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Abstract
Background: Renal osteodystrophy (ROD) is a skeletal pathology associated with chronic kidney disease-mineral and bone 
disorder (CKD-MBD) that is characterized by aberrant bone mineralization and remodeling. ROD increases the risk of fracture 
and mortality in CKD patients. The underlying mechanisms of ROD remain elusive, partially due to the absence of an appropriate 
animal model. To address this gap, we established a stable mouse model of ROD using an optimized adenine-enriched diet and 
conducted exploratory analyses through ribonucleic acid sequencing (RNA-seq).
Methods: Male 8-week-old C57BL/6J mice were randomly allocated into three groups: control group (n = 5), adenine and 
high-phosphate (HP) diet group (n = 20), and the optimized adenine-containing diet group (n = 20) for 12 weeks. We assessed the 
skeletal characteristics of model mice through blood biochemistry, microcomputed tomography (micro-CT), and bone histomor-
phometry. RNA-seq was utilized to profile gene expression changes of ROD. We elucidated the functions of differentially expressed 
genes (DEGs) using gene ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and gene 
set enrichment analysis (GSEA). DEGs were validated via quantitative real-time polymerase chain reaction (qRT-PCR).
Results: By the fifth week, adenine followed by an HP diet induced rapid weight loss and high mortality rates in the mouse group, 
precluding further model development. Mice with optimized adenine diet-induced ROD displayed significant abnormalities in 
serum creatinine and blood urea nitrogen levels, accompanied by pronounced hyperparathyroidism and hyperphosphatemia. 
The femur bone mineral density (BMD) of the model mice was lower than that of control mice, with substantial bone loss and 
cortical porosity. ROD mice exhibited substantial bone turnover with an increase in osteoblast and osteoclast markers. Transcrip-
tomic profiling revealed 1907 genes with upregulated expression and 723 genes with downregulated expression in the femurs 
of ROD mice relative to those of control mice. Pathway analyses indicated significant enrichment of upregulated genes in the 
sphingolipid metabolism pathway. The significant upregulation of alkaline ceramidase 1 (Acer1), alkaline ceramidase 2 (Acer2), 
prosaposin-like 1 (Psapl1), adenosine A1 receptor (Adora1), and sphingosine-1-phosphate receptor 5 (S1pr5) were successfully 
validated in mouse femurs by qRT-PCR.
Conclusions: Optimized adenine diet mouse model may be a valuable proxy for studying ROD. RNA-seq analysis revealed that 
the sphingolipid metabolism pathway is likely a key player in ROD pathogenesis, thereby providing new avenues for therapeutic 
intervention.
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Introduction

Chronic kidney disease-mineral and bone disorder 
(CKD-MBD) is a prevalent complication in patients with 
CKD.[1] As the skeletal manifestation of CKD-MBD, 
renal osteodystrophy (ROD) has emerged as a significant 
global health concern. Due to the lack of a stable animal 
model and incomplete understanding of its mechanisms, 
therapeutic approaches for ROD have demonstrated limited 
efficacy.[2] Consequently, there is an exigent need for a 
suitable animal model to elucidate ROD mechanisms and 
develop more effective treatments.

Recently, numerous methods have been employed to 
establish models of ROD, including specialized diets,[3–16] 
surgical techniques,[17–22] chemical drug induction,[23,24] 
and transgenic animal models harboring spontaneous 
CKD.[25–29] The characteristics of these ROD animal models 
are summarized in Supplementary Material 1, http://links.
lww.com/CM9/C115. Nevertheless, these models are 
limited in use due to several shortcomings. There is incon-
sistency and a lack of transparency in the specialized diets 
used across different experiments, with variations also 
seen in the duration of specialized diet induction. Surgical 
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methods demand surgical expertise and postoperative 
care, complicating the assurance of consistent effects. 
Additionally, the nephrectomy model has an exceedingly 
high morbidity rate, and the sudden renal failure it causes 
does not reflect the chronic pathophysiology of CKD.[30] 
Chemical drug induction can result in severe liver injury. 
Transgenic animal models fail to closely mimic the mineral 
disorder of ROD, and moreover, these studies on the ROD 
model did not provide specific data on survival rates or 
success rates over the study period. Hence, the applica-
bility of the aforementioned models should be evaluated 
critically.

In a preliminary study by our group, we applied adenine 
and a high-phosphate (HP) diet in rats for 34 weeks to 
evaluate skeletal abnormalities.[12] However, our previous 
study had certain limitations. The extended duration of 
the study made excluding confounding factors challeging. 
Furthermore, employing an HP diet to simulate secondary 
hyperparathyroidism (SHPT) oversimplifies the com-
plexity of ROD. Notably, mice may be more practical and 
manageable for subsequent in-depth experiments, such as 
gene editing and modification. Considering these factors, 
we developed a stable and precise mouse model to explore 
the potential mechanisms involved in ROD.

