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Translational Statement
Chronic kidney disease-mineral and bone disorder (CKD-
MBD) presents with extra-skeletal calcification and renal
osteodystrophy (ROD). However, the pathophysiology of
ROD remains unclear. Here we examine the hypothesis that
stalled mitophagy within osteocytes of CKD-MBD mouse
models contributes to bone loss. RNA-seq analysis revealed
an altered expression of genes associated with mitophagy
and mitochondrial function in tibia of CKD-MBD mice. The
expression of mitophagy regulators, p62/SQSTM1, ATG7
and LC3, was inconsistent with functional mitophagy, and
in mito-QC reporter mice with ROD, there was a two- to
three-fold increase in osteocyte mitolysosomes. To
determine if uremic toxins were potentially responsible for
these observations, treatment of cultured osteoblasts with
uremic toxins revealed increased mitolysosome number
and mitochondria with distorted morphology. Membrane
potential and oxidative phosphorylation were also
decreased, and oxygen-free radical production increased.
The altered p62/SQSTM1 and LC3-II expression was
consistent with impaired mitophagy machinery, and the
effects of uremic toxins were reversible by rapamycin. A
causal link between uremic toxins and the development of
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mitochondrial abnormalities and ROD was established by
showing that a mitochondria-targeted antioxidant (MitoQ)
and the charcoal adsorbent AST-120 were able to mitigate
the uremic toxin-induced mitochondrial changes and
improve bone health. Overall, our study shows that
impaired clearance of damaged mitochondria may
contribute to the ROD phenotype. Targeting uremic toxins,
oxygen-free radical production and the mitophagy process
may offer novel routes for intervention to preserve bone
health in patients with CKD-MBD. This would be timely as
our current armamentarium of anti-fracture medications
for patients with severe CKD-MBD is limited.
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Renal osteodystrophy (ROD) remains the major skeletal
complication of chronic kidney disease–mineral and
bone disorder (CKD-MBD). As a disease characterized by
biochemical and hormone abnormalities, ROD is exac-
erbated by osteocyte mitochondrial dysfunction. The
dysregulation of mitophagy in murine and human CKD-
MBD bone provides evidence of delayed clearance of
damaged mitochondria. Intervention studies with an
antioxidant or a charcoal absorbent mitigated the ure-
mic toxin–induced mitochondrial changes and improved
bone health. Understanding the mitophagy pathway
better is vital to improving the clinical management of
ROD. Furthermore, this study reveals the therapeutic
potential of managing ROD by restoring defective
mitophagy in osteocytes.
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C hronic kidney disease–mineral and bone disorder
(CKD-MBD) is a systemic disorder characterized by
structural changes and the gradual loss of kidney func-

tion.1 Diagnosis is strongly correlated with the increasing
prevalence of diabetes and hypertension, as well as an aging
population, and it is therefore a growing global health
concern.2 Progressive loss of kidney function leads to second-
ary hyperparathyroidism, hyperphosphatemia, and increased
FGF23 levels. Through direct and indirect effects on bone-
forming osteoblasts and bone-resorbing osteoclasts, this
altered systemic milieu deregulates bone remodeling, mineral
metabolism, and matrix mineralization, leading to compro-
mised bone formation and ectopic calcification.3,4 The skel-
etal complications of CKD-MBD are numerous and, based
on bone morphology, often classified into a wide spectrum
of bone disorders generically referred to as renal osteodystro-
phy (ROD).5 Therapy often focuses on normalizing defective
bone remodeling, but despite this, ROD often results in bone
fractures, negatively impacting life quality and the survival of
patients with renal disease.6,7

While most CKD-MBD studies have focused on the
perturbation of mineral-regulating hormones, including
PTH, FGF23, and vitamin D,8 the complex bone–renal
signaling pathways and cellular events they control during
the development of ROD are unclear. Nevertheless, it is
recognized that secondary hyperparathyroidism, particularly
common in late-stage CKD-MBD, is associated with a net loss
of bone mass despite an accelerating bone turnover.9 This is a
consequence of increased bone resorption through the
upregulation of receptor activator of nuclear factor-kB ligand
(RANKL) and the suppression of the RANKL decoy receptor,
osteoprotegerin.10,11 Retention of protein-bound uremic
toxins such as indoxyl sulfate (IS) and p-cresyl sulfate (PCS)
in the circulation and organs of patients with CKD also affects
bone quality.12,13 Uremic toxins induce oxygen free radical
production by mitochondria, and the resultant oxidative
stress disrupts bone quantity and quality due to the unfa-
vorable effects on osteoblasts and osteoclasts and matrix
mineralization.12,14 Uremic toxins also reduce the number of
osteoblast PTH receptors, and the resultant skeletal resistance
to PTH may explain the adynamic bone disease during the
early stages of CKD-MBD.15

Our inadequate understanding of the etiology of ROD
drove us to complete a series of studies aimed at providing
insight into the cellular mechanism(s) responsible. The
identification of dysregulated mitophagy by uremic toxins
and the accumulation of damaged mitochondria in osteocytes
may help identify novel therapeutic options to manage skel-
etal complications in patients with renal disease.

METHODS
CKD-MBD was induced using dietary adenine supplemen-
tation or 5/6 nephrectomy (5/6 Nx) in 8-week-old male
C57BL/6J and mito-QC mice and analysis involving gene
expression (RNA-sequencing [RNA-seq]), mitophagy assess-
ment (mitolysosome quantification, immunoblotting, and
1018
immunofluorescence) and radiographic imaging (micro–
computed tomography) were completed in skeletal tissue.
Intervention studies with mitoquinone (MitoQ; Abcam) and
AST-120 (Kremezin�; Kureha Corporation) were also
completed as were studies of bones from human patients with
CKD-MBD. Osteoblasts isolated from wild-type and mito-QC
pups were challenged by IS and PCS and mitochondrial
morphology, mitophagy regulators, reactive oxygen species
(ROS) production, and respiration and glycolysis were
examined. Quantification of mitolysosomes, gene expression,
and matrix mineralization were completed with osteoblasts
isolated from adult CKD-MBD mito-QC mice. Full methods
are found in the Supplementary Methods.

