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Abstract

Purpose: Chronic kidney disease (CKD) profoundly affects bone metabolism,
contributing to CKD-related mineral and bone disorder and secondary osteo-
porosis, which increases fracture risk. Delayed bone union is also common in
CKD. This study evaluated whether cancellous bone healing at proximal tibial
osteotomy sites is delayed in adenine-induced CKD rats. Methods: Eight-
week-old male Wistar rats were divided into two groups: CKD (fed a 0.75%
adenine diet for 4 weeks to induce stage 3 CKD) and control. Proximal tibial
osteotomy was performed at age 20 weeks. Bone healing was evaluated at 2
and 4 weeks post-osteotomy via micro-computed tomography (micro-CT)
and histological analyses. Serum biochemistry was also assessed. Results: CKD
rats exhibited significantly elevated blood urea nitrogen and creatinine, indi-
cating renal dysfunction, whereas serum calcium and phosphate remained
within normal ranges. Micro-CT analysis showed no significant differences
between groups in cortical or trabecular bone parameters at the osteotomy
site. However, histological evaluation revealed significantly reduced bone un-
ion and cartilage formation in CKD rats 2 weeks post-osteotomy, suggesting
delayed early bone healing. By 4 weeks, no significant difference in bone union
was observed between groups. Early-stage healing in cancellous bone was de-
layed in adenine-induced CKD rats, likely due to impaired endochondral os-
sification. Nevertheless, by 4 weeks post-osteotomy, bone union was compa-
rable in CKD and control rats. Conclusion: These findings suggest that CKD,
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possibly through disrupted endochondral ossification, transiently delays can-
cellous bone healing. Further research is warranted to explore potential ther-
apies to enhance fracture healing in CKD.

Keywords

Chronic Kidney Disease, Bone Healing, Adenine-Induced Model,
Tibial Osteotomy, Cancellous Bone, Endochondral Ossification

1. Introduction

Chronic kidney disease (CKD) significantly affects bone metabolism due to di-
minished kidney function. CKD-related mineral and bone disorder and secondary
osteoporosis decrease bone strength and markedly increase the risk of fractures in
CKD patients [1] [2]. Moreover, fractures in CKD patients are often associated
with delayed bone union [3] [4], which prolongs treatment duration and directly
shortens healthy life expectancy. CKD also induces systemic abnormalities in
bone metabolism, including decreased bone formation, increased bone resorp-
tion, and impaired mineralization, which may contribute to delayed bone union.
Additionally, CKD patients often exhibit elevated parathyroid hormone (PTH)
and fibroblast growth factor 23 (FGF23) levels, which leads to disruption of the
normal balance of bone remodeling. These factors suggest that CKD alters the
physiology of healing after bone injury [1] [5] [6]. Therefore, reducing fracture
risk and promoting bone union when fractures occur are crucial in CKD patients.
However, the extent to which CKD delays bone union remains unclear.

Clinical studies of bone union in CKD patients can be challenging due to vari-
ability in patient characteristics, the presence of comorbidities, and ethical con-
cerns regarding invasive assessments. Therefore, animal models provide a valua-
ble approach for studying the mechanism of delayed bone union under controlled
conditions. Several animal models of CKD have been reported, including the 5/6
nephrectomy model and the adenine-induced CKD model. We previously re-
ported changes in renal function, bone mineral density (BMD), bone microstruc-
ture, and skeletal muscle atrophy in adenine-induced CKD model rats. Saito et al.
evaluated the stage of CKD by analyzing serum biochemical markers and investi-
gated changes in BMD, bone strength, and bone microarchitecture in adenine-
induced CKD model rats [6]. They demonstrated elevated serum creatinine (CRE),
phosphorus, and PTH levels, with serum calcium remaining within the normal
range, indicative of stage IV CKD accompanied by secondary hyperparathyroid-
ism. Additionally, they observed reduced BMD, deterioration of the cortical bone
microstructure, and decreased bone strength in both cortical and cancellous bone
[6]. In contrast, Okamoto et al. investigated longitudinal changes in skeletal mus-
cle atrophy in adenine-induced CKD model rats and reported significant muscle
weight loss and progressive muscle atrophy associated with the progression of re-
nal dysfunction [7].
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Animal fracture models commonly utilize femoral diaphyseal fractures to rep-
resent cortical bone fractures; however, we developed a proximal tibial osteotomy
model to evaluate bone union specifically in cancellous bone regions. Using this
model, we previously reported that pharmacologic treatments and administration
of low-intensity pulsed ultrasound promote cancellous bone union. However,
whether bone union is delayed in adenine-induced CKD rats after fractures, par-
ticularly in cancellous bone regions, remains unclear. Therefore, the purpose of
this study was to evaluate the progression of bone union over time at the proximal