ROD is a multifaceted and challenging bone disorder, 
wherein the cellular and molecular alterations within bone 
tissues play a critical role.[31] Currently, RNA sequencing 
(RNA-seq) and transcriptomic analysis have emerged as 
pioneering techniques that have allowed researchers to 
discover novel molecular metabolisms of ROD.[32]

In this study, we developed a more stable and reliable 
mouse model of ROD utilizing an optimized adenine diet. 
By employing transcriptomic analysis, we identified altera-
tions in sphingolipid metabolism pathways and several 
significant molecular targets. Our comprehensive study 
has the potential to yield novel insights into the patho-
genesis of ROD.

Methods

Animals and experimental design

Male C57Bl/6J mice, aged 6 weeks and weighing 18 ±  
2 g, were acquired from Vital River Laboratories (Zhe-
jiang, China) under license No. SCXK (Zhe) 2021-0006. 
They were maintained in a specific pathogen-free facility, 
allocated five per cage, with a consistent 12:12-h light/
dark cycle, at a temperature of 23°C ± 2°C and a rela-
tive humidity of 50 ± 10%. Access to purified water and 
rodent chow was provided ad libitum. All animal experi-
mental procedures were approved by the Institutional 
Animal Care and Use Committee of Southeast University 
(No. 20210228021).

Following a two-week period of acclimation and weight 
gain, the mice were randomly allocated into three groups: 
(1) control (CTL) group (n = 5), (2) adenine and HP diet 
group (n = 20), and (3) the optimized adenine-containing 
diet group (n = 20). The adenine and HP diet group under-
went a four-week intervention with an adenine-enriched 

diet (0.2% adenine based on AIN-93G purified feed; 
Jiangsu Xietong Pharmaceutical Bioengineering Co., 
Ltd., Nanjing, China), followed by an HP regimen (1.8% 
phosphate, devoid of supplemental adenine, based on 
AIN-93G purified feed; Jiangsu Xietong Pharmaceutical 
Bioengineering Co., Ltd.). Concurrently, the optimized 
adenine-containing diet group was administered a diet 
comprising 0.2% adenine (A8626, Sigma-Aldrich, Saint 
Louis, USA), 1% calcium, 1% phosphate, and 19% pro-
tein, adhering to the AIN-93G purified feed composition 
(Jiangsu Xietong Pharmaceutical Bioengineering Co., 
Ltd.) for the entire 12-week duration of the study. The 
CTL group received standard rodent chow without any 
supplemental adenine or phosphate (AIN-93G purified 
feed, Jiangsu Xietong Pharmaceutical Bioengineering Co., 
Ltd.). The specific formulations of the feed are provided 
in Supplementary Material 2, http://links.lww.com/CM9/
C115.

Throughout the experimental period, the body weight of 
the mice was recorded on a weekly basis. At the conclu-
sion of the twelfth week, all mice were euthanized, and 
blood samples were extracted and subjected to centrifu-
gation at 3000 × g for 15 min. The resulting serum was 
then preserved at −80°C for subsequent analysis using 
commercial assay kits and enzyme-linked immunosorbent 
assays (ELISAs). Additionally, the kidneys and both hind 
limbs, including the femurs and tibias, were collected and 
preserved for histopathological evaluation and immuno-
histochemistry (IHC) staining.

Biochemical analysis

Serum creatinine (Cr), blood urea nitrogen (BUN), calcium 
(Ca), and phosphate (P) concentrations were quantified 
using an automatic biochemical analyzer (Chemray 800, 
Shenzhen Mindray Bio-Medical Electronics Co., Ltd. 
Shenzhen, China). For these measurements, commercial 
assay kits were used (Cat No.: S03076 and S03036 for Cr 
and BUN, respectively; Shenzhen Mindray; and Cat No.: 
C057 and C014 for Ca and P, respectively; Changchun 
Huili Biotech Co., Ltd. Changchun, China) according to 
the manufacturer’s instructions.

Blood samples for cellular analysis were collected in lithium 
heparin-coated tubes (BD 367884; Becton Dickinson, 
Franklin Lakes, NJ, USA). Hemoglobin levels and red 
blood cell counts were determined using an automated 
veterinary hematology analyzer (Mindray BC-2800vet, 
Shenzhen, China).

ELISA

Serum parathyroid hormone (PTH) concentrations were 
measured using ELISA kits (Cat No. E-El-M0709c, Elab-
science, Wuhan, China). All assays were conducted in 
strict accordance with the manufacturer’s protocols.

Histopathological assessments

Kidney and femur samples from mice were fixed in 4% 
phosphate-buffered paraformaldehyde (Bl539a, Bio-sharp,  

D
ow

nloaded from
 http://journals.lw

w
.com

/cm
j by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
n

Y
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 01/04/2025

http://links.lww.com/CM9/C115
http://links.lww.com/CM9/C115


Chinese Medical Journal 2024;XX(XX) www.cmj.org

3

Guangzhou, China) for 24 h and subsequently embed-
ded in paraffin. Serial sections of 4 µm thickness were 
prepared and stained using hematoxylin and eosin (HE), 
periodic acid-Schiff (PAS), and masson trichrome (G1005, 
G1008, G1006 Servicebio, Wuhan, China) according to 
the manufacturer’s instructions.