RESULTS
Dietary adenine-supplemented mice develop a ROD
phenotype
Mice fed an adenine-supplemented diet presented with a
serum profile and skeletal phenotype typical of CKD-MBD
and ROD, respectively. CKD-MBD mice began losing body
weight by day 5 (Figure 1b) and presented with hyper-
phosphatemia, hyperparathyroidism, and increased serum
blood urea nitrogen, creatinine, calcium, and FGF23 levels
(Figure 1c) relative to control (CTL) mice. The higher FGF23
levels likely reflect the hyperphosphatemia but inflammation,
a common complication of CKD is known to occur in
adenine-fed rodents, also raises FGF23 levels.16 Overall, the
altered serum profile of mice offered the adenine-
supplemented diet, which is associated with increased bone
remodeling, corresponds to an advanced stage of human
CKD.17,18 Bone structure and biomechanical properties were
also compromised in CKD-MBD mice and presented with a
typical ROD phenotype (Supplementary Figure S1A–D). We
next completed an RNA-seq analysis to identify changes to
the bone transcriptome during the development of ROD.

Experimental ROD is associated with clusters of differentially
expressed genes
A Pearson correlation (r $ 0.98) matrix was constructed to
define relationships between samples using Graphia.19 The 3-
dimensional visualization (Figure 2a) of the correlation be-
tween the individual sample groups identified CTL samples
(n ¼ 12) in the periphery and CKD-MBD samples (n ¼ 28) in
a more central position within the major cluster. Unexpectedly,
CKD-MBD samples were less heterogeneous than CTL sam-
ples, suggesting reduced bone cell activity. Principal compo-
nent analyses disclosed that the first 2 principal components
(PC1þ PC2) explained 56.1% of the data variance (Figure 2b).

A gene-to-gene correlation network was generated with a
Pearson correlation threshold (r $ 0.85) and a Markov
clustering inflation value of 1.6 was used to define relation-
ships between genes. The correlation network comprised
nodes (genes) correlated with CKD-MBD after enrichment
analysis and the formation of clusters of differentially
expressed genes from day 20 and day 35 samples (Figure 2c).
The network included 3,455 nodes and 730,900 edges (links).
Kidney International (2025) 107, 1017–1036



Figure 1 | Experimental design for RNA-sequencing study and time-dependent changes in body weight and serum biochemistries in
the adenine-induced mouse model. (a) Forty 8-week-old male C57BL/6J mice were randomly allocated into 10 groups of 4 mice to the
control (CTL) group (n ¼ 12) and sacrificed after day 0 (D0), D20, and D35 or the chronic kidney disease–mineral and bone disorder
(CKD-MBD) group (n ¼ 28) and sacrificed every 5 days from D5 to D35. (b) Body weight progressively decreased in the CKD-MBD mice, which
began losing weight by D5, plateauing at wD25. (c) Serum levels of blood urea nitrogen (BUN), creatinine (Cr), calcium (Ca), inorganic
phosphate (Pi), PTH, and FGF23 were all increased in the CKD-MBD mice sacrificed at each sampling point. The data are represented as mean
� SEM (n ¼ 4). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < .0001 versus CTL mice of the same age. NS, not significant.
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Two distinct groups of nodes sharing the same correlation
factor were selected for functional analysis. The top repre-
sentative group ($1.5-fold upregulated) contained 411 tran-
scripts whose expression was upregulated in bones from
CKD-MBD mice. In contrast, the bottom group (#1.5-fold
downregulated) had 754 transcripts downregulated in bones
from CKD-MBD mice. All other genes identified within both
groups were highly correlated and consistently down- or
Kidney International (2025) 107, 1017–1036
upregulated across all time points of CKD-MBD mice but did
not reach the 1.5-fold threshold. The smallest cluster size of
the 2-node algorithm was used to subdivide the network into
discrete gene clusters that contained genes with similar bio-
logical functions and expression patterns over time. For
example, the expression profiles of the 5 genes in the Fgf23
cluster (cluster 16) are shown in Figure 2d and
Supplementary Figure S2.
1019



Figure 2 | Network visualization and analysis reveal chronic kidney disease–mineral and bone disorder (CKD-MBD) correlated gene
clusters with bespoke biological functions. (a) Three-dimensional visualization of a sample-to-sample Pearson correlation network of control
samples (n ¼ 12, green nodes) and CKD samples (n ¼ 28, blue nodes) showed late time points to be generally more distinct from early time
points and, for the most part, control samples to be different from CKD samples. The strength of edges (line) was represented on a scale from

ðcontinuedÞthin and blue (weak) to thick and red (strong). It corresponded to correlations between individual measurements above the
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The expression of genes associated with mitochondrial
function is altered in ROD
The resultant correlation network comprised 41 gene
clusters related to the development of ROD; there were 17
clusters of upregulated genes and 24 clusters of down-
regulated genes (Figure 2d). Of the 41 clusters, 10 possessed
biological functions associated with bone metabolism/(re)
modelling, and additional functional enrichment analysis
using ToppGene (https://toppgene.cchmc.org/) identified
the biological process associated with the genes in each of
these 10 clusters (Figure 2e). The development of ROD was
associated with leukocyte and lymphocyte activation
(clusters 2, 8, and 12) and the suppression of B-cell function
(cluster 6), which confirms that CKD is a chronic inflam-
matory state.20 Increased osteoclast differentiation (cluster
5) and altered extracellular matrix structure and organiza-
tion (clusters 3 and 4) were consistent with increased bone
(re)modelling during the development of ROD.21,22 Simi-
larly, increased bone marrow fat and Fgf23 expression are
recognized hallmarks of CKD-MBD.23,24 An unexpected
finding was the downregulation of genes associated with
mitochondrial function and energy metabolism (cluster 1)
during the development of ROD (Figure 2e).