tibial cancellous bone osteotomy site in adenine-induced CKD model rats.

2. Methods

2.1. Animal Model and Experimental Design

Eight-week-old, male Wistar rats (N = 40) (Charles River Laboratories Inc., To-
kyo, Japan) were housed in a controlled environment (temperature 23°C + 2°C,
humidity 40% + 20%) with a 12-h light-dark cycle and free access to water and rat
food. The details were described in a previous report and followed for the selection
of rat species and sex [6]. Figure 1 shows the protocol of this experiment. Rats
were classified into the following groups: a control group comprising 20 rats at
two time points (n = 10 each at 22 weeks and 24 weeks of age), and a CKD group
comprising 20 rats at two time points (n = 10 each at 22 weeks and 24 weeks of
age). Animals were monitored daily for general condition and body weight. Hu-
mane endpoints were applied when >20% weight loss over 2 - 3 days or severe
debilitation was observed. No animals required humane euthanasia, and no un-
expected deaths occurred. However, due to rats dying under anesthesia during
surgery by respiratory failure (one rat each in the 22 weeks and 24 weeks control
groups) and technical errors (one rat each in the 22 weeks and 24 weeks both of
control and CKD groups) that occurred during specimen preparation (e.g., sec-
tion loss, staining defects), samples were analyzed for 8 rats at 22 weeks and 8 rats

at 24 weeks in the control group and 9 rats at 22 weeks and 9 rats at 24 weeks in

the CKD group.
Bone osteotomy Evaluation Evaluation
Age (weeks) 8 12 20 22 24
Control group Standard diet

N =10 » N =8

N =10 > N=8
CKD group 0.75% adenine diet Standard diet

N =10 » N=9

N =10 N=9

Figure 1. Experimental protocol. Cont: non-CKD control rats, CKD: CKD rats.
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To generate the CKD model, rats were fed a 0.75% adenine diet (Oriental Yeast
Co., Ltd., Tokyo, Japan) for 4 weeks, until 12 weeks of age, followed by a standard
rodent chow (CE-7; Clea Japan, Tokyo, Japan). The 4-week adenine diet treatment
was selected based on previous studies [6] [8], which reported that 4 weeks of
feeding an adenine diet induced non-progressive, irreversible renal failure. Con-
trol rats were fed a standard diet without adenine throughout the study.

At 20 weeks of age, all rats underwent proximal tibial osteotomy [9]. Figure 2
shows a schematic illustration of the osteotomy procedure. Under general anes-
thesia with isoflurane (2% - 3%), a longitudinal incision was made on the anterior
surface of the hind limb to expose the tibia. The tibia was completely transected
using a bone saw. The fragments were secured with non-absorbable sutures, and
the incision was closed with sutures. The animals were euthanized at 2 and 4 weeks
post-osteotomy for evaluation (n = 8~9 in the CKD and control groups at each
timepoint). Euthanasia at both 2 and 4 weeks post-osteotomy was performed un-
der 2% - 3% isoflurane inhalation anesthesia followed by blood collection from

vena cava, according to the approved protocol.