For bone histopathological analysis, the right femurs 
were extracted and meticulously denuded of soft tissue 
using a scalpel. These femur samples were fixed in 4% 
paraformaldehyde and subsequently decalcified using an 
ethylene diamine tetraacetic acid (EDTA)-based solution 
(Servicebio Biological Co., Ltd., Wuhan, China) over a 
three-week period. The specimens underwent dehydration 
and defatting processes before being sectioned at a thick-
ness of 4 µm using a Leica RM2016 microtome (Leica 
Microsystems, Shanghai, China). Staining with tartrate- 
resistant acid phosphatase (TRAP) (G1050, Servicebio) 
was executed in accordance with the instructions.

Images were acquired using a DM 3000 light microscope 
(Leica Microsystems, Deerfield, IL, USA). The slides were 
subjected to semi-quantitative assessment by a single investi-
gator who was blinded to the allocation of treatment groups.

Microcomputed tomography (micro-CT) scanning and image 
reconstruction

The fixed right femur samples were preserved in 4% 
paraformaldehyde and imaged using a micro-CT SkyScan 
1176 system (Bruker Analytical Instruments, Kontich, 
Belgium). The analysis of bone microarchitecture at the 
metaphysis region of the distal femur focused on a spe-
cific set of parameters: bone mineral density (BMD), total 
tissue volume (TV), bone volume (BV), bone volume ratio 
(BV/TV), bone surface area (BS), bone surface density 
(BS/TV), trabecular number (Tb.N), trabecular thickness 
(Tb.Th), and trabecular separation (Tb.Sp). Additionally, 
the cortical bone geometry, including area and thickness, 
was quantified at the femoral midshaft. The metaphyseal 
scanning region of the intact femur included 150 slices, 
starting 1 mm proximal to the growth plate and extend-
ing distally. For the diaphyseal region, which is situated 
midway between the femoral head and distal condyles, 
the scanning included 100 slices centered on the midshaft. 
All animals were scanned at a resolution of 18 µm. The 
data were processed using Skyscan CT Analyzer software 
(CTAn, Bruker, Germany). Two-dimensional (2D) images 
were rendered with DataViewer (SkyScan software), and 
three-dimensional (3D) reconstructions and animations 
were generated using CTvox (SkyScan software).

IHC analysis of femurs

The femur sections were deparaffinized and subjected 
to antigen retrieval using pepsin solution (Servicebio 
Biological Co., Ltd.). Subsequently, they were blocked 
with bovine serum albumin (HyClone, Logan, UT, USA) 
or 30 min before overnight incubation at 4°C with the 
following primary antibodies: anti-Osterix (GB111900, 
1:100 dilution, Servicebio Biological Co., Ltd.) and 
anti-cathepsin K (GB111276, 1:200 dilution, Servicebio 

Biological Co., Ltd.). Following three washes the next day, 
the sections were incubated with horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG for 50 min at 
room temperature. 3, 3′-diaminobenzidine (DAB) stain 
(Servicebio Biological Co., Ltd.) was then applied, and 
tap water was used to terminate the reaction. Nuclei were 
counterstained using hematoxylin (Servicebio Biological 
Co., Ltd.) for 3 min. Imaging was performed with a DM 
3000 light microscope (Leica Microsystems), and image 
analysis was conducted using Image-Pro Plus 6.0 software 
(Media Cybernetics, Inc., Rockville, MD, USA).

RNA isolation and library preparation

Total RNA was extracted using Trizol reagent (Invitrogen, 
CA, USA) according to the manufacturer’s instructions. 
The purity and concentration of the extracted RNA were 
assessed with a NanoDrop 2000 spectrophotometer 
(Thermo Scientific, Waltham, MA, USA), while RNA 
integrity was verified using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA). Subse-
quently, sequencing libraries were prepared utilizing the 
VAHTS Universal V6 RNA-seq Library Prep Kit (Vazyme 
Biotech Co., Ltd., Nanjing, China) according to the 
manufacturer’s protocol. Transcriptome sequencing and 
subsequent bioinformatic analysis were conducted by OE 
Biotech Co., Ltd. (Shanghai, China).