Identification of mitochondrial pathways downregulated in
ROD
To identify mitochondrial and energy-related pathways
implicated in the etiology of ROD, we performed WebGestalt
(Zhang Lab) enrichment analyses on the genes within cluster
1 (Figure 3a). The top 10 gene ontology terms identified
included the tricarboxylic acid cycle, oxidative phosphoryla-
tion, and neurodegenerative disorder-associated pathways.
Heatmaps identified genes in cluster 1 that were down-
regulated in pathways associated with glycolysis and mito-
chondrial function, such as the tricarboxylic acid cycle,
mitophagy, and mitochondrial electron transport chain
complexes I to IV (Figure 3b). The expression of mitophagy-
associated genes in CKD-MBD samples did not, unlike CTL
samples, increase over the experimental period. Similar
changes to the mitochondrial transcriptome and mitopro-
teome during postnatal development of the murine heart
=

Figure 2 | (continued) defined threshold (r$ 0.98). (b) The red line indica
the variance of the data. (c) A coexpression graph of the RNA-sequencing
edges (correlations r $ 0.85). The graph was made up of 2 large and unc
was higher or lower in the CKD samples relative to controls (CTL) as seen
20 (D20) and D35 samples were overlaid on the network. The group h
significantly upregulated following adenine-induced CKD-MBD at D20 an
tently downregulated following adenine-induced CKD-MBD at D20 and D
edges represent correlations above a defined threshold (r $ 0.85). Coe
graph. A gene-to-gene correlation graph was generated from all genes th
D20 and D35 (CKD vs. control). Nodes were colored by cluster using th
biological function. The edges corresponded to the correlation between t
clusters. Further functional enrichment analysis identified the biological p
associated with Fgf23 function, osteoclast differentiation, fatty acid synt
whereas genes associated with mitochondria function, B-cell activation
time. MHC, major histocompatibility complex.
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have also been noted.25 There was a rapid increase in the
expression of oxidative phosphorylation proteins between 8
and 12 weeks of age. Furthermore, the downregulation of
mitochondrial gene expression was a hallmark of mitochon-
drial dysfunction in the mouse heart.

Mitolysosomes are increased in osteocytes of ROD mice
We speculated that a reduced clearance of damaged mito-
chondria detected in experimental ROD could underpin the
downregulation of energy production pathways in mito-
chondria.26 Therefore to quantify mitophagy within osteo-
cytes (the most abundant cell type in bone and the likely
source of the RNA-seq transcriptome data), we induced
CKD-MBD in mito-QC mice. There was a 2- to 3-fold in-
crease in red puncta (mitolysosomes, i.e., degraded mito-
chondrial components within lysosomes, as an index of
mitophagy27) in cortical bone osteocytes of CKD-MBD mice
(Figure 4a–c). The accumulation of osteocyte mitolysosomes
in ROD could indicate either enhanced mitophagy activation
or a blockage of downstream steps in mitochondria removal.
Interestingly, the dendritic processes radiating from the
osteocyte cell body were reduced in CKD-MBD mice, which
may impede the endoplasmic reticulum–mediated removal of
defective osteocyte mitochondria in ROD (Supplementary
Figure S3).28 Increased mitolysosomes in CKD-MBD were
also observed in the renal tubules and glomeruli of CKD-
MBD mice (Supplementary Figure S4).

The expression of mitophagy regulatory proteins in
osteocytes from CKD-MBD bone suggests a block in the
clearance of damaged mitochondria
To identify the mechanisms leading to mitolysosome accu-
mulation in ROD, the expression of established mitophagy
regulators was analyzed (Figure 5). The expression of PAR-
KIN, an E3 ubiquitin ligase that promotes mitophagy, was
increased in cortical bone from CKD-MBD mice (Figure 5a
and b). The autophagic adaptor protein, p62 (SQSTM1) is a
major light chain 3 (LC3)-II (recruits’ selective cargo to the
autophagosome) interacting protein and as a selective sub-
strate it is normally degraded during autophagy.29 This was
not found in this study. Immunostaining revealed increased
ted that the first 2 principal components (PC1 þ PC2) explain 56.1% of
data was constructed composed of 3,455 nodes (genes) and 730,900