A B C

Figure 2. Schematic illustration of the surgical procedure of the cancellous bone osteotomy.
A complete mid-sagittal osteotomy from the knee joint surface to the tibial outside diaph-
ysis was performed using an electric bone saw (A, B). The fragments were secured with
non-absorbable sutures (C).

A post-hoc power analysis was performed for all continuous outcomes. Using
the observed effect sizes (Cohen’s d) and actual group sizes parse, the post hoc
power analysis (a = 0.05, two-sided) showed that the number of rats for each
group should be 8~9 for the micro-CT and hematoxylin and eosin (H&E) staining
analyses. All animal experiments adhered to the protocols approved in advance
by the Animal Care and Use Committee of Akita University (approval number a-
1-0435, approved on September 12, 2022). Furthermore, all subsequent animal
experiments were conducted in accordance with the Animal Care and Use Guide-
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lines of our institute.

2.2. Body Weight (BW) Measurement

BW was measured weekly from the beginning (20 weeks of age) until the end of

the experiment.

2.3. Serum Biochemistry Analysis

Blood samples were collected from the vena cava at 2 and 4 weeks post-osteotomy.
The collected blood was centrifuged at 3,000 rpm for 30 min at 4°C to separate
the serum, which was aliquoted into disposable tubes and stored at —80°C until
analysis. Blood urea nitrogen (BUN), CRE, calcium (Ca), and inorganic phospho-
rus (IP) levels were measured using a Fujifilm Dri-Chem 3000V (Fujifilm Corp.,
Tokyo, Japan).

2.4. Micro-CT Analysis

The excised tibia was secured in a specimen holder. Micro-CT imaging was per-
formed using a Cosmo Scan GX II instrument (Rigaku Corp., Tokyo, Japan) ac-
cording to the manufacturer’s instructions. The scanning parameters were set at
an isotropic voxel size of 36 um, voltage of 90 kVp, and current of 88 pA. The
acquired images were analyzed using TRI/3D BON software (Ratoc System Engi-
neering Co., Ltd., Tokyo, Japan). The cortical bone area/total bone area ratio
(Ct.Ar/Tt.Ar [%]) and cortical thickness (Ct.Th [mm]) were determined to eval-
uate the cortical bone at the proximal tibial osteotomy site. Trabecular bone was
evaluated by determining the bone volume (BV/TV [%]), trabecular thickness
(Tb.Th [mm]), trabecular number (Tb.N [/mm]), trabecular separation (Tb.Sp,
mm), structure model index (SMI), and degree of anisotropy (DA).

2.5. Sample Preparation

After micro-CT imaging, the proximal tibia of each rat was decalcified in 10%
neutral ethylenediaminetetraacetic acid for approximately 2 weeks and embedded
in paraffin. Mid-frontal slices (thickness: 3 um) were then sectioned and stained
with H&E and Safranin O for cancellous bone histomorphometry. It was difficult
to prepare sections appropriate for evaluation for one or two samples in each
group or time point. Thus, finally, a total of 8 samples in the control group and 9
samples in the CKD group were examined in micro-CT, bone union, and cartilage

formation analyses.

2.6. Evaluation of Bone Union after Osteotomy

The rate of bone union was defined as the length of continuous trabecular struc-
ture, as measured using Image] software [10] [11] on the central slice of coronal
sections from both H&E-stained and micro-CT images, divided by the total length
of the osteotomy site in the tibia. Cartilaginous bonding was also considered as an

indicator of bone union, whereas fibrous bonding was regarded as indicating non-
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union. Two authors measured the bone union rate in a blinded fashion. The in-
traclass correlation coefficient (ICC) measured three times by a single examiner
(KT) (ICC 1,3) and ICC measured by two examiner (KT and MW) (ICC 2,2) were
as follows: HE staining, 0.999 (ICC 1,3) and 0.980 (ICC 2,2), respectively; and mi-
cro-CT, 0.999 (ICC 1,3) and 0.986 (ICC 2,2), respectively.

