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The present study aimed to investigate the biomechanical and histomorphological features of
mandibles in an adenine-induced chronic kidney disease-mineral and bone disorder (CKD-MBD)

rat model of CKD. A total of 14 Sprague-Dawley rats were randomized into the following two

groups: control group and CKD group. At the end of the sixth week, all rats were euthanized, and
serum was collected for biochemical marker tests. Macroscopic bone growth and biomechanical
parameters were measured in the right hemimandible, while the left hemimandible was used for bone
histomorphometric analysis. Compared to the control group, the CKD group showed a significant
increase in serum creatinine, blood urea nitrogen, and serum parathyroid hormone at the end of

the sixth week. The biomechanical structural properties significantly decreased in the CKD group
compared to the control group. Bone histomorphometric analysis indicated that the trabecular bone
volume of rats in the CKD group was significantly lower than that of the control group. In the CKD
groups, the bone formation parameters of the trabecular bone were significantly increased, while the
bone mineralization apposition rates of both the trabecular bone and periosteal cortical bone were
significantly increased. The rat CKD model showed deteriorated structural mechanics, low trabecular
bone volume, high trabecular bone formation, increased trabecular bone mineralization apposition
rate, and increased cortical bone mineralization apposition rate, which met the characteristics of
osteitis fibrosa, indicating that this model is a useful tool for the study of mandible diseases in CKD
patients.

Abbreviations

BFR/TV Bone formation rate/tissue volume referent
BFR/BV Bone formation rate/bone volume referent
BFR/BS Bone formation rate/bone surface referent
BD Mandibular height

Ctr Control

CKD Chronic kidney disease

CKD-MBD  Chronic kidney disease-mineral and bone disorder
Ct.Ar Cortical area

%Ct.Ar Percent cortical area

Ct.B.Ar Cortical bone area

%E-L.Pm Percent endocortical-labeled perimeter
E-MAR Endocortical-MAR

E-BFR/BS Endocortical-BFR/BS referent

MAR Mineral apposition rate

Ma.Ar Marrow area

%Ma.Ar Percent marrow area
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N.Oc/BS Osteoclast number per millimeter bone perimeter
OC Mandibular base

OA Mandibular length

Oc.S/BS Osteoclast surface per millimeter bone perimeter
%P-L.Pm Percent periosteal-labeled perimeter

P-MAR Periosteal-MAR

P-BFR/BS  Periosteal-BFR/BS referent

ROIs Regions of interest

S Mandible area

SPF Specific pathogen free

SD Sprague-Dawley

Tb.Ar Trabecular area

Tb.Th Trabecular thickness

Tb.N Trabecular number

Tb.Sp Trabecular separation

Chronic kidney disease (CKD) is an abnormality of kidney structure and/or function with a variety of causes that
persist for over three months, and it is characterized by high prevalence, persistent existence, slow progression,
and poor prognosis’. In stages 2 to 5 of CKD, renal osteodystrophy develops in most patients and manifests as
osteoporosis, bone pain, and fractures, significantly increasing the patients’ distress and socioeconomic burden.
Currently, abnormal mineral metabolism, renal osteodystrophy, and vascular calcification in CKD are collectively
referred to as chronic kidney disease-mineral and bone disorder (CKD-MBD)

Although CKD-MBD is characterized by high prevalence and harmfulness, the understanding of its patho-
genesis is limited, and clinical prevention and treatment measures are insufficient, especially for mandible lesions
of CKD-MBBD. It is estimated that nearly 90% of patients with CKD manifest some symptoms of oral disease, and
CKD also causes craniofacial damage. Several studies on mandibular lesions in CKD, including uremic leontiasis
ossea, Sagliker syndrome®*, and other mandible abnormalities®®, have been previously reported. Therefore, it
is important to strengthen basic research in this area. Load-bearing bones are the most commonly used model
to study CKD-MBD. However, the pathology of CKD-MBD-associated mandible lesions remains unclear. At
present, animal models of mandibular lesions in CKD-MBD are usually induced by partial renal ablation or
autosomal dominant polycystic kidney disease and then evaluated by microcomputed tomography (micro-CT),
histological analyses, or biochemical analyses’=°. However, these models do not evaluate the mandibles by histo-
morphometric methods, as suggested by the International Society of Nephrology’. In addition, biomechanics is
an important evaluation method in the study of metabolic bone disease. This method evaluates bone quality from
the perspective of structural mechanics and material mechanics, and the results directly reflect bone quality'>'2.