onnected components of genes representing those whose expression
when differentially expressed genes with $1.5-fold change from day
ighlighted in orange contains 411 transcripts whose expression was
d D35. The group highlighted in green includes 754 transcripts consis-
35. (d) The network’s nodes represent CKD-MBD correlated genes, and
xpressed genes form highly connected complex clusters within the
at were correlated (r $ 0.85) with differentially expressed genes from
e Markov clustering (MCL) algorithm (1.6) according to their specific
hem. (e) Ten histograms showing the mean expression profile of gene
rocesses associated with the genes in each of these 10 clusters. Those
hesis, and leukocyte and lymphocyte activation increased with time,
, and extracellular matrix structure and organization decreased over
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Figure 3 | Pathway analysis of differentially expressed genes in cluster 1 of the RNA-sequencing data. (a) The top 10 gene ontology
terms are listed. (b) Heatmaps were derived from the average value of 4 biological replicates at each time point and showed that genes
associated with the tricarboxylic acid (TCA) cycle, glycolysis, mitophagy, and electron transport chain (ETC) complex I (and II, III, and IV [not
shown]) were downregulated in chronic kidney disease (CKD)–mineral and bone disorder mouse bones. CTL, control; D0, day 0.
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Figure 4 | Quantification of mitophagy in osteocytes of cortical bone from adenine-fed mice. (a) Cortical bones from control (CTL) and
Chronic kidney disease–mineral and bone disorder (CKD-MBD) mito-QC mice were imaged, whereby significant red mitophagic puncta were
identified in osteocytes of CKD-MBD bones (white arrows). (b) Red mitophagic puncta (white arrows) were observed at higher magnification
within the osteocyte cytoplasm and emerging dendrites. (c) Red mitophagic puncta were increased in the CKD-MBD mice. Each dot represents
the total number of red puncta per osteocytes (9 osteocytes per 5 sections per mouse; n ¼ 3). (d) Assessment of the selective autophagy adaptor
p62/SQSTM1 in CTL and CKD mito-QC mice osteocytes. (e) Representative images of white p62 colocalized with red mitolysosomes showing p62
accumulation in CKD osteocytes. (f) The average number and area (mm2) of p62 colocalized puncta per osteocyte were increased in CKD-MBD
bones. Each dot represents the average number and surface area of the colocalized puncta per cell (9 osteocytes per 5 sections per mouse, n¼ 3).
Bar ¼ 10 mm. Data are presented as mean � SEM. Analysis was tested by Student’s t test. **P < 0.01 and ****P < 0.0001 versus the CTL group.
GFP, green fluorescent protein. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 5 | Mitophagy regulators are altered in the femurs of chronic kidney disease–mineral and bone disorder (CKD-MBD) mice and
patients. (a) Representative Western blots of 2 control (CTL) and 2 CKD-MBD samples showing protein expression levels of mitophagy-
associated proteins in cortical bone of mouse femurs. (b) Quantification of SQSTM1, PARKIN (an E3 ubiquitin ligase that promotes mitophagy),
TOMM20 (a subunit of the mitochondrial translocase of the outer membrane complex), and ATG7 Western blot protein levels in cortical bone
from CTL and CKD-MBD mouse femurs. The expression of both PARKIN and TOMM20 were increased in the CKD-MBD mice. (c,d) Western blot
analyses and quantification of TOMM20 and ATG7 in cortical bone of human femurs (n ¼ 3). The expression of both TOMM20 and ATG7 were
increased in the CKD-MBD bone. Data are presented as means � SEM. Analysis was tested by Student’s t test. *P < 0.05 and ***P < 0.001
versus the CTL group. eGFR, estimated glomerular filtration rate; F, female; M, male; NS, not significant; Pt ID, patient ID.
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numbers of p62/SQSTM1 puncta in osteocytes of mito-QC
CKD-MBD mice (Figure 4d–f) that concurred with a similar
trend in p62/SQSTM1 expression as detected by immuno-
blotting (Figure 5a and b). Also, ATG7, which increases
during autophagy and is involved in autophagosome
biogenesis through the lipidation of LC3-I to LC3-II, was
similarly expressed in bone from CTL and CKD-MBD mice
(Figure 5a and b). These observations are incongruous with
increased mitophagy and suggest a block in the removal of
damaged mitochondria via the autophagic machinery.
Increased osteocyte mitochondria number was confirmed
using the mitochondrial marker TOMM20, a subunit of the
mitochondrial translocase of the outer membrane complex,
supporting the concept that mitochondria are not being
cleared in ROD (Figure 5a and b). This was replicated in the
1024
cortical bone of patients with CKD-MBD, whereas a decrease
in ATG7 levels was observed (Figure 5c and d).

Confirmation of disrupted mitophagy in the 5/6 Nx model
Dietary adenine supplementation may induce toxic effects
that are not limited to the kidney and may explain the noted
rapid body weight loss. To rule out potential confounding
factors as a cause of the observed altered mitophagy we
established the 5/6 Nx model in mito-QC mice. The 5/6 Nx
mice had similar food intake, final body weight, and tibial
length as the sham CTL mice (Figure 6a). The serum profile
and bone phenotype were typical of CKD-MBD and ROD,
respectively, and the number of mitolysosomes within cortical
bone osteocytes was increased in the 5/6 Nx mice (Figure 6b–
e). These data from a second animal model provide
Kidney International (2025) 107, 1017–1036



Figure 6 | Mitophagy dysfunction in osteocytes from the 5/6 nephrectomy (5/6 Nx) mouse model. (a) Weekly food intake and final body
weight and tibial length were similar in sham-operated and 5/6 Nx mice (n ¼ 5). (b) Serum levels of creatinine (Cr), calcium (Ca), inorganic
phosphate (Pi), indoxyl sulfate (IS), and p-cresyl sulfate (PCS) were higher in 5/6 Nx mice (n ¼ 5). (c) The 5/6 Nx mice exhibited decreased

ðcontinuedÞcortical (Ct) bone volume/tissue volume (Ct BV/TV), thickness (Ct Th), and cross-sectional area (Ct CSA) but increased closed
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reassurance that mitochondrial dysfunction is a direct
consequence of CKD-MBD.