RNA-seq and differentially expressed genes (DEGs) analysis

Sequencing of the libraries was performed on an Illumina 
NovaSeq 6000 platform (San Diego, CA, USA), generating 
approximately 150 bp paired-end reads, with approxi-
mately 51 million raw reads produced per sample. The 
raw fastq format reads were first processed using Fastq,[33] 
during which low-quality reads were removed to procure 
high-quality, clean reads. Approximately 48 million clean 
reads per sample were retained for further analysis. These  
reads were mapped to the reference genome utilizing hierar-
chical graph fm index for sequence alignment (HISAT2) 
(http://ccb.jhu.edu/software/hisat2).[34] Gene expression 
levels were quantified as fragments per kilobase mil-
lion (FPKM),[35] and read counts were derived using 
HTSeq-count (https://htseq.readthedocs.io/en/latest/tour.
html).[36] Principal component analysis (PCA) was per-
formed in R (version 3.2.0, https://www.r-project.org/) to 
assess the replicability of the biological samples. Differ-
ential expression analysis was performed using DESeq2 
(https://github.com/mikelove/DESeq2),[37] with a q-value 
of <0.05 and a fold change >2 or <0.5 set as the thresholds 
for identifying significant DEGs. Hierarchical clustering 
analysis of DEGs was also performed in R (version 3.2.0) 
to visualize the expression patterns across different groups 
and samples. The top 30 genes were represented on a radar 
chart, which was generated using the R package “grader,” 
to display the expression of DEGs with upregulated or 
downregulated expression. Both Gene Ontology (GO)[38] 
and Kyoto Encyclopedia of Genes and Genomes (KEGG)[39] 
pathway enrichment analyses of DEGs were conducted 
based on the hypergeometric distribution to identify signifi-
cantly enriched terms, again employing R (version 3.2.0) for 
visualization purposes. This process involved the creation 
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of column, chord, and bubble diagrams to represent the 
significantly enriched terms. Finally, gene set enrichment 
analysis (GSEA) was implemented using GSEA software 
(http://software.broadinstitute.org/gsea/index.jsp).[40,41] This 
analysis utilized a predefined gene set, ranking the genes by 
their differential expression between two sample types and 
testing for enrichment at the extremes of the ranked list.

Quantitative real-time polymerase chain reaction (qRT-PCR)

RNA was extracted from the femur and tibia tissues of 
different groups of mice using Trizol reagent (R401-01, 
Vazyme, China). The integrity and quality of the extracted 
RNA were assessed using a NanoDrop 2000 spectropho-
tometer (Thermo Scientific). The RNA was subsequently 
reverse-transcribed to complementary deoxyribo nucleic 
acid (cDNA) using HIScript III RT Super Mix (R323-01, 
Vazyme, China). Quantitative polymerase chain reaction 
(qPCR) amplification was performed using ChamQ SYBR 
qPCR Master Mix (R341-02, Vazyme). The sequences of 
primers used for qRT-PCR are listed in Supplementary Mate-
rial 3, http://links.lww.com/CM9/C115. Relative messenger 
ribonucleic acid (mRNA) expression was normalized to that 
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 
calculated using the 2−∆∆cycle threshold (Ct) method.

Statistical analysis

All results were presented as mean ± standard error of the 
mean (SEM). The number of experimental mice was ≥5 

per group, except for the adenine and an HP diet group, 
which had four remaining mice. Differences among 
multiple groups were analyzed using one-way analysis of 
variance (ANOVA) followed by the Bonferroni post hoc 
correction. Differences between two groups were evalu-
ated using an unpaired Student’s t-test. Variances between 
the groups were compared using the F-test; if variances 
were unequal, an unpaired t-test with Welch’s correction 
was applied. All statistical analyses were conducted using 
Prism 9.0 (GraphPad Prism Software, USA). A P-value of 
<0.05 was considered statistically significant.

Results

Survival rate and body weight of model mice with optimized 
adenine diet-induced ROD

Our previous studies showed that rats with CKD develop 
bone abnormalities when subjected to a regimen consist-
ing of four weeks of a 0.2% adenine diet followed by 30 
weeks of an HP diet (1.8% phosphate without additional 
adenine). To induce ROD, 20 mice (n = 20) were initially 
fed a diet supplemented with 0.2% adenine (incorporated 
into the AIN-93G base diet) for four weeks, followed by a 
1.8% HP diet upon the cessation of dietary adenine. Con-
currently, we devised an optimized adenine diet by adding 
0.2% adenine, 1% phosphate, 1% calcium, and 1 IU/g 
vitamin D to the AIN-93G base diet. This optimized diet 
was administered to a separate group of 20 mice (n = 20) 
for the duration of the study, as depicted in Figure 1A. 

