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Abstract

Purpose: Chronic kidney disease (CKD) and aging are each independently associated with
higher fracture risk. Although CKD is highly prevalent in the aging population, the interaction
between these two conditions with respect to bone structure and mechanics is not well understood.
The purpose of this study was to examine cortical porosity and mechanical properties in skeletally
mature young and aging mice with CKD.

Methods: CKD was induced by feeding 16-week and 78-week male mice 0.2% adenine (AD)
for six weeks followed by two weeks of maintenance on a control diet for a total study duration
of eight weeks of CKD; control (CON) animals of each age were fed a standard diet. Serum
biochemistries, pCT imaging, and mechanical properties via four-point bending were assessed at
the endpoint.

Results: Phosphorus, parathyroid hormone, and blood urea nitrogen were elevated in both ages
of AD mice compared to age-matched CON; aging AD mice had PTH and BUN values higher
than all other groups. Femoral cortical porosity was more than four-fold higher in aging AD mice
compared to young AD mice and more than two-fold higher compared to age-matched controls.
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Structural and estimated material mechanical properties were both lower in aging mice, but there
were no significant interactions between AD treatment and age.

Conclusion: These data show an interaction between CKD and aging that produces a more
severe biochemical and cortical bone phenotype. This highlights the importance of studying
mechanisms and potential interventions in both young and aged animals to translate to a broader
spectrum of CKD patients.
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1.1 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 CKD[1], 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 bone[2]. Often due to
unbalanced remodeling, cortical porosity also occurs in aging, although to a lesser degree
than in CKD[3]. 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 CKD[1-3], 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 thinning[4]. Additionally, we and others have documented age-induced
cortical porosity in male mice without impaired renal function[5]. 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.

1.2 MATERIALS AND METHODS

1.2.1 Animals

Male C57BI/6J mice were obtained from Jackson Laboratories (JAX stock #000-664,
Bar Harbor, ME, USA) at 15- and 77-weeks of age (h=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-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; 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

Bone. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tippen et al.

Page 3

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.

1.2.2 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
described[6].

1.2.3 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 time[7] with the following
settings: 60kV, medium camera, 0.5 aluminum filter, frame averaging of 2, 0.7 rotation
step, and 8um voxel size. Trabecular bone architecture was analyzed from a mm 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 recommendations[8]. 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 9um 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.

1.2.4 Four-Point Bending of the Tibia

Tibiae underwent four-point bending (TA Instruments, New Castle, DE, USA) as previously
described[5]. 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, stiffness, pre-yield/post-yield/
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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.

1.2.5 Statistical Analyses

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.

1.3 RESULTS

131

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).

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 1B). 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.

1.3.2 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 1C). There were no differences in serum calcium across the four groups (Figure
1D). 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 1E). 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 1F).
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1.3.3 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 2A). 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.
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 2B).

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 2C). 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 2E). 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 (Figures 2D and 2F). 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 1).

1.3.4 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 1). 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 1). 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.

1.4 DISCUSSION

The primary finding of this study is that while both young and aging male C57BI/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 material 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
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several key limitations, including post-surgical mortality, variability in surgical technique,
and rapid onset of kidney function decline[9]. Adenine was first utilized in a rat model
where higher doses (0.75% adenine) caused rapid, severe kidney alterations that were
more consistent with nephrotoxic disease; however, reductions in dosage to 0.25% adenine
produced a milder and more gradual disease more consistent with CKD[10]. 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-MBD[9]. 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 age[11,12]. 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 area[13]. 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 canals[14]. Despite known differences between human and rodent cortical bone
structure and physiology, mice develop a skeletal aging phenotype that includes age-related
cortical porosity[15]. 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 through 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 development[2,6,16]. With patients that have declining renal function,
serum PTH can be dysregulated and rise uncontrollably[17]. In this current study, our results
are consistent with previous studies that demonstrate that adenine-induced CKD results

in elevated PTH[4,6,18]. 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 time[2,19]. Evaluation of CKD patients
demonstrates 4-5% loss of cortical bone density per year[20], illustrating that CKD more
rapidly and significantly affects the cortical bone than aging. CKD produces robust cortical
porosity, even in younger rodents[4,6], 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
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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 observed[21].
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 ages[21]. 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 study[6], 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.

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 differences between
CON and AD[4]. 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 tested 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 disease[5]. However, this prior
study found sex-based differences in regulation of phosphate metabolism in young and
aging mice[5], 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 acidosis[22,23]. How each of 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.
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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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Highlights

Adenine-induced CKD causes high PTH and cortical porosity in young and
aging mice.

Aging adenine mice had greater PTH and cortical porosity than young
adenine mice.

Adenine and aging both independently impacted bone mechanics.
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Figure 1:

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 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 *
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standard deviation. Bars with different letter notations are statistically different from each
other (p<0.05).
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Figure 2:
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.
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G Representative PCT 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).
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Table 1.

Trabecular bone architecture and cortical bone mechanical properties.

Page 15

: . Disease p- Disease x
Young-Con | Young-Ad | Aging—Con | Aging-Ad value Age p-value Age p-value
Trabecular bone volume/ | ¢ 3, 4 5.1+1.7 5.4+1.9 4.6+1.9 0.299 0.130 0.706
tissue volume (%) e B e e ’ ) )
Trabec“('ﬂnﬁg‘mk“ess 0.04£0.01% | 005+0.01° | 0.04+0.003¢ | 0.04+0.003% 0.024 0.018 0.019
Trabecular spacing (mm) | 0.25¢0.02 | 0.33:0.04> | 027:0.03% | 0.340.06? 0.231 <0.0001 <0.0001
Trabea‘/'s]rr:]‘)“mber 1.49+0.28 1.10+0.43 145:044 | 1.09+045 0.882 0.018 0.936
Ultimate Force (N) 14.7+1.62 8.3+1.0% 10.3+4.0 5.6£2.0° <0.0001 0.003 0.395
Total Displacement (um) | 9173872 1075+4672 463+172b 4552211 0.582 0.001 0.544
Stiffness (N/mm) 82.57+16.83% | 40.91+15.44b | 68.73:20.712 | 36.45+9.44 <0.0001 0.195 05
Total Work (mJ) 8.08+2.622 5.45+3.15% 3.3442.01b¢ 1.48+1.14¢ 0.03 <0.0001 0.696
Ultimate Stress (MPa) 167453 902225 9827 6624 0.002 0.005 0.153
Modulus (GPa) 11.0+3.82 4.6+2.10 7.242.2b 45+1.2b 0.089 <0.0001 0.107
Resilience (MPa) 1040578 | 041+0320 | 051+0258" | 0.14+0.08 0.004 0.018 0.406
Toughness (MPa) 7374212 | 53842200 | 294+1515 | 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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