romosozumab-treated mice had 33% higher 

BV/TV than their age-matched controls, indicating a potentially stronger response to romosozumab 

in the context of aging. Additionally, cortical thickness and cortical bone area were highest in aging 

animals that received romosozumab, while there were no differences in cortical porosity. This 

demonstrates that romosozumab can increase bone formation, both in trabecular and cortical bone 

of young and aging animals. The results from this study are especially promising for aging 

individuals at high risk of fracture. 

Interestingly, in this study, we found no differences in bone formation rate (assessed with 

dynamic bone histomorphometry) due to romosozumab treatment. These results suggest that the 

anabolic window is early following romosozumab treatment and that our measurements in the last 

week of the treatment were not ideal. Regardless of this observation, the bone microarchitecture 

data are strong, demonstrating that romosozumab effectively increased bone in aging mice. These 

data build on the work performed in Chapter 2 by providing evidence of romosozumab’s 

application in the context of aging and is promising when considering the work in Chapter 3 and 

romosozumab’s potential utility in aging, CKD patients. 
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 Can individual or combined therapies improve bone quantity and quality in aging-

CKD? In Chapter 3, we showed that aging-CKD has a more severe skeletal phenotype than either 

condition alone. It is known that both aging and CKD increase the risk of fracture, and the risk of 

hip fracture rises 3-4 fold in CKD patients aged 65+ compared to the general population31. 

However, clear guidelines on treatment options for this patient group are limited. Thus, this study 

aimed to examine the use of anabolic therapy and PTH suppression in treating aging-CKD bone 

loss. In Chapter 5, we treated aging mice with adenine-induced CKD with romosozumab, calcium 

water (to lower PTH), or their combination. 

 Overall, we found that romosozumab, whether alone or in combination with calcium water, 

was effective at improving microarchitectural and mechanical properties in aging-CKD mice. As 

expected, calcium water lowered PTH levels although not to same degree as in young mice65; 

additionally, the combination treatment was less effective at suppressing PTH than calcium water 

alone. Elevated circulating P1NP levels in romosozumab-treated animals illustrated systemic 

increases in bone formation, although the anabolic response was blunted when combined with 

calcium water. Trabecular bone volume fraction (BV/TV) was highest in the combination group 

and significantly higher than the romosozumab-treated animals. Most significantly, the BV/TV of 

the adenine combination group was no different than the control groups treated with romosozumab 

alone or in combination with calcium water. Cortical bone area and thickness were also 

significantly higher with romosozumab treatment. Additionally, the groups with romosozumab 

treatment had lower cortical porosity, indicating the anabolic therapy may have prevented the 

development of more pores or potentially infilled preexisting cortical pores. Coinciding with the 

improvements to structural parameters were significant improvements to bone mechanical and 

material properties. These results add to the overall impact of this study by finding dramatic 

improvements to bone quality and quantity, two features of critical importance in reducing fracture 

risk. 



    

102 

 

 Although calcium water is an effective method for suppressing PTH in mice, it is not a 

clinically relevant therapy due to increased risk of extracellular and vascular calcifications in CKD. 

This series of studies demonstrates that PTH is higher in aging CKD animals than younger animals. 

Which both points to the need to control PTH levels in the aging population as well as highlights 

the potential challenges of adequately accomplishing this goal. Approved calcimimetics typically 

reduce PTH by less than 50%152, which is not as effective as calcium water that reduces PTH by 

75% in the current study. Although the results of this study indicate that PTH suppression is an 

important therapeutic step preserving bone structure partially through mitigating cortical porosity 

development, this goal may be challenging. Additionally, we lost approximately 40% of our 

animals during the course of the study, illustrating the difficulty of studying aging and CKD in a 

combination model. Although these results are promising, it cannot be overstated that we likely 

lost data on the most severely affected animals and thus a key portion of the population. 

 

Clinical Implications 

The clinical importance of studying the intersection of aging and CKD and its impact on 

the skeleton is high. With nearly 40% of individuals with CKD being over the age of 65138, the 

population of individuals affected is large and continually increasing. Because the overall 

population is living longer, reducing skeletal fragility in this population would improve the health 

of our aging society. 

Clinical implications of calcimimetics on bone microarchitecture and mechanics.  