Figure 1: Experimental protocol, body weight, and survival rate of the three groups. (A) Experimental protocol for establishing the three groups. (B) Curves of body weight changes in the 
different groups. (C) Survival rates in mice of three groups. Data are presented as mean ± SEM. n = 5 for the CTL group with a standard diet, n = 20 for the adenine and high phosphate 
diet group (at week 5, only four mice survived), n = 20 for the optimized adenine diet group (only two deaths occurring at the seventh week and the eighth week). HP: High-phosphate; 
SEM: Standard error of the mean.
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Unexpectedly, in the group receiving adenine followed by 
an HP diet, a marked decrease in body weight was observed 
starting from the second week of induction. This weight 
decline was so severe that 80% of the mice perished the 
second week of the HP diet. The final surviving four mice 
had an average body weight of 13.38 g. In contrast, the 
mice that consumed the optimized adenine diet exhibited 
a significantly slower reduction in weight, as illustrated in 
Figure 1B. This dietary modification markedly increased 
survival rates, with only two deaths among the mice on 
the optimized diet [Figure 1C] (Adenine and an HP diet 
vs. CTL diet: log-rank P <0.001; optimized adenine diet 
vs. CTL diet: log-rank P = 0.16; optimized adenine diet 
vs. adenine and an HP diet: log-rank P <0.001).

Renal impairment and biochemical abnormalities in model 
mice with optimized adenine diet-induced ROD

The renal function of ROD model mice was evaluated 
by quantifying the serum creatinine and BUN levels. 
Compared with those in the control group, the optimized 
adenine diet group exhibited markedly elevated levels 
of serum creatinine and BUN. Mice survived in adenine 
and an HP diet group displayed significantly more pro-
nounced renal dysfunction compared to those on the 

optimized adenine diet [Figure  2A, one-way ANOVA, 
F = 30.79, P <0.001; Figure  2B, one-way ANOVA, 
F = 55.69, P <0.001]. HE staining and PAS staining of 
kidney sections demonstrated characteristic features of 
CKD induced by the optimized adenine diet, such as dila-
tion of proximal and distal tubules, epithelial flattening, 
loss of the proximal brush border, basement membrane 
thickening, and tubulointerstitial cellular infiltration  
[Figure 2C, D]. Furthermore, Masson’s trichrome staining 
highlighted renal interstitial fibrosis in the CKD model 
precipitated by the optimized adenine diet [Figure  2E]. 
Collectively, these findings confirmed kidney injury in our 
optimized adenine diet-induced CKD model.

According to the CKD-MBD guidelines,[1] CKD-MBD 
is characterized by elevated serum Pi and PTH levels. 
Model mice on optimized adenine diet exhibited sig-
nificantly greater serum phosphorus concentrations 
[Figure  2F, unpaired t-test with Welch’s correction, t =  
9.29, P <0.001]. Concurrent with the changes in the 
serum phosphorus level, the PTH level also substantially 
increased in the mice fed the optimized adenine diet  
[Figure 2H, unpaired t-test, t = 5.46, P <0.001]. How-
ever, there was no significant difference in serum calcium 
levels between the two groups [Figure 2G]. These findings 

Figure 2: Renal impairment and biochemical abnormalities in the optimized adenine diet-induced ROD model. (A) Levels of serum creatinine of normal diet, optimized adenine diet and 
adenine and an HP diet (n = 5 for normal diet group, n = 4 for adenine and an HP diet, n = 20 for optimized adenine diet). (B) Levels of BUN in serum of normal diet, optimized adenine 
diet and adenine and an HP diet (n = 5 for normal diet group, n = 4 for adenine and an HP diet, n = 20 for optimized adenine diet). (C) Representative images of HE staining; Scale 
bar = 20 µm. (D) Representative images of PAS staining; Scale bar = 20 µm. (E) Representative images of Masson staining; Scale bar = 50 µm. (F) Levels of serum phosphorus (n = 5 
for normal diet group, n = 18 for optimized adenine diet). (G) Levels of serum calcium (n = 5 for normal diet group, n = 18 for optimized adenine diet). (H) Levels of PTH (n = 5 for normal 
diet group, n = 17 for optimized adenine diet). Data are presented as mean ± SEM; Significant differences compared to the control group are indicated by *P <0.01 and †P <0.001 vs. 
the control group. BUN: Blood urea nitrogen; HP: High-phosphate; PAS: Periodic acid-Schiff; PTH: Parathyroid hormone; ROD: Renal osteodystrophy; SEM: Standard error of the mean.
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indicate that optimized adenine diet model mice have 
disrupted mineral metabolism.

Destruction of femur structure and bone turnover in model 
mice with optimized adenine diet-induced ROD

Micro-CT reconstructions revealed substantial structure 
destruction of the distal femur in the optimized adenine 
diet group [Figure 3A]. An adenine diet adversely affected 
the cortical bone at the femoral midshaft, with micro-CT 
reconstructions revealing severe cortical porosity. The 
trabecular bone parameters of the femur, which were 
measured using micro-CT, are presented in Figure 3B–F. 
BMD (Figure 3B, unpaired t-test with Welch’s correction, 
t = 5.12, P = 0.006) at the distal femur was significantly 
lower in the model group than in the control group. This 
pattern was mirrored in the BV/TV (Figure 3C, unpaired 
t-test with Welch’s correction, t = 6.84, P <0.001), indi-
cating similar deterioration. An assessment of trabecular 
parameters revealed a marked decrease in both Tb.N  
(Figure  3D, unpaired t-test with Welch’s correction, 

t = 3.47, P = 0.024) and thickness (Tb.Th) (Figure 3E, 
unpaired t-test, t = 4.76, P <0.001) in the model group, 
whereas Tb.Sp (Figure  3F, unpaired t-test, t = 9.51, P 
<0.001) was significantly greater in the model group than 
in the control group. These results collectively suggest 
that the femoral structure of mice in the model group 
underwent severe degeneration.