We previously developed an adenine-induced renal bone disease model, demonstrating similar clinical mani-
festations of CKD-MBD, indicating an ideal model to study CKD-MBD**!“. In the present study, we evaluated the
characteristics of mandibular lesions in the rat CKD model from the perspectives of bone growth, biomechan-
ics, and bone histomorphometry to provide an ideal animal model for the subsequent study of the molecular
mechanism of the occurrence and development of CKD mandibular lesions, as well as the development of new
drugs and other therapeutic methods.

Materials and methods

Materials

Fourteen 13-week-old specific pathogen-free (SPF) male Sprague-Dawley (SD) rats were obtained from the Labo-
ratory Animal Center of Sun Yat-sen University (Guangzhou, China). The animal feed formula was determined
by the research group and produced by the Guangdong Medical Laboratory Animal Center (Foshan, China).
The feed formula was adjusted from the AIN-93 purified feed formula'®. The following two customized feeds
were used: the first feed had 0.75% adenine, and the second feed had no adenine. Both feeds contained 1.03%
phosphorus, 1.11% calcium, and 9% casein.

Experimental design

The present study was performed in strict accordance with the recommendations of the Guide for the Care and
Use of Laboratory Animals of the Ministry of Science and Technology of the People’s Republic of China. Each
animal was housed individually and kept in a 12-h light/dark cycle at a constant temperature of 22 °C+1 °C with
a humidity of 50% + 5%. After adaptation for 2 weeks, 14 male SD rats were divided into the following two groups
(n=7 per group): (1) control group, which was fed an adenine-free diet for 6 weeks; and (2) CKD group, which
was fed a 0.75% adenine (China National Pharmaceutical Group Corp., Shanghai) diet for 4 weeks followed by a
diet without adenine for 2 weeks. The doses and durations of adenine treatment were determined from the results
of a previous study that confirmed mandibular bone deterioration'>'*!”. Throughout the experimental period, all
rats were given free access to water. The two groups of rats were subcutaneously injected with calcein (10 mg/kg)
labeling on Days 13, 12, 3, and 2 before necropsy to allow fluorescent labeling of bone tissue for measurement of
dynamic parameters's-2°. At the end of the sixth week, fasting blood was collected for biochemical tests, and all
rats were euthanized by exsanguination through the retro-orbital sinus under anesthesia. The right hemimandi-
bles were used for mandibular growth evaluation and biomechanics analysis, and the left hemimandibles were
used for bone histomorphometric analysis at necropsy.
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Biochemical markers

Serum creatinine (SCr) and blood urea nitrogen (BUN) were measured using a Hitachi 7600 (HITACH]I, Japan).
A rat bioactive intact PTH ELISA kit (Immutopics, USA) was used to measure serum parathyroid hormone
(PTH) levels.

Macroscopic growth of the mandible

Mandibular growth was measured in the two groups. Measurements between anatomical points with digital
calipers were used to estimate growth directly on the right hemimandible (Fig. 1). The mandibular area (S, mm?),
which corresponds to the size of the bone, was calculated from a triangle formed among three stable points: the
most superior posterior point of the coronoid process (B), the most posterior point of the mandible (C), and
the most anterior inferior bone point (O). The base of the jaw (length O-C, mm), the mandibular length (length
O-A, mm), and the mandibular height (length B-D, mm) were also calculated®'.