2.7. Evaluation of Bone Formation after Osteotomy

The width of the osteotomy site was defined as the region within which the prox-
imal tibial growth plate was disrupted. The region of interest (ROI) was set as a
1,200 pm X 1,200 pm area, starting 400 um distal to the growth plate. The bone
formation rate was calculated as the area of continuous trabecular structure, ex-
cluding fibrous tissue, divided by the total area of the ROI. This ROI was prede-
fined to fully encompass the osteotomy site while ensuring between-specimen re-
producibility based on constant anatomical landmarks.

2.8. Evaluation of Cartilage Formation after Osteotomy

The rate of cartilage formation was calculated using the same method used to cal-
culate the bone union rate in Safranin O-stained images. Cartilage formation was
defined as the length of bone positive for Safranin O staining divided by the length
of the osteotomy. The cartilage formation rate was also measured by two authors
in a blinded fashion. The ICC (1,3) and ICC (2,2) of cartilage formation were 0.999
and 0.967 respectively.

2.9. Statistical Analyses

All data are expressed as the mean + standard deviation (SD). Data were compared
between the control and CKD groups using the Mann-Whitney U'test. All statis-
tical analyses were performed using EZR [12], which is a modified version of R
Commander designed to add statistical functions frequently used in biostatistics.

Differences were considered significant at P < 0.05.

3. Results
3.1. BW (Table 1) and Serum Biochemistry (Table 2)

The health status of the animals during the experiment was assessed by measuring
the change in BW. At the time of osteotomy (20 weeks of age), the CKD group
exhibited significantly lower BW compared to the control group (£ < 0.01). At 2
weeks post-osteotomy (22 weeks of age), the BW of rats in the CKD group re-
mained significantly lower than that of rats in the control group (£= 0.035). How-
ever, no significant difference in BW was observed between the two groups at 4
weeks post-osteotomy (24 weeks of age).

Serum biochemistry parameters were analyzed at 2 and 4 weeks post-osteot-
omy. The results are presented in Table 2. At both 2 and 4 weeks post-osteotomy,
significant elevations in levels of serum BUN (2 < 0.001, and P < 0.001, respec-
tively) and CRE (P < 0.001, and P < 0.01, respectively) were observed in the CKD

DOI: 10.4236/0jo0.2025.1512049

496 Open Journal of Orthopedics


https://doi.org/10.4236/ojo.2025.1512049

K. Tominaga et al.

Table 1. Body weight.

20W 22 W 24 W
Control CKD P-value Control CKD P-value Control CKD P-value
(n=20) (n=20) vsControl (n=16) (n=18) vs Control (n=28) (n=9) vs Control

Body weight

@) 558.6 +35.2 503.7 £40.4 <0.001 555.2 +35.8 514.5+43.1 0.011 570.7 +£41.3 530.4 £ 53.0 0167
g

Mann-Whitney Utest; Values are mean + standard deviation.

Table 2. Serum biochemistry.

22W 24 W
P-value vs P-value vs
Control (n = 8) CKD (n=9) Control (n = 8) CKD (n=9)

Control Control

BUN (mg/dL) 176 £2.5 346+79 <0.001 18.5+4.2 36.4+8.4 <0.001
CRE (mg/dL) 0.17 £0.11 0.42 £ 0.10 <0.001 0.14 £ 0.12 0.46 £ 0.19 0.002
Ca (mg/dL) 124+1.3 122 £2.0 0.959 11.8+£ 1.6 114+£25 0.673
IP (mg/dL) 98+1.7 11.3+£3.0 0.202 11.0 £ 2.7 12.1+24 0.412

Mann-Whitney Utest P< 0.05; BUN: blood urea nitrogen, CRE: creatinine, Ca: calcium, IP: inorganic phosphorus.

group compared to the control group, indicating impaired renal function in the
CKD rats. No significant differences were observed in serum Ca and serum IP
levels between the two groups at 2 and 4 weeks post-osteotomy. The combination
of elevated serum creatinine with normal serum calcium and phosphate is char-
acteristic of stage 3 CKD, supporting the validity of the present adenine-induced
model.