TRAP staining facilitated the visualization of osteoclasts, 
which appeared pink, revealing an increase in osteoclasts 
in the model group [Figure 3G, H] (unpaired t-test with 
Welch’s correction, t = 3.01, P <0.001). Accordingly, the 
expression of osterix and cathepsin K in femur tissues 
were determined to assess the bone turnover status in 
model mice. Twelve weeks post-model induction, both 
osterix [Figure 3I, unpaired t-test with Welch’s correction, 
t = 7.56, P = 0.001] and cathepsin K [Figure 3J, unpaired 
t-test with Welch’s correction, t = 4.63, P = 0.008] levels 
were significantly elevated in the model group compared 
with those in the control group. These findings imply 
that model mice experienced substantial high-turnover 
bone pathology. In summary, the aforementioned results 

Figure 3: Histomorphometry and histopathological analysis of femurs in different groups. (A) Representative micro-CT reconstruction images of femurs from the two groups. (B) Trabecular 
BMD measured by micro-CT bone histomorphometry analysis (n = 5 for CTL group, n = 18 for ROD group). (C) Tb.N of different groups (n = 5 for CTL group, n = 18 for ROD group). (D) BV/
TV of different groups (n = 5 for CTL group, n = 18 for ROD group). (E) Tb.Th of different groups (n = 5 for CTL group, n = 18 for ROD group). (F) Tb.Sp of different groups (n = 5 for CTL 
group, n = 18 for ROD group). (G) Upper: representative images of TRAP staining. Scale bar = 100 µm; Arrows indicate positively stained osteoclasts. Middle: IHC staining of osterix in the 
femur; scale bar = 20 µm. Arrows indicate regions of positive staining. Bottom: IHC staining of cathepsin K in the femur; scale bar = 20 µm. Arrows indicate regions of positive staining. 
(H) Positive area of TRAP staining (n = 5 per group). (I) Positive area of IHC staining of osterix (n = 5 per group). (J) Positive area of IHC staining of cathepsin K (n = 5 per group). Data are 
presented as mean ± SEM. *P <0.05, †P <0.01, ‡P <0.001, and §P <0.0001 vs. the control group. micro-CT: Microcomputed tomography; CTL: Control; ROD: Renal osteodystrophy; SEM: 
Standard error of the mean; BMD: bone mineral density. Tb.N: Trabecular number; BV: Bone volume; TV: Tissue volume; Tb.Th: Trabecular thickness; Tb.Sp: Trabecular separation; TRAP: 
Tartrate-resistant acid phosphatase; IHC: Immunohistochemistry.
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substantiate the successful establishment of a stable and 
reliable murine ROD model that was characterized by 
impaired renal function, disturbances in mineral metabo-
lism, and bone degeneration.

Identification and enrichment analysis of DEGs

Subsequent RNA-seq analysis of the right hind limbs 
(femurs and tibias) of the mice was conducted to elucidate 

the mechanisms underlying ROD. PCA was employed to 
confirm the repeatability of the data within each group, 
and the results revealed distinct distribution patterns 
between the ROD and CTL groups based on gene expres-
sion profiles. Within-group sample distances were notably 
compact along the first principal component (PC1) axis 
for both groups, as illustrated in Figure  4A, indicating 
clear group differentiation and excellent intragroup 
consistency. The expression profiles of 2630 genes with 