Establishment of a causal link among uremic toxins,
mitochondrial dysfunction, and ROD
To establish whether a causative link exists between mito-
chondrial dysfunction and the development of ROD, CKD-
MBD mice were administered the mitochondrial-targeted
antioxidant, MitoQ. MitoQ did not prevent reductions in
body weight, food intake, or tibial length but serum inorganic
phosphate and PCS, and urine neutrophil gelatinase–
associated lipocalin–creatinine (NGAL/Cr) ratio were
reduced (Figures 7a and b and 8a). However, while serum
creatinine, a measure of renal function, worsened with
MitoQ, cortical bone loss and porosity were lessened and the
increase in osteocyte mitolysosomes was mitigated (Figures 7c
and 8b and c). Furthermore, the addition of charcoal absor-
bent AST-120 to the diet of adenine-fed mice prevented body
weight loss, normalized serum creatinine, calcium, inorganic
phosphate, IS, and PCS and reduced the bone changes
characteristic of ROD (Figure 7d–f). AST-120 also resulted in
improved renal function and an osteocyte mitolysosome
number that was similar to that of the CTL mice (Figure 8a–
c). The MitoQ and AST-120 data provide strong evidence for
a causal link among uremic toxins levels, mitochondrial
changes, and the development of ROD.

IS impairs mitochondria function, morphology, and
mitophagy in osteoblasts
Uremic toxins accumulate in body fluids during progressive
CKD and may induce mitochondrial damage and impair
autophagy.30,31 Therefore, the failure to remove damaged
mitochondria via impaired mitophagy (Figures 4 and 5a–d)
may result from increased uremic toxin levels in CKD-MBD
mice (Figures 6b and 7b and e). To examine this, osteo-
blasts were treated with the uremic toxin, IS (0–2 mmol/l) for
7 days, a treatment regimen that was not toxic to cells
(Supplementary Figure S5). Osteoblast mitochondrial DJ
was decreased by IS as evidenced by a reduction in mito-
tracker red uptake, which is dependent on DJ, whereas IS
treatment increased mitochondrial and cellular ROS pro-
duction in a concentration-dependent manner (Figure 9a–c).
In CTL cells, the mitochondrial network appeared as long
thread-like tubular structures distributed throughout the
cytoplasm, whereas in the IS-treated cells the mitochondrial
network was disintegrated and characterized by fragmented
mitochondria with a swollen rounded morphology, collapsed
around the nuclei (Figure 9d). Determination of mitochon-
drial oxygen consumption rate and extracellular acidification
rate revealed that basal and maximum respiration and
=

Figure 6 | (continued) porosity [Po (cl)] (n ¼ 5). (d,e) Representative imm
mitophagic puncta (white arrows) in osteocytes from 5/6 Nx mice. Th
represents the total number of red puncta per cell. Bars ¼ 10 mm (9 o
mean � SEM. Analysis was tested by Student’s t test. *P < 0.05; **P <
protein; NS, not significant. To optimize viewing of this image, please se
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glycolysis capacity were decreased by IS, as was ATP pro-
duction, maximum Hþ leak, and nonrespiratory oxygen
consumption rate (Figure 10a–c). Finally, p62/SQSTM1
expression was upregulated by IS treatment in a
concentration-dependent manner, whereas the expression of
PARKIN and autophagic marker LC3-II (generated in an
ATG7-dependent manner) were downregulated by IS
(Figure 11a and b and Supplementary Figures S6 and S7).

Rapamycin rescues osteoblasts from the adverse effects of IS
on mitochondrial morphology and clearance, ROS
production, and mitophagy
Rapamycin, a specific mammalian target of rapamycin in-
hibitor, is an autophagy inducer that increases oxidative
phosphorylation, decreases ROS production, and, by
removing damaged or dysfunctional mitochondria, it im-
proves overall mitochondrial quality.32,33 Cells (� IS) were
treated with vehicle (control) or rapamycin (� Rapa) for 7
days, and it was found that the reduction of PARKIN
expression and the reduced conversion of LC3-I to LC3-II by
IS was prevented by rapamycin (Figure 11c and d and
Supplementary Figure S6).

Rapamycin also partly reversed the IS-increased p62/
SQSTM1 expression (Figure 11c and d and Supplementary
Figure S7). Furthermore, the oxidative stress induced by IS
was lowered by coincubation with rapamycin and the ability
of rapamycin to reactivate IS-suppressed mitophagy and
efficiently remove damaged mitochondria resulted in the
correction of the abnormal morphology and distribution of
mitochondria (Figure 9e and f). These results imply that
rapamycin could rescue osteoblasts from the adverse effects of
IS on mitochondria morphology and mitophagy.

MitoQ mitigates the effects of PCS on osteoblast
mitolysosome number
To ensure the osteoblast response to IS was typical of uremic
toxins, we also examined the effects of PCS, another uremic
toxin that was elevated in the serum of CKD-MBD mice
(Figures 6b and 7b and e). PCS induced osteoblast mitoly-
sosome number and this increase was mitigated by supple-
mentation of the culture medium by MitoQ (Figure 12).

Osteoblasts isolated from CKD-MBD mice show mitochondrial
abnormalities and altered differentiation and mineralization
capabilities
To determine whether osteoblasts with mitochondrial
dysfunction have impaired differentiation and matrix
mineralization potential, osteoblasts were isolated from CKD
mito-QC mice (adenine and 5/6 Nx models) and studied
ex vivo. Compared to control osteoblasts, mitolysosome
number was higher in osteoblasts isolated from both animal
unofluorescence images of mito-QC mice revealed an increase in red
e quantification of red mitophagic puncta is shown, and each dot
steoctyes per 5 sections per mouse, n ¼ 4). Data are presented as
0.01; ***P < 0.001 versus the sham group. GFP, green fluorescent
e the online version of this article at www.kidney-international.org.
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Figure 7 | Effects of MitoQ and AST-120 on bone and serum markers in the adenine-induced chronic kidney disease (CKD) mouse
model. (a) Weekly food intake and final body weight and tibial length were all decreased in the chronic kidney disease–mineral and bone
disorder (CKD-MBD) mice and MitoQ i.p. treatment did not prevent these changes. (b) MitoQ prevented the increase in serum inorganic