3.2. Micro-CT Analysis of the Osteotomy Site (Table 3)

3.2.1. Cortical Bone Evaluation
No significant differences in Ct.Ar/Tt.Ar were observed between the control and
CKD groups at 2 and 4 weeks post-osteotomy. Similarly, there were no significant

differences in Ct.Th. between the groups at either time point.

3.2.2. Trabecular Bone Evaluation
No significant differences in parameters of trabecular bone (BV/TV, Tb.Th, Tb.N,
Tb, Sp, SMI, and DA) were observed between the control and CKD groups at 2

and 4 weeks post-osteotomy.

3.3. Micro-CT Imaging and Histological Findings at the Osteotomy
Site

Although micro-CT demonstrated a gap in the osteotomy site in both the control

(Figure 3(A)) and CKD (Figure 3(B)) groups at 2 weeks, the osteotomy site ex-

hibited bony fusion in the control (Figure 3(C)) and CKD (Figure 3(D)) groups

at 4 weeks post-osteotomy. Micro-CT images showed no significant differences

between the control and CKD groups at either 2- or 4-week post-osteotomy.
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Table 3. Micro-computed tomography at the proximal metaphysis of the tibia.

22 W 24 W
Control (n = 8) CKD (n=9) szt:tlreoxlzs Control (n = 8) CKD (n=9) PS::::O‘;S
Cortical bone

Ct.Ar/Tt.Ar (%) 48.1 £6.2 45.1£4.5 0.541 41.4+42 38.0+9.2 0.423
Ct.Th (um) 333.2+93.5 289.8 + 84.5 0.541 449.0 £ 169.1 389.2 £199.3 0.277

Trabecular bone
BV/TV (%) 41.2+12.0 40.7 £10.2 0.851 24.8 +£12.3 36.8+13.6 0.114
Tb.Th (um) 34.1 +£8.5 323+58 1 27.1+3.9 31.7+£6.2 0.167
Tb.N (1/mm) 1.2+0.1 1.3+0.2 0.888 09+0.3 1.1+0.3 0.167
Tb.Sp (um) 504.2 +£152.5 491.0 + 133.5 0.963 1015.0 £ 468.5 669.7 £ 462.1 0.139
SMI 0.9+0.6 1.2+0.6 0.673 2.0+0.8 1.3+0.9 0.075
DA 1.5+£0.1 1.5+0.2 0.321 1.6 +0.2 1.6 +0.2 0.423

Mann-Whitney Utest P< 0.05; Values are mean + standard deviation; Ct.Ar/Tt.Ar: cortical area/total area, Ct.Th: cortical thickness,
BV/TV: bone volume/tissue volume, Tb.Th: trabecular thickness, Tb.N: trabecular number, Tb.Sp: trabecular separation, SMI: struc-
ture model index, DA: degree of anisotropy.

22w
T AR

Figure 3. Micro-CT images, central slice of coronal sections, showed no significant differences between the control (A and
C, respectively) and CKD (B and D, respectively) groups at both 2 and 4 weeks post-osteotomy.

At 2 weeks post-osteotomy, most areas of the osteotomy site in both the control
and CKD groups were filled with fibrous tissue (Figure 4(A) and Figure 4(B)) in
H&E-stained sections. By 4 weeks post-osteotomy, both groups demonstrated thick
trabecular bone and dense bone union at the osteotomy site (Figure 4(C) and Fig-
ure 4(D)).
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C

Figure 4. Histological sections of the osteotomy site stained with hematoxylin and eosin. Arrowheads (V) indicate sites of
interruption of the growth plate. At 2 weeks post-osteotomy, most of the areas at the osteotomy site were filled with fibrous
tissues (arrows) in both the control (A) and CKD (B) groups. At 4 weeks post-osteotomy, both the control (C) and CKD
(D) groups demonstrated thick trabecular bone and dense bone union at the osteotomy site.