Biomechanics of the mandible

The right hemimandible underwent a three-point bending mechanical test in the MTS test machine (MTS, USA)
after evaluating bone growth to measure biomechanical properties. The laboratory temperature was set to 25 °C,
and the relative humidity was 50-60%. Each bone was placed on two lower supports, with the lateral aspect fac-
ing down and centered along its length. The supports were equidistant from the bone ends and separated by a
constant distance L (distance between supports=11 mm), equivalent in all cases to no more than two-fifths of the
bone length. Loads were applied transversely to the bone axis at a point immediately posterior to the posterior
surface of the third molar at a rate of 5.00 mm/min?-?*, Structural mechanics, including maximum displacement,
maximum load, force energy, and stiffness, were then evaluated.

Mandibular histomorphometry

The trimmed left hemimandibles were fixed in 4% paraformaldehyde. After dehydrating the bone tissues in etha-
nol, the tissues were embedded in methyl methacrylate. After full polymerization, frontal cross-sections of the
mesial root of the mandibular first molar region were cut (300 pm) and polished (20 pm) with a precision bone
saw (cutting grinding system, EXAKT Apparatebau, Norderstedt, Germany)®. The unstained sections were used
to measure the volume, turnover, and mineralization parameters in the trabecular and cortical bones. Figure 2
shows the regions of interest (ROIs) of the trabecular and cortical bones. The cross-section of the incisor tooth
was selected as the cortical bone ROI. The incisor tooth and mandible of rats are conjoined together, indicating
the crucial role of the incisor tooth in supporting the mandible. Using the cross-section of the incisor tooth as
the cortical bone ROI allowed measurement of the periosteal and endocortical cortical bone parameters at the
same time. A semiautomatic image analysis system (Bioquant, Nashville, TN, USA) was utilized to measure the
histomorphometric parameters.

The trabecular area (Tb.Ar) was the histomorphometric volume parameter for trabecular bone, and the
calculated volume parameters included trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular
separation (Tb.Sp). The bone formation histomorphometric parameters of the trabecula were as follows: bone
formation rate/tissue volume referent (BFR/TV), bone formation rate/bone volume referent (BFR/BV), and bone
formation rate/bone surface referent (BFR/BS), which reflects bone turnover with respect to bone formation.
The bone mineralization histomorphometric parameter of the trabecula was the mineralization apposition rate
(MAR). For cortical bone, the histomorphometric volume parameters were as follows: cortical area (Ct.Ar),
percent cortical area (%Ct.Ar), cortical bone area (Ct.B.Ar), marrow area (Ma.Ar), and percent marrow area
(%Ma.Ar). The bone formation parameters were as follows: percent periosteal-labeled perimeter (%P-L.Pm),
periosteal-BFR/BS referent (P-BFR/BS), percent endocortical-labeled perimeter (%E-L.Pm), and endocortical-
BFR/BS referent (E-BFR/BS). The bone mineralization parameters of the cortical bone were periosteal-MAR

D

Figure 1. Schematic of the rat mandible showing indices of macroscopic growth measured by digital calipers.
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Figure 2. Schematic of the rat mandible showing the regions of interest (ROIs) of the histomorphometric
parameters. The green area indicates the ROI of trabecular bone, and the black arrow indicates the ROI of
cortical bone, which is the cross-section of the incisor tooth.

(P-MAR) and endocortical-MAR (E-MAR). The terminology used in the present study was consistent with the
ASBMR Histomorphometry Nomenclature Committee on Standardization of Nomenclature®®

Statistics

All data were analyzed using SPSS software (version 22.0) and are expressed as the mean + standard deviation
(SD). If the comparison between two groups met the requirements of the parametric test, a two-sample f test
was used; if the requirement of the parametric test was not satisfied, two independent samples were used for the
Mann—Whitney U test. P<0.05 was considered statistically significant for all tests.

Ethical approval

The present study was approved by the Ethics Committee of the Affiliated Hospital of Inner Mongolia Medical
University (No. WZ2021037), and all procedures were conducted in accordance with the Guiding Principles in
the Care and Use of Animals (China).

Results

Evaluation of the CKD model and biochemical markers of CKD-MBD

To evaluate the status of the CKD model and the biochemical parameters for CKD-MBD, SCr, BUN, and PTH
were measured at the end of the sixth week. The CKD model was well established with higher SCr (49.39+11.32
vs. 187.08 £47.60 umol/L, P<0.001), BUN (2.74 £ 0.64 vs. 9.76 + 3.36 mmol/L, P<0.01), and PTH (475.16 + 348.25
vs. 4403.79 +£275.24 pg/l, P<0.001) levels compared to the control group.