ðcontinuedÞphosphate (Pi) and p-cresyl sulfate (PCS) levels in the CKD-MBD mice. (c) MitoQ improved cortical (Ct) bone volume/tissue
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Figure 7 | (continued) volume (Ct BV/TV), thickness (Ct Th), cross-sectional area (Ct CSA), and closed porosity [Po (cl)]. (d) AST-120 prevented
body weight loss in the CKD-MBD mice. (e) AST-120 prevented the increase in serum creatinine (Cr), calcium (Ca), Pi, indoxyl sulfate (IS), and PCS
levels in CKD mice. (f) CKD-induced changes in bone structure were attenuated by AST-120 treatment, with improvements in Ct BV/TV, Ct Th, Ct
CSA, and Po (cl). Data are presented as means � SEM (n ¼ 5). Analysis was tested by 1-way analysis of variance. *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001 versus the control (CTL) group. NS, not significant.

Figure 8 | Impact of MitoQ and AST-120 on osteocyte mitophagy and renal function in adenine-induced chronic kidney disease
(CKD). (a) The increased urine neutrophil gelatinase–associated lipocalin–creatinine (NGAL/Cr) ratio in chronic kidney disease–mineral and
bone disorder (CKD-MBD) mice was lowered by MitoQ and AST-120 (n ¼ 3). (b) CKD-MBD mice had an increased number of mitolysosomes
that was attenuated by MitoQ and AST-120 treatment. (c) Representative images of mitolysosomes in osteocytes from sections of control
(CTL), CKD, CKD þ MitoQ, and CKD þ AST-120–treated mice. The quantification of red mitophagic puncta (white arrows) is shown, and each
dot represents the total number of red puncta per osteocytes (9 osteocytes per 5 sections per mouse, n ¼ 4). Bar ¼ 10 mm. Data are presented
as means � SEM. Analysis was tested by 1-way analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus the CTL
group. GFP, green fluorescent protein; NS, not significant. To optimize viewing of this image, please see the online version of this article at
www.kidney-international.org.
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Figure 9 | Rapamycin (Rapa) reduces reactive oxygen species (ROS) production and rescues indoxyl sulfate (IS)-induced mitochondrial
structural abnormality in IS-treated primary osteoblasts. (a) Decreased mitochondria DJ in IS-treated osteoblasts. (b) Increased
mitochondrial and (c) cellular ROS production by osteoblasts treated with varying concentrations of IS. (d) Representative confocal images of

ðcontinuedÞprimary osteoblasts stained with MitoTracker Red CMXRos (Thermo Fisher Scientific). In control cultures, the mitochondrial network
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models, whereas osteoblasts isolated from CKD-MBD mice
mineralized their matrix poorly and expressed lower levels of
Alpl, Phospho1, and Spp1 (Supplementary Figure S8).

DISCUSSION
It is well-established that CKD-MBD is associated with poor
bone health, but many aspects of the pathophysiology remain
unclear. Therefore, to obtain an improved understanding of
the biological processes disrupted during the development of
ROD, we completed an initial RNA-seq study on cortical bone
from a rodent model of CKD-MBD. Various pathways and
functions associated with bone metabolism/remodelling that
were altered in the CKD-MBD mice were identified. These
included disordered osteoclast resorption and extracellular
matrix structure and organization, which are recognized to be
involved in the etiology of ROD.17,21,22 However, altered
osteoblast or osteocyte mitochondrial function has not pre-
viously been reported and warranted further study.

This novel observation in bone is in keeping with previous
reports in which mitochondria dysfunction has been associ-
ated with pre-CKD kidney diseases.34 Oxidative stress may be
involved, but due to their many integrated functions in
addition to their indispensability for cellular respiration and
oxidative phosphorylation, the precise nature of the mito-
chondrial insult remains obscure.35 While the kidney is
particularly susceptible to oxidative stress due to its high
energy demands, mitochondria are also essential for main-
taining the balance between osteogenesis and bone resorp-
tion.36 Altered mitochondrial function (e.g., mitophagy,
fusion, fission, and biogenesis) is associated with decreased
bone mass, and mitophagy-focused studies have reported that
irregular mitophagy via decreased PINK or PARKIN leads to
impaired osteogenic differentiation.37–39 Impaired autophagic
flux noted in osteoblasts and osteocytes of ATG7 null mice
may explain the observed lower bone mass, reduced remod-
eling, and fewer osteocyte projections.40,41 This study also
revealed impaired osteocyte dendritic projections in the
cortical bone of CKD-MBD mice. An altered dendritic
network would disrupt osteocyte interactions with both os-
teoblasts and osteoclasts and thereby contribute to the
development of ROD.42 Furthermore, accumulating mito-
chondrial DNA mutations in mice results in the premature
onset of aging-related phenotypes, including osteoporosis and
vertebrae compression fractures.43–45 Corroborating clinical
data are limited, but mitochondrial DNA point mutations,
including the common m3234A>G are associated with
decreased bone mass and strength and severe osteopo-
rosis.46,47 The causative insults are likely to be complex, but
oxidative stress stimulates osteoclast formation and inhibits
=

Figure 9 | (continued) appeared as long thread-like tubular structures
swollen, rounded morphology (right panel, arrowheads). (e) Abnormally
adding rapamycin (75 nmol/l). (f) Mitochondrial and cellular ROS producti
Bar ¼ 10 mm. The data are represented as the mean � SEM (n ¼ 6). *P <
control (CTL) group (0 mmol/l). DMSO, dimethylsulfoxide; max, maximum
online version of this article at www.kidney-international.org.
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osteoblast differentiation via increased sclerostin and the
downregulation of Wnt/b-catenin signalling.45,48,49