Table 4. Bone union/formation rates.

3.4. Rates of Bone Union and Bone Formation at the Osteotomy
Site (Table 4)

3.4.1. Bone Union Rate at the Osteotomy Site

Bone union rates were assessed using micro-CT and showed no significant differ-
ences between the control and CKD groups at either the 2- or 4-week post-oste-
otomy time points. Bone union rates, as assessed using H&E-stained sections,
were significantly lower in the CKD group at 2 weeks post-osteotomy compared
to the control group (2= 0.048). However, at 4 weeks post-osteotomy, no signifi-

cant differences were observed between the control and CKD groups.

22W 24 W
P-val P-val
Control (n=8) CKD (n=9) vauevs Control (n=8) CKD (n=9) vauevs
Control Control
Bone union rate (%)

Micro-CT 37.7 £ 18.9 32.7+£25.0 0.370 97.7 £4.0 90.8 £10.3 0.086
H&E-stained section 293 +17.7 15.8 £ 18.8 0.048 834 +17.2 68.3 £22.1 0.160
Bone formation rate

50.9 £21.3 47.6 199 0.673 96.8 £34 86.1 £15.3 0.311

(%)

Mann-Whitney U test P < 0.05; Values are mean + standard deviation. H&E: hematoxylin and eosin.

3.4.2. Bone Formation Rate at the Osteotomy Site
Bone formation rates assessed by H&E staining showed no significant differences

between the control and CKD groups at both 2 and 4 weeks post-osteotomy.

3.5. Cartilage Formation at the Osteotomy Site

Figure 5 shows histological sections of the osteotomy site stained with Safranin
O. At 2 weeks post-osteotomy, cartilage formation was observed at the osteotomy
site in the control group (Figure 5(A)), but not in the CKD group (Figure 5(B)).
After 4 weeks, no cartilage formation was observed in either the control (Figure
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5(C)) or CKD (Figure 5(D)) group. Cartilage formation rates assessed by Safranin
O staining were significantly lower in the CKD group than in the control group at
2 weeks post-osteotomy (P=0.017) (Table 5). However, no significant differences
were observed between the control and CKD groups at 4 weeks post-osteotomy

(Table 5).

Figure 5. Histological sections of the osteotomy site stained with Safranin O. Cartilage formation was observed at 2

weeks post-osteotomy in

the control (A) group (arrows), and the rate of cartilage formation was lower in the CKD

group (B) than in the control group (A). No significant changes between the control (C) and CKD (D) groups were
observed at 4 weeks post-osteotomy.

Table 5. Cartilage formation rate.

22W 24 W
P-val P-val
Control (n=8) CKD(n=9) vatuevs Control (n=8) CKD(n=9) vauevs
Control Control
Cartilage formation rate
234 +5.0 84 +11.6 0.017 0.8+2.0 0.0+0.0 0.346

(%)

Mann-Whitney U test P < 0.05; Values are mean + standard deviation.

4. Discussion
4.1. Summary of the Present Study

In this study, we used a rat model of adenine-induced CKD to evaluate whether
prolonged bone healing occurs at the osteotomy site of the proximal tibia. Sero-
logical examinations confirmed that the model rats had stage 3 CKD, as serum
CRE was elevated and Ca and IP were within the normal range. Micro-CT analysis
showed no difference in the bone healing rate of the proximal tibial cancellous
osteotomy between the control and CKD rats and no evidence of prolonged bone
healing. However, bone tissue specimens showed a significant decrease in the rate
of bone healing and cartilage formation in CKD rats at a relatively early stage of 2
weeks post-osteotomy. In contrast, there was no difference in bone healing rate at
4 weeks, which was later after osteotomy. The bone microstructure of the proxi-
mal tibial osteotomy showed no deterioration of either cortical or trabecular bone
parameters in CKD rats. In conclusion, in the adenine-induced CKD rat model,
bone healing of the proximal tibial cancellous bone osteotomy was prolonged in

the early-stage post-osteotomy due to histologically delayed endochondral ossifi-
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cation, but histological analyses did not indicate prolonged healing at 4 weeks

post-osteotomy.