Macroscopic mandibular growth

Mandibular bone growth was evaluated by measuring the right hemimandibles in the control and CKD groups
at the end of the sixth week. Although the mean values of the mandibular base (OC, mm), mandibular length
(OA, mm), mandibular height (BD, mm), and mandibular area (S, mm?) exhibited a decreasing tendency in the
CKD group compared to the control group, the difference was not significant (P>0.05).

Mandibular biomechanical properties

Figure 3 shows the structural biomechanical properties of the right hemimandible calculated from the analysis
of the load/deformation curve obtained in the mechanical bending test. The maximum displacement, maximum
load, load energy, and stiffness were significantly decreased in the CKD group compared to the control group
(1.17+£0.10 vs. 1.56+£0.11 mm, P<0.01; 107.29+16.92 vs. 132.3+£10.74 N, P<0.05; 56.17 £ 19.12 vs. 86.18 + 14.54
Mj, P<0.05; 165.11 +39.1 vs. 246.04 £40.81 N/mm, P<0.05).

Mandibular histomorphometry
The left hemimandible trabecular bone was measured for trabecular bone histomorphometric parameters at the
end of the sixth week (Table 1, Figs. 4, and 5). In CKD rats, the values of Tb.Ar, Tb.Th, and Tb.N were signifi-
cantly decreased, while the value of Tb.Sp was significantly increased. In addition, CKD rats had significantly
increased bone formation parameter values, including BFR/TV, BFR/BV, and BFR/BS, compared to control rats.
The mineralization-related parameter, MAR, was significantly higher in the CKD group than in the control group.
The left hemimandible bone was also measured for cortical bone histomorphometric parameters at the end
of the sixth week (Table 2 and Fig. 5). The bone volume parameter values (Ct.Ar, %Ct.Ar, Ct.B.Ar, Ma.Ar, and
%Ma.Ar) were note significantly different between the two groups. Regarding the periosteal bone formation
parameters, %P-L.Pm was significantly increased in the CKD group compared to the control group, and P-BFR/
BS demonstrated no significant difference between the two groups. The endocortical bone formation parameters
(%E-L.Pm and E-BFR/BS) were not significantly different between the two groups. No significant difference was
found in the mineralization-related parameters, P-MAR and E-MAR, between the two groups.
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Figure 3. Maximum displacement (A), maximum load (b), force energy (C), and stiftness (D) of the right
hemimandible in the control and CKD groups at euthanasia. Data are expressed as the mean + standard
deviation (SD) for n=7 in each group. Ctr, normal control group; CKD, chronic kidney disease group.

Volume

Tb.Ar (mm?) 55.28+9.74 40.43+£12.70° 0.013
Tb.Th (um) 163580.00 +28629.02 132850.00 +24403.91° 0.012
Tb.N (n/pm) 3.568+0.557 2.739+0.688" 0.013
Tb.Sp (um) 133700.00 +48387.05 223300.00 +65654.92° 0.005
Turnover

BER/TV (%/year) 0.09+0.04 0.19+0.08** 0.001
BER/BV (%/year) 0.19£0.10 0.280.08° 0.033
BFR/BS (um/day x 100) 17.57£7.73 31.01+14.09° 0.010
Mineralization

MAR (pm/day) ‘ 2.14+0.48 ‘ 3.11£0.67" ‘ 0.001

Table 1. Bone histomorphometric results in the trabecular bone at the end of the sixth week. Significant
values are in bold. Data are expressed as the mean + standard deviation (SD) for n=7 in each group. Ctr,
normal control group; CKD, chronic kidney disease group. Parameters: Tb.Ar, trabecular area; Tb.Th,
trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation; MAR, mineralization apposition
rate; BFR/TV, bone formation rate (tissue area referent); BFER/BV, bone formation rate (bone area referent);
BFR/BS, bone formation rate (bone surface referent). *P<0.05 versus the control group. *P <0.01 versus the
control group.