From the RNA-seq data of this study, we speculated that
impaired mitophagy in CKD-MBD bones would lead to the
retention of damaged mitochondria and could explain the
decreased oxidative phosphorylation and contribute to the
etiology of ROD. However, the reduced mitophagy, as implied
by the RNA-seq data, is at odds with the increased PARKIN
protein and mitolysosomes noted in the CKD-MBD mito-QC
mice. An explanation for this apparent paradox is undoubt-
edly complex but may be based on the pretext that changes in
gene function (protein levels) can be extrapolated from
changes in transcript levels.50 Indeed, in the aging murine
kidney, mRNA transcript levels have been reported to be a
poor proxy for protein abundance, which may be a conse-
quence of changes in translational efficiency and/or protein
turnover.51 This phenomenon is not uncommon in CKD and
aging animal studies focused on renal physiology.52,53 This
disconnect between transcript and protein levels was further
emphasized when the expression of established mitophagy
regulators in CKD-MBD bone were quantified. In CKD-MBD
mouse bone, increased TOMM20 and the preservation of
ATG7 and p62/SQSTM1 levels are inconsistent with their
recognized roles in the mitophagy process and are indicative
of dysfunctional mitophagy.54–56 The key observation of
increased mitolysosomes in the osteocytes of mice fed an
adenine-supplemented diet was also observed in a second
model (5/6 Nx) of CKD-MBD. While the greater number of
mitolysosomes implies increased mitophagy and high baseline
turnover, this observation may be misleading due to the
possibility of slower degradation of mitolysosomes at the
autophagosome stage. A compromised ability to efficiently
remove damaged mitochondria as a consequence of
dysfunctional mitophagy has been reported previously in a
number of nonskeletal organs.57–59 The increased mitolysome
number observed in CKD-MBD mice persisted in ex vivo
osteoblasts. Their differentiation and ability to mineralize
their matrix were also impaired, suggesting that epigenetic
changes may contribute to the altered function of osteoblasts
from animals with and patients with CKD-MBD.60–62

To determine the driver for the altered mitophagy noted in
the bones of the CKD-MBD mice we considered both weight
loss and caloric restriction because they can influence cellular
metabolism and mitophagy, respectively.63,64 This explanation
is however unlikely because while the nephrectomized mice
presented with altered mitolysosome numbers, their body
weight and food intake were normal. Rather, we focused on
uremic toxins because of their known ability to damage
mitochondria and impair autophagic flux.30,31 The effects of IS
(left panel, arrows), whereas those treated with IS (2 mmol/l) had a
shaped mitochondria in IS-treated cells (2 mmol/l) were restored by
on was decreased by osteoblasts treated with 0 or 2 mmol/l IS � Rapa.
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus nontreated
; NS, not significant. To optimize viewing of this image, please see the
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Figure 10 | The effects of indoxyl sulfate (IS) on oxidative phosphorylation and glycolysis in primary osteoblasts. Cells were treated in
the presence and absence of IS (0 versus 2 mmol/l) for 7 days. (a,b) Mitochondrial oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) in primary osteoblasts following the addition of oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP), and rotenone–antimycin A to target the electron transport chain. Optimal amounts of FCCP was 1.5 mmol/l for the controls (CTL) and 3
mmol/l for IS. (c) From the OCR and ECAR data, basal respiration, adenosine triphosphate (ATP)–linked respiration, maximal respiration, proton
leak, nonrespiratory OCR, basal estimated glycolysis, and maximal estimated glycolysis were all decreased in the IS-treated cells. The data are
represented as the mean � SEM (n ¼ 3). **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus nontreated CTL group (0 mmol/l).

S-N Hsu et al.: Mitochondrial dysfunction in renal osteodystrophy bas i c re sea r ch
and PCS on osteoblast mitochondria morphology and mito-
lysosomes number are consistent with aberrant mitophagy.
The increased p62/SQSTM1 and decreased PARKIN and LC3-
II also suggest altered mitophagy, but the decreased PARKIN
protein is at odds with what is noted in the CKD-MBD mice.
This suggests that the effects of IS alone do not fully mimic the
in vivo situation where other serum factors altered in CKD-
MBD may mitigate the actions of uremic toxins on the
mitophagy process. Moreover, although mitochondrial damage
was observed in IS-treated cells, there was less LC3 punctate/
LC3-II within damaged mitochondria, implying there is
Kidney International (2025) 107, 1017–1036
reduced PARKIN to signal the autophagosomes. However, as
rapamycin reversed the effects of IS on PARKIN, LC3-II, p62/
SQSTM1, and punctate LC3, it raises rapamycin and other
mitochondria-targeted approaches as a potential pharmaco-
logical intervention to manipulate mitochondrial function
within cells and reduce CKD-related bone disorders.57,65,66

Rapamycin, an inhibitor of mammalian target of rapamycin,
is a drug clinically used for immunosuppressive, and antitumor
purposes; however, its application to augment mitophagy in
the complex pathophysiology of ROD may be limited due to its
harmful impact on bone formation.67
1031



Figure 11 | Rapamycin (Rapa) reverses the adverse effects of indoxyl sulfate (IS) on primary osteoblast mitophagy. The expression and
quantification of mitophagy regulators by primary osteoblasts treated with increasing concentrations of IS (0, 0.5, and 2 mmol/l) for 7 days.
(a,b) IS (0–2 mmol/l) increased the expression of SQSTM1 but decreased the expression of PARKIN (an E3 ubiquitin ligase that promotes
mitophagy) and light chain 3 (LC3)-II. (c,d) Rapamycin reversed the effects of IS on the expression of SQSTM1, PARKIN, and LC3-II. The signal
intensity was normalized to b-actin and set at 1 for the control cultures (no IS; n ¼ 3). Significance was calculated by 1-way analysis of variance
with post hoc Tukey multiple comparisons tests. *P < 0.05, **P < 0.01, and ****P < 0.0001 versus untreated control group (0 mmol/l). NS, not
significant.