Figure 4: DEGs between ROD and CTL samples and functional enrichment. (A) PCA plot of samples after removing batch effect. (B) DEG numbers. (C) Volcano plot for DEGs. (D) Heat 
map for DEGs. (E) Top 30 upregulated GO pathways ranked by −log10 P-value. (F) Top 30 downregulated GO pathways ranked by −log10 P-value. (G) Top 20 significant upregulated KEGG 
pathways. (H) Top 20 significant downregulated KEGG pathways. CTL: Control; DEGs: Differentially expressed genes; GO: Gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; 
PC1: The first principal component; PC2: The second principal component; PCA: Principal component analysis; ROD: Renal osteodystrophy.
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a significance threshold of P <0.05 and a fold change of 
2 or greater were identified. Among these DEGs, 1907 
had upregulated expression, and 723 had downregulated 
expression [Figure  4B]. The distribution of these differ-
ing transcripts was visually depicted using a volcano 
plot [Figure 4C], and their relative expression levels are 
illustrated in the heatmap [Figure  4D]. GO enrichment 
analysis was performed to assess the potential functions 
and mechanisms of the DEGs within the domains of 
biological processes, cellular components, and molecular 
functions. The top 30 GO pathways with enrichment of 
DEGs with upregulated expression, ordered by q-value, 
are depicted in Figure 4E, while the top 30 pathways with 
enrichment of DEGs with downregulated expression are 
illustrated in Figure 4F. For the DEGs with upregulated 
expression, the three most enriched biological process 
terms were negative regulation of peptidase activity, 
peptide cross-linking, and lipid metabolic process. In 
contrast, the DEGs with downregulated expression were 
most significantly associated with mitotic spindle assem-
bly checkpoint, cell cycle, and mitotic sister chromatid 
segregation. In terms of cellular components, the most 
significant terms were extracellular matrix for DEGs with 
upregulated expression and spindle pole for DEGs with 
downregulated expression. Molecular function analysis 
revealed that oxidoreductase activity was the most sig-
nificantly enriched term for the DEGs with upregulated 
expression and voltage-gated potassium channel was that 
for the DEGs with downregulated expression. The top 20 
KEGG pathways with significant enrichment of upregu-
lated DEGs are presented in Figure 4G. In addition to the 
classical bone metabolism pathways, such as the calcium 
signaling pathway, notable enrichment was also observed 
in the Hippo signaling pathway and the estrogen signaling 
pathway. The top 20 KEGG pathways with significant 
enrichment of downregulated DEGs are delineated in 
Figure 4H. Among these pathways, pathways related to 
the cell cycle and cytokine–cytokine receptor interactions 
were significantly enriched.

GSEA and qRT-PCR validation of the upregulated expression 
of genes in the sphingolipid metabolism pathway

We used GSEA to examine enriched GO and KEGG 
pathways in the hind limb datasets. This approach was 
used to identify pivotal pathways and the central genes 
associated with ROD. Significantly, the sphingolipid 
metabolism pathway was indicated to be highly relevant 
to the pathogenesis of ROD. Visualizations of these 
enrichment analyses, including snapshots and a heatmap, 
are provided in Figure 5A, B.

Transcriptomic analysis of DEGs revealed involvement of 
the sphingolipid metabolism pathway, with upregulated 
genes including alkaline ceramidase 1 (Acer1), alkaline 
ceramidase 2 (Acer2), adenosine A1 receptor (Adora1), 
ceramide synthase 3 (Cers3), ceramide synthase 4 (Cers4), 
kininogen 2 (Kng2), sphingomyelin phosphodiesterase 3 
(Smpd3), prosaposin-like 1 (Psapl1), sphingosine-1-phos-
phate receptor 5 (S1pr5), and sphingosine-1-phosphate 
phosphatase 2 (Sgpp2). Subsequent comparative quanti-
tative RT-PCR analysis confirmed that all 10 genes were 

upregulated in the femur samples of ROD mice compared 
with those of the control (CTL) group. Notably, five of 
these genes (Acer1, Acer2, Psapl1, Adora1, and S1pr5) 
showed significant upregulation (Figure  5C, unpaired 
t-test, t = 3.08, P = 0.015; Figure  5D, unpaired t-test 
with Welch’s correction, t = 3.12, P = 0.036; Figure 5H,  
unpaired t-test with Welch’s correction, t = 3.82, P =  
0.019; Figure 5I, unpaired t-test with Welch’s correction, 
t = 4.38, P = 0.008; Figure 5J, unpaired t-test, t = 3.09, 
P = 0.015). The remaining five genes (Cers3, Cers4, 
Sgpp2, Kng2, Smpd3) showed no significant differences 
between the two groups [Figure 5].

Discussion

ROD is a multifaceted bone metabolism disorder that 
affects nearly all CKD patients, causing severe clinical 
complications such as bone loss, abnormal mineraliza-
tion, fracture, and mortality. Current clinical approaches 
for treating ROD are ineffective and mainly involve 
addressing mineral imbalances such as imbalances in 
calcium, phosphate, vitamin D, and PTH levels due to 
a limited understanding of the underlying pathogenic 
mechanisms. A significant barrier in research on ROD 
pathogenesis is the absence of a stable and reliable animal 
model. Previous ROD animal models have not perfectly 
replicated the actual disease outcomes observed in 
humans. In our study, we developed a novel mouse model 
for ROD by adjusting the mineral concentrations to 1% 
phosphorus, 1% calcium, and 1 IU/g vitamin D, based 
on a purified feed containing 0.2% adenine, 19% pro-
tein, and 17% fat. Unlike previous adenine diet models 
based on general feed,[42] which is not public, the for-
mulation of our optimized adenine diet model based on 
purified feed is transparent [Supplementary Material 2,  
http://links.lww.com/CM9/C115], thereby enhancing the 
reproducibility of results. Interestingly, our model mice 
had an increased mouse survival rate and improved renal 
function compared with the previous adenine and HP diet 
model mice. This phenomenon suggests that the strategic 
addition of phosphorus, calcium, and vitamin D to the 
diet may mitigate tubular injury, leading to these observed 
differences and enhancing the capacity of the mice to 
withstand prolonged induction periods. Unlike surgical 
ROD models, our model avoids variability and technical 
complexity, thereby increasing the feasibility, stability, and 
reliability of the model. Additionally, our ROD model 
more closely resembles the bone pathology observed in 
CKD patients than other models. Micro-CT and bone 
histopathological analysis revealed that the bone changes 
in our model mirror those observed in ROD patients, 
which are characterized by the bone structure destruction, 
bone loss, and high bone turnover. Bone biopsy is the gold 
standard for diagnosing renal osteodystrophy; however, 
its invasive nature poses significant challenges for routine 
clinical practice.[43] In addition, bone destruction is not 
commonly observed in the early stage of CKD-MBD and 
progresses in the later stages of CKD-MBD.[44] Hence, our 
model paves the way for future basic and clinical research 
on the pathogenesis of ROD.