Discussion

The earliest pathophysiological changes in CKD can be traced back to the G1 stage. FGF23 is thought to be
an early biomarker of disordered phosphorus metabolism in the initial stages of CKD?. After CKD pro-
gresses to stage G2-3, significant clinical mineral metabolism disorders begin to appear, which manifest as
secondary hyperparathyroidism, abnormal bone metabolism, and even life-threatening renal osteodystrophy.
Advancements in the knowledge of and therapeutic measures for CKD and its complications, such as secondary
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Figure 4. Tb.Ar (A), Tb.Th (B), Tb.N (C), and Tb.Sp (D) of the left hemimandible in the control and CKD
groups at euthanasia. Data are expressed as the mean + standard deviation (SD) for n=7 in each group. Ctr,
normal control group; CKD, chronic kidney disease group. Tb.Ar, trabecular area; Tb.Th, trabecular thickness;
Tb.N, trabecular number; Tb.Sp, trabecular separation.

hyperparathyroidism (HPT-II) and CKD-MBD, have resulted in a decreased frequency of significant mac-
roscopic bone alterations in kidney patients. Nonetheless, early skeletal change for bone scintigraphy shows
increased uptake in the jaws and skull, implying high turnover osteodystrophy®®. Renal bone disease causes
cranial and maxillofacial appearance changes due to maxillary fibrosis deformity. Lopes et al.* reported two
cases of severe renal osteodystrophy affecting the maxilla and mandible, ultimately causing facial disfigurement
in a young female patient with CKD and a middle-aged female patient with CKD. Severe bone changes in the
skull and maxillofacial face are accompanied by abnormal bone metabolism in other sites, which are character-
ized as Sagliker syndrome*. A multicenter retrospective study has reported 4 cases of CKD patients clinically
consistent with Sagliker syndrome in a total of 21 patients™. Secondary hyperparathyroidism affects up to 92%
of patients receiving hemodialysis and may present as a maxillary brown tumor®'. The majority of macroscopic
manifestations of renal osteodystrophy present as diffuse jaw enlargement®*, with the alterations being exclu-
sively in the jaw bones as any manifestation in long bones and aorta were discarded. However, few studies have
evaluated CKD mandible lesions in basic research, and few studies have comprehensively evaluated macroscopic
bone growth, biomechanics, and histomorphometrics of mandibular lesions in CKD. Therefore, we established
adenine-induced CKD-MBD in rats and evaluated the mandibles from the three perspectives mentioned above
to explore the pathogenic mechanism of CKD on the mandible.

In the present study, the CKD model was well established and was characterized by higher SCr, BUN, and
PTH levels than those in normal rats. The mean values of the mandibular base (OC, mm), mandibular length
(OA, mm), mandibular height (BD, mm), and mandibular area (S, mm?) did not differ significantly between the
two groups. The present results were not consistent with the suppressive effects of corticosteroids on mandibular
bone growth? and face and jaw skeletal lesions in dogs with secondary parathyroid hyperplasia®. This inconsist-
ency may be due to the different mechanisms of CKD, corticosteroids, and secondary parathyroid hyperplasia
in mandibular macroscopic growth.

Bone biomechanics is a branch of biomechanics based on the theory of engineering mechanics. Studying
the mechanical properties of bone tissue under external action and the biological effects of bone after stress is
a reliable method to assess bone quality, and it is one of the best methods to evaluate various measures against
bone loss*. The mechanical properties of bone include structural and material mechanical properties. In the
present study, we evaluated the structural mechanical properties of the right hemimandibles, which demonstrated
significantly decreased structural mechanical properties in the CKD group compared to the control group. These
results were consistent with the results of femur and lumbar vertebrae in adenine-induced CKD rats'**. The
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Figure 5. Bone structure and bone formation in the rat mandible in the control and CKD groups. The images in the