4.2. Delay in Bone Union and Its Mechanism in CKD

CKD severely affects bone metabolism, resulting in decreased bone formation, in-
creased bone resorption, and abnormal mineral metabolism [1]. These changes
increase the risk of fracture in patients with CKD and are likely to result in pro-
longed bone healing after fracture. Indeed, in clinical practice, fractures are ob-
served more frequently in CKD patients with a low estimated glomerular filtration
rate [13], and an increased risk of hip fracture in these patients has also been re-
ported [14]. In a clinical study of 130 patients with femoral neck fractures, those
with CKD had a higher risk of pseudoarthrosis than those with normal renal func-
tion [4], and pseudoarthrosis of distal femur fractures in patients with renal oste-
odystrophy due to CKD has been reported [3]. Therefore, renal impairment may
prolong bone healing or increase the risk of pseudoarthrosis. Animal studies have
shown that CKD reduces BMD and negatively impacts the bone microstructure
and bone strength [6] [15] [16]. Bone regeneration capacity is reportedly reduced
with respect to bone healing in CKD models involving artificially created bone
defects [17].

4.3. Possible Mechanisms of Delayed Cancellous Bone Healing

In this study, delayed bone healing was observed in the CKD group, especially in
the early period post-osteotomy. Possible mechanisms for this delay include the
following. Serum BUN and CRE levels were significantly higher in the CKD group
than in the control group in this study, suggesting that the CKD was stage 3. This
degree of renal dysfunction may have affected bone formation. Both bone resorp-
tion and bone formation are stimulated in adenine-induced CKD model rats, re-
sulting in high bone metabolic turnover [6], which in turn leads to bone loss and
bone fragility [6] [16] [18]. CKD also causes secondary hyperparathyroidism,
which increases the number of osteoclasts and osteoblasts [17]. In our previous
study, intact PTH levels were significantly higher in CKD rats aged 12 to 20 weeks
than in control rats [6] under the same conditions to which the adenine-induced
CKD model rats in this study were subjected. Because the same adenine-induced
CKD protocol was used in this study, the markedly elevated PTH levels indicate
the presence of secondary hyperparathyroidism in the current model as well,
strengthening the interpretation that altered hormonal conditions contributed to
delayed endochondral ossification. Therefore, secondary hyperparathyroidism may
have also played a role in prolonged bone healing. Furthermore, FGF23 levels are
elevated in CKD, which reportedly leads to decreased vitamin D receptor (VDR)
expression, suggesting that decreased VDR expression may inhibit osteoblast dif-

ferentiation and reduce osteogenic potential [19].

4.4. Relationship between Bone Union and Cartilage Formation

Previous studies have reported that CKD causes impaired endochondral ossifica-
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tion and growth retardation; in CKD model rats, the structure of the growth chon-
drocyte plate was disrupted, and the normal arrangement of chondrocytes was
impaired. In particular, the height of mature hypertrophic chondrocytes was re-
duced, and the cell maturation process was disrupted. The proliferation rate of
cells was also reduced in the growing chondrocyte version of the CKD rat model.
The distribution of osteoclasts was also uneven, and their number was increased,
resulting in an impairment of the trabecular bone microstructure. Furthermore,
it has been reported that secondary hyperparathyroidism interferes with osteo-
genesis and calcification processes and inhibits the process of endochondral ossi-
fication [20]. The above factors may have delayed endochondral ossification and
reduced the rate of early bone healing and cartilage formation. CKD also leads to
decreased expression of vascular endothelial growth factor (VEGF), which is es-
sential for angiogenesis and endochondral ossification in fracture healing. How-
ever, when VEGF expression is reduced due to CKD, vascular invasion into the
fracture site is delayed, leading to pseudostratified bone. However, another study
reported that when VEGF is decreased due to CKD, both vascular invasion into
the fracture site and ossification of pseudo-bone are delayed [21]. In the present
study, CKD may have caused impaired endochondral ossification and prolonged
bone healing. In this study, VEGF immunostaining did not yield detectable sig-
nals. This was likely due to technical limitations associated with hard-tissue pro-
cessing, including prolonged decalcification, which can reduce antigenicity. In ad-
dition, previous studies have reported decreased VEGF expression in CKD, which
may have further contributed to the weak staining observed. The delayed cartilage
maturation observed in CKD rats was evident in the Safranin O-stained sections
in Figure 5, where persistent cartilaginous tissue and immature matrix were pre-
sent at the osteotomy site compared with the controls. These findings support the