Secondary hyperparathyroidism is a common complication of CKD and is often associated 

with bone pain and fractures, key complications of renal osteodystrophy153,154. Because PTH 

directly stimulates receptor activator of nuclear factor kappa-B ligand (RANKL) production, a key 

osteoclastogenesis regulator42,43, suppression of PTH can prevent further worsening of bone deficits 
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by preventing or slowing bone resorption. There are several approved calcimimetics, including 

cinacalcet and etelcalcetide, which have been utilized in CKD patients. These therapies have been 

shown to suppress PTH for up to 2-3 years and slow progression of CKD147,148,152. Some pre-clinical 

studies using approved calcimimetics in mice have shown decreased cortical porosity and improved 

mechanical properties45,155, while others have found unchanged or increased cortical porosity with 

calcimimetic treatment141,142.  The study presented in Chapter 5 illustrates proof-of-concept 

research that in the combination setting of CKD and aging, PTH suppression is effective when used 

in combination with anabolic therapy to improve structural and mechanical properties of bone. 

However, the calcium water utilized is not a clinically relevant therapeutic, and thus more research 

would need to be performed with approved calcimimetics to determine if similar effects are 

observed.  

Clinical implications of anabolic therapy on bone microarchitecture and mechanics.  

Several promising anabolic therapies have been approved for the treatment of post-

menopausal osteoporosis, including teriparatide and romosozumab. Prior to 2019, teriparatide was 

the only available anabolic therapy and thus has been highly studied in several disease states 

affecting bone. Teriparatide has been shown to increase both bone formation and resorption, 

improving bone mineral density and decreasing fracture incidence in osteoporotic women, and the 

effects on fracture incidence seem to decrease with duration of treatment54,156,157. However, the 

effects of teriparatide are mitigated when following bisphosphonate treatment158. Tied to the 

increase in bone resorption, administration of teriparatide in a rat model of osteoporosis has also 

been found to be associated with increased cortical porosity directly proportional to the dosage159. 

These results are concerning when teriparatide is used in CKD patients due to secondary 

hyperparathyroidism and concurrent increases in osteoclast activity and cortical porosity.  

 Utilization of romosozumab, a humanized monoclonal antibody against sclerostin, in 

osteoporotic men and women leads to increased bone mineral density at multiple sites, increased 
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bone formation markers, and decreased bone resorption markers60,62,160,161. The anabolic response 

of romosozumab is mitigated by 12 months, with P1NP levels returning to pre-treatment levels, 

although CTX levels remaining low with a two-year treatment duration162. Romosozumab 

decreased fracture incidence by an additional 27% compared to alendronate and by an additional 

75% compared to denosumab in osteoporotic women133,163. Additionally, there were greater gains 

to vertebral and femoral strength with romosozumab compared to teriparatide in post-menopausal 

women with low bone mass164. Post-hoc analyses of the ARCH and FRAME studies have shown 

that patients across mild and moderate levels of renal function had higher bone mineral density and 

lower risk of vertebral fractures58; however, the safety and efficacy of romosozumab in patients 

with later-stage CKD remains unknown. The study performed in Chapter 5 illustrates the 

effectiveness of romosozumab, whether alone or in combination with PTH suppression, in 

improving bone structural and mechanical properties in aging mice with CKD. The research 

performed in Chapter 5 could potentially lead to clinical trials evaluating the use of romosozumab 

in combination with approved calcimimetic therapies. 

 

Potential Future Studies 

The studies presented herein demonstrate the complexities of aging-CKD and the need for 

appropriate therapies to mitigate bone loss and reduce fracture risk. Potential future investigations 

based off the results of these experiments could aid in identifying treatment strategies to alleviate 

bone loss in aging, CKD patients. 

Long-term therapeutic options to preserve bone mass. Our results demonstrate that 

romosozumab effectively improved bone in an animal model of aging-CKD with or without PTH 

suppression. However, romosozumab can only be given clinically for a 1-year duration, which 

leaves the question of how to preserve bone mass after discontinuation of romosozumab. Thus, a 
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potential future study could sequentially treat aging, CKD mice with romosozumab (as described 

in Chapter 5) followed by an anti-resorptive (bisphosphonate or denosumab). Alternatively, 

spacing out the romosozumab dosing through less frequent administration could allow a prolonged 

duration of active treatment. Considering the results of this dissertation work, this sequential 

treatment study would potentially result in decreased cortical porosity and increased mechanical 

properties for a longer period of time. 