first line show holistic views of mandible frontal cross-sections without stain in the control and CKD groups (original
magnification x 10). The images in the second line show the bone trabeculae of mandible frontal cross-sections without stain
in the control and CKD groups (original magnification x 40). The white arrows indicate the bone trabeculae. Compared to the
control group, the trabeculae became sparse and slender in the CKD group. The images in the third row show the trabecular
fluorescence images of mandible frontal cross-sections without decalcification in the control and CKD groups (original
magnification x 40). The fluorescence shows bone formation in the mandible trabeculae (the representative fluorescence

is indicated by white arrows), which was labeled by the subcutaneous injection of calcein. Compared to the control group,
bright fluorescence indicated active bone formation in the mandible trabeculae in the CKD group. The images in the fourth
line show the cortical bone of the mandible frontal cross-section without stain in the control and CKD groups (original
magnification x 40), which was the cross-section of the incisor tooth. The white arrows indicate the cortical bone. No
significant difference was found between the two groups. The images in the fifth line show the cortical fluorescence images
of mandible frontal cross-sections without decalcification in the control and CKD groups (original magnification x 40). The
fluorescence shows the bone formation of endocortical and periosteal cortical bones in the mandible (the representative
fluorescence is indicated by white arrows), which was labeled by the subcutaneous injection of calcein. Compared to the
control group, the fluorescence in the periosteal cortical bone was bright and continuous in the CKD group, which indicated
active bone formation. The fluorescence in the endocortical cortical bone showed no difference between the two groups.
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Group Ctr CKD P value
Volume
Ct.Ar (mm?) 1865700.00 +133847.00 1826100.00 +£295401.00 0.678
%Ct.Ar (%) 66.70£6.56 70.29+12.12 0.133
Ct.B.Ar (mm?) 1865700.00 +133847.00 1826100.00 +£295401.00 0.954
Ma.Ar (mm?) 940100.00 £213244.00 779840.00 £ 338557.00 0.179
%Ma.Ar (%) 33.30£6.56 29.71+£12.12 0.133
Turnover
Periosteal

%P-L.Pm (%) 73.03+£4.04 78.52+5.15% 0.037

P-BFR/BS (um/day x 100) 53.69+9.44 60.66+7.88 0.140
Endocortical

%E-L.Pm (%) 106.40 +2.66 101.21+£7.40 0.205

E-BFR/BS (um/day x 100) 96.34+£9.91 94.38+18.83 0.768
Mineralization
Periosteal

P-MAR (um/day) ‘ 0.68%0.09 ‘ 0.83%0.12 [ 0.009
Endocortical

E-MAR (um/day) ‘ 0.91+0.10 ‘ 0.93+0.13 [0729

Table 2. Bone histomorphometric results in the cortical bone at the end of the sixth week. Significant values
are in bold. Data are expressed as the mean * standard deviation (SD) for n=7 in each group. Ctr, normal
control group; CKD, chronic kidney disease group. Parameters: Ct.Ar, cortical area; %Ct.Ar, percent cortical
area; Ct.B.Ar, cortical bone area; Ma.Ar, marrow area; %Ma.Ar, percent marrow area; %P-L.Pm, percent
periosteal labeled perimeter; P-MAR, periosteal mineralization apposition rate; P-BFR/BS, periosteal bone
formation rate/bone surface referent; %E-L.Pm, percent endocortical-labeled perimeter; E-MAR, endocortical
mineralization apposition rate; E-BFR/BS, endocortical bone formation rate/bone surface referent. *P<0.05
versus the control group. P <0.01 versus the control group.

material mechanical properties are also decreased in the adenine-induced CKD rats. In the present study, we
did not measure the material mechanical parameters of the mandible as we were unable to find an appropriate
method to measure the irregular bone, but we inferred the material mechanical properties of mandible also
deteriorated in CKD. Our future studies are planned to investigate the material mechanical properties.