interpretation of delayed endochondral ossification in the CKD group.

4.5. Micro-CT versus Histology

Notably, radiographic bone-bridging on micro-CT did not always correspond to
histological union. A known limitation of micro-CT is its inability to distinguish
mature lamellar bone from newly mineralized woven bone or cartilage. Therefore,
micro-CT may overestimate apparent bony continuity compared with histology,
which directly reflects tissue maturity. This discrepancy reflects methodological
differences: micro-CT primarily captures the continuity of mineralized tissue and
is affected by thresholding and spatial resolution, whereas histology reveals resid-
ual cartilage and tissue maturity at the osteotomy site. Thus, apparent bridging on
micro-CT may precede the completion of endochondral ossification on histology,
particularly under CKD conditions. Prior studies have implicated cyclin-depend-
ent kinase 1 (Cdk1) in osteoblast proliferation and bone formation. Loss of Cdk1
impairs bone formation without abolishing the anabolic effects of PTH [22], and
disease-related tissue changes can involve altered Cdkl-related pathways [23].
Although we did not assess Cdkl in this study, the delayed endochondral matu-
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ration observed in CKD could be somewhat consistent with cell cycle-linked dysreg-
ulation. However, the present study focuses on phenotypic/histological findings,
thus molecular-level mechanisms are speculative. Future work should examine

Cdk1 expression and signaling in CKD-associated delayed union.

4.6. Limitations

First, in this study, bone union was evaluated at 2 and 4 weeks post-osteotomy,
but bone fusion was already complete at 4 weeks. Earlier observations, such as at
1-week post-osteotomy, could be necessary. Second, the detailed analysis of ab-
normalities in bone metabolism was insufficient because serum PTH and FGF23
levels were not measured. However, the model used in this study was the same as
that used in a previous study [6], in which serum PTH was elevated, suggesting
secondary hyperparathyroidism. In the future, we plan to investigate the possibil-
ity of promoting bone healing in CKD patients by combining drug administration
and low-power ultrasound pulses. Third, the study examined a relatively low
number of rats, even though the post hoc power analysis indicated the inclusion
of 8~9 rats for micro-CT analysis and H&E staining in each group. Thus, it was
not possible to completely avoid the risk of type II errors in this exploratory study.
Finally, we did not perform a dynamic bone histomorphometry and evaluation of
Osteoprotegerin/receptor activator of nuclear factor-kappa B ligand due to lim-
ited available resources. An evaluation of bone metabolic markers would be needed

in future study.

5. Conclusion

This study demonstrated that bone healing and cartilage formation are suppressed
in a rat model of CKD, particularly in the early post-osteotomy period. The results
suggest that renal dysfunction, secondary hyperparathyroidism, and impaired en-
dochondral ossification are involved in the mechanism of delayed bone healing
due to CKD. These findings highlight a clinically important early post-fracture
period during which patients with CKD may be particularly vulnerable to im-
paired healing, underscoring the need for careful postoperative monitoring and
consideration of early therapeutic strategies. Further investigation of treatment
strategies designed to promote bone healing is needed.
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