Study of aging-CKD in a rat model of CKD. One limitation of the adenine-induced CKD mouse 

model is that in vivo micro-CT cannot be performed to monitor the development and progression 

of cortical porosity throughout the study timeline. The ability to track global changes in porosity 

as well as monitor individual pore dynamics within the same animal over time would enhance our 

knowledge of disease progression and the impact of various treatments. Thus, adenine can be used 

to induce CKD in aged rats113, which would allow for longitudinal tracking of cortical pores through 

the course of the disease and with treatment regimens. With the current series of studies, we were 

unable to assess cortical pore dynamics over time and with different treatments, and this type of 

model would allow us to expand our understanding of this process. 

Evaluation of the skeletal consequences of CKD in the middle-aged population. Previous 

research in our lab has assessed the skeletal consequences of CKD in skeletally mature young (24-

28wk) and aging (86-90wk) mice. However, the period associated with middle age in a rodent 

model (40-50 weeks) is less understood, and another line of future investigation could examine 

CKD in this age range. This line of research would broaden our understanding of CKD across ages 

to determine whether intervention at this stage could be more beneficial than waiting to intervene 

at the aging timepoint. 

Assessment of mineral metabolism in aging-CKD. The study presented in Chapter 2 focused on 

how mineral metabolism is disturbed in aging in male and female mice. This work demonstrated 

that males and females utilize different mechanisms to maintain proper FGF23-KL signaling with 
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a phosphate challenge. Future studies could assess how these factors are altered when CKD is 

overlaid on top of aging. Furthermore, exploring the sex-specific differences could identify 

different therapeutic targets for aging CKD. 

Evaluation of osteocytes in the context of aging-CKD. Osteocytes are potent regulators of 

osteoclasts via osteocyte-release of RANKL and factors released during apoptosis or 

senescence42,43. High levels of PTH, like that observed in CKD, directly stimulate osteocytes to 

release RANKL, which contributes to elevated osteoclastogenesis and increased bone resorption. 

Intermittent PTH, the basis for the development of teriparatide, has been shown to reduce apoptosis 

of osteocytes165,166. When osteocyte apoptosis is blocked via genetic alterations, cortical porosity 

increases167; adenine-induced CKD is also tied to decreased osteocyte apoptosis40. This data could 

be expanded into a future line of research by examining whether the rate of osteocyte apoptosis is 

lower in aging-CKD and could that contribute to the elevated porosity seen in this context. 

Additionally, the effect of a variety of treatments, including antiresorptives and anabolics, on 

osteocyte apoptosis could be evaluated in the context of aging-CKD. This line of research could 

expand what is known about osteocytes in contexts where PTH is elevated and identify whether 

certain treatment regimens have a modifiable impact on these cells. 

 

Conclusion 

 Discovery of new therapeutic options for the treatment of CKD in the context of aging is 

critical for improving the health of our society. Little research has been performed at the 

intersection of aging and CKD, so the current works adds foundational data to the scientific 

literature. Although clear treatment strategies exist for the treatment of osteoporosis in aging, clear 

guidelines for aging-CKD are notably lacking. The current series of studies demonstrate that aging 
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and CKD interact, leading to a more severe skeletal phenotype that compromises the structural 

integrity of the bone that can be alleviated by PTH suppression and anabolic therapy. 

 Combination therapy of PTH suppression and anabolic therapy addressed key issues 

associated with aging and CKD. PTH suppression mitigated the secondary hyperparathyroidism 

associated with CKD and reduced osteoclast-mediated bone resorption. Anabolic therapy increased 

aging-associated declines in osteoblast activity and may have stimulated infilling of preexisting 

cortical pores. Together, these therapies improved both trabecular and cortical bone in aging mice 

with adenine-induced CKD. 

 These data demonstrate that romosozumab is an effective anabolic therapy in the context 

of aging-CKD and improves both structural and mechanical properties of bone. More specifically, 

combining romosozumab with PTH suppression via calcium water leads to greater improvements 

to trabecular bone volume fraction, cortical bone area and thickness, and ultimate force. Although 

we can only speculate whether romosozumab was able to infill cortical pores, it either suppressed 

their formation or filled them in, which are both positive results. These results support that 

combination therapy can prevent further bone deterioration observed in aging-CKD. Ideally, 

skeletal fragility can be improved using an appropriate combination treatment in aging individuals 

with CKD at high risk of fracture. 
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