The molecular mechanisms that contribute to bone pathol-
ogies in ROD are complex and not entirely understood.[45] 

D
ow

nloaded from
 http://journals.lw

w
.com

/cm
j by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
n

Y
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 01/04/2025

http://links.lww.com/CM9/C115


Chinese Medical Journal 2024;XX(XX) www.cmj.org

9

Recent advancements in next-generation sequencing 
(NGS) have enabled investigators to identify critical genes 
and pathways implicated in bone metabolism. RNA-seq 
is particularly informative for examining bone disor-
ders and providing an exhaustive view of the biological 
landscape. To our knowledge, this is an pioneering study 
to explore the transcriptional molecular changes in the 
skeletal tissue of ROD mice via RNA-seq. Using RNA-
seq, we identified the lipid metabolism process, especially 
the sphingolipid metabolism pathway, which is crucial for 
the pathogenesis of ROD. The differential expressed genes 
encoding key enzymes and receptors within this pathway, 

such as Acer1, Acer2, Psapl1, Adora1, and S1pr5 were 
validated via qRT-PCR. Consequently, these genes are 
potential targets in ROD progression and need to be 
further investigated.

Our previous study showed that lipid metabolism plays a 
critical role in the pathogenesis of ROD.[46] More recently, 
studies have elucidated that sphingolipid metabolism 
plays a critical role on bone remodeling.[47,48] However, 
the role of sphingolipids in ROD has not been investi-
gated. Our study provides new insights into ROD and 
highlights new potential therapeutic targets that could be 

Figure 5: GSEA and qRT-PCR validation of the sphingolipid metabolism pathway. (A) Heat map for GSEA pathway analysis of the sphingolipid metabolism pathway. (B) GSEA snapshots of 
KEGG pathway enrichment analysis: sphingolipid metabolism pathway. Relative mRNA expression of (C) Acer1; (D) Acer2; (E); Cers3; (F) Cers4; (G) Sgpp2; (H) Psapl1; (I); Adora1; (J) S1pr5; 
(K) Kng2; and (L) Smpd3 between the CTL group and ROD group (n = 5 per group). Data are presented as the mean ± SEM. *P <0.05, †P <0.01. CTL: Control; GSEA: Gene set enrichment 
analysis; KEGG: Kyoto Encyclopedia of Genes and Genomes; qRT-PCR: Quantitative real-time polymerase chain reaction; ROD: Renal osteodystrophy; SEM: Standard error of the mean.

D
ow

nloaded from
 http://journals.lw

w
.com

/cm
j by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

yw
C

X
1A

W
n

Y
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 01/04/2025



Chinese Medical Journal 2024;XX(XX) www.cmj.org

10

used to treat this complex bone disease in patients with 
CKD.

However, our study has several limitations. Although 
RNA-seq offers significant insights, it is unable to pin-
point specific gene expression variations in individual 
cells. Single-cell analysis (scRNA-seq), on the other hand, 
provides a detailed view of the transcriptional activities 
within individual cells. Nonetheless, scRNA-seq captures 
only approximately 10–20% of transcripts per cell.[49] 
Future studies could significantly deepen our understand-
ing by merging RNA-seq and scRNA-seq techniques. 
Such an integrated approach would enable the precise 
identification of pathways within distinct cell popula-
tions, thereby bridging the gap in fundamental research 
into the pathophysiological mechanisms underlying ROD.

In summary, a novel mouse model for ROD was success-
fully developed by utilizing a modified adenine diet. This 
model exhibits severe skeletal abnormalities, analogous 
to those observed in patients with CKD-MBD, and thus 
represents a potentially valuable tool for further investi-
gation of bone disease pathogenesis within this clinical 
context. Leveraging RNA-seq, we identified the sphingo-
lipid metabolism pathway as a critical component in the 
development of ROD. This finding not only enhances our 
understanding of the disease mechanism but also unveils 
novel therapeutic targets for future investigations.
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