Bone histomorphometry is a quantitative stereological research technique based on quantitative measurement
of bone sections, including cellular and histologic morphological changes. The skeletal lesions of the systemic
disorders of CKD-MBD are quantifiable by histomorphometry of bone biopsies. Histologic classification is based
on the turnover, mineralization, and volume (TMV), which is a standardized nomenclature for reporting the
results of bone histomorphometry for both clinical and research purposes'’. Turnover reflects the rate of skeletal
remodeling, which is normally a coupled process of bone resorption and bone formation. Bone formation rates
and activation frequency are acceptable parameters for assessing bone turnover. In the present study, the bone
formation parameters in the trabecular bone showed that the CKD group had significantly increased BFR/TYV,
BFR/BV, and BFR/BS compared to the control group. Bone formation parameters in the periosteal cortical bone
showed that the CKD group had significantly increased %P-L.Pm compared to the control group, and the P-BFR/
BS showed an increased trend in the CKD group compared to the control group. Tegarding bone formation
parameters, there was no significant difference in the endocortical cortical bone in the CKD group compared
to the control group. Although the bone resorption parameters were not measured, these results indicated high
bone turnover in the CKD group (Oc.S/BS, osteoclast surface per millimeter bone perimeter; N.Oc/BS, osteo-
clast number per millimeter bone perimeter). Our previous studies of the lesions of load-bearing bone (femur)
in the adenine-induced CKD rat model have demonstrated that the trabecular and cortical bones show a high
turnover, including high bone formation and high bone absorption'****”. The same high bone turnover has also
been observed in the proximal tibia in the CKD model induced by polycystic kidney disease®® and in the distal
femur in the adenine-induced CKD model*. Mineralization reflects how well bone collagen becomes calcified
tissue during the formation phase of skeletal remodeling. Compared to the control group, the MAR and P-MAR
were significantly increased in the CKD group, indicating increased mineralization time. The MAR results
agreed with previous studies on the femur in adenine-induced CKD rats'****, and they were was consistent with
previously reported research on the proximal tibia of CKD rats induced by polycystic kidney disease®®. Bone
volume represents the amount of bone per unit volume of tissue. In the present study, the volume of trabecular
bone and cortical bone was measured as recommended by TMV classification. CKD significantly increased the
value of Tb.Sp but decreased the values of Tb.Ar, Tb.Th, and Tb.N in trabecular bone. The cortical bone volume
parameters, including Ct.Ar, %Ct.Ar, Ct.B.Ar, Ma.Ar, and %Ma.Ar were not significantly different between the
CKD and control groups. These results agreed with our previous studies in the femur'** and other studies in
the tibia®® and femur® in different CKD models.
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Sotaro et al.** investigated the effects of CKD on the structural and mechanical properties of maxillary and

mandibular bones in a 5/6 nephrectomy model, and they demonstrated that CKD causes an increase in the
number of osteoclasts and a decrease in the number of osteocytes in the maxilla. CKD induces a reduced bone
volume in the maxilla and mandible, as well as a decreased BMD in the maxilla and a deteriorated mechani-
cal performance in the maxilla. These results were similar to the results of the present study, but a more severe
degree of these indicators was found in the present study, which may be due to the different modeling methods.
However, the basic characteristics of renal osteodystrophy reflected by the two models were similar. Interestingly,
the severity degree of the indicators was more serious in the maxilla than in the mandible. This difference may be
due to the mandible being composed of thick cortical bone while the maxilla is mainly composed of trabecular
bone, indicating that bone metabolism was not equally affected in these bones*..

According to the TMV classification scheme, the mandibular disorders in the present CKD model met the
criteria for mild or severe hyperparathyroid-related bone disease (HPT) or osteitis fibrosa (OF) with medium
to high turnover and any bone volume depending on the duration of the disease process.

The present study had several limitations. First, osteoblast-related and osteoclast-related indicators were not
measured for bone turnover even though both bone formation and bone resorption parameters influence bone
turnover. Second, bone metabolism-related serum markers were not monitored, which prevented a comprehen-
sive evaluation of renal osteodystrophy, Thus, further studies are warranted.

In conclusion, the rat CKD model in the present study showed deteriorated structural mechanics, low tra-
becular bone volume, high trabecular bone formation, increased trabecular bone mineralization apposition
rate, and increased cortical bone mineralization apposition rate, which met the characteristics of secondary
hyperparathyroid-related bone disease or osteitis fibrosa of load-bearing bones. Thus, the present model will be
a useful tool for the study of mandible diseases in CKD patients.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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