bas i c re sea r ch S-N Hsu et al.: Mitochondrial dysfunction in renal osteodystrophy
We have speculated that the increased ROS production by
mitochondria in bone cells in response to uremic toxins may
underpin the altered mitophagy noted in this study. Uremic
toxins accumulate in tissues and serum of patients with CKD
and have been implicated in the earlier adynamic bone disease
phase of ROD, which is characterized by skeletal PTH resis-
tance.68–70 Uremic toxins inhibit osteoblast differentiation
and matrix synthesis and alter bone’s chemical composition,
resulting in impaired biomechanical properties and increased
fragility.68,71,72 They may promote these bone pathologies by
deregulating mitochondrial metabolism, mass, and dynamics
via the induction of oxidative stress by activating reduced
NAD phosphate oxidase.73,74 Disrupted oxidative phosphor-
ylation in IS-treated osteoblasts was noted in this study, as was
an accumulation of p62/SQSTM1 and reduced LC3-II pro-
tein, which together exemplify impaired mitophagy. The
ability of MitoQ, a mitochondria-targeted antioxidant and
ROS inhibitor,75 to mitigate the uremic toxin–induced
mitochondrial changes and improve bone health provides
evidence of a causal link between altered mitophagy and the
development of ROD. This is in agreement with previous
murine studies, which have shown MitoQ to be beneficial for
skeletal health. MitoQ maintains bone mineral density and
bone breaking strength in db/db mice fed a high fat diet.76 It
also influences the progression of osteoarthritis during aging,
but intriguingly it does not alter the progression of age-
1032
induced bone loss.77,78 The causal link between altered
mitophagy and the development of ROD was further
advanced by our studies with AST-120, an oral adsorbent of
uremic toxins.79 The reduction in both serum IS and PCS, as
observed in this study, will reduce oxidative stress and sup-
press mitochondrial dysfunction and such a mechanism has
been proposed to explain the ability of AST-120 to slow CKD
progression.69,80 Clinical studies examining the ability of
AST-120 to minimize, delay, or prevent ROD have not been
reported, but previous rodent studies have reported that AST-
120 can suppress the progression of adynamic bone disease in
uremic rats.68,81 These data support the tenet that uremic
toxins damage mitochondria through oxidative stress, impact
mitophagic function in bone cells, and contribute to the ROD
phenotype.

This body of work provides persuasive evidence that
altered osteoblast or osteocyte mitochondrial function has
a major impact on the development of ROD and is
consistent with the emerging role of the osteocyte in
CKD.82 While not the focus of this study, reports indicate
that altered mitochondrial function may explain some of
the CKD comorbidities. Muscle wasting is a severe
complication of CKD and probably contributes to the
increased risk of falls. Experimental evidence suggests
impaired mitochondrial metabolism is a crucial mecha-
nism linking kidney dysfunction with sarcopenia.83,84
Kidney International (2025) 107, 1017–1036



Figure 12 | Increased mitolysosome number by p-cresyl sulfate (PCS) was prevented with MitoQ. (a) Representative immunofluorescence
images of mitolysosomes in osteoblasts from mito-QC mice treated with PCS at 0.5 mmol/l and 1 mmol/l concentrations, with or without MitoQ
treatment (0.5 mmol/l). Red mitophagic puncta (mCherry) were identified and the merged images show colocalization of mitochondria and
mitolysosomes. (b) The number of red puncta per osteoblast was increased by PCS treatment but normalized by MitoQ cotreatment (9 cells per 5
sections per well, n ¼ 4). Bar ¼ 10 mm. The data are represented as the mean � SEM. Significance was calculated by 1-way analysis of variance with
post hoc Tukey multiple comparisons tests. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus untreated control (CTL) group (0 mmol/l).
GFP, green fluorescent protein; NS, not significant. To optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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Moreover, the protein levels of various mitophagy medi-
ators such as BNIP3, p62, LC3-II, PARKIN, and PINK1
are altered in mitochondria isolated from muscle tissues
Kidney International (2025) 107, 1017–1036
from patients with CKD, which may account for the poor
muscle mitochondrial oxidative capacity in patients with
CKD.57,85,86 Interestingly, L-carnitine and teneligliptin, a
1033
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Table 1 | Expression of mitophagy regulators in both in vivo and in vitro models of CKD

CKD gene (Figure 3) CKD protein (Figure 5) IS effect (Figure 11) IS D Rapa effect (Figure 11)
Expected protein effect in
normal mitophagy65,87–89

PARKIN Decreased Increased Decreased Reversed Increased

SQSTM1 Decreased No change Increased Reversed Decreased

ATG7 No change No change/decreased Not known Not known Increased

LC3-II Decreased Not known Decreased Reversed Increased

TOMM20 No change Increased Not known Not known Decreased

LC3, light chain 3; PARKIN, an E3 ubiquitin ligase that promotes mitophagy; TOMM20, a subunit of the mitochondrial translocase of the outer membrane complex.
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DPP4 inhibitor, normalize muscle mitophagy markers and
reduce CKD-induced muscle atrophy in mice.66

In summary, using an RNA-seq study of bones from a
CKD-MBD mouse model we have identified altered cellular
mechanisms implicated in the etiology of ROD. This and
follow-up studies revealed evidence of mitochondrial
dysfunction and repressed mitophagy within osteoblasts and
osteocytes (Table 1).65,87–89 Because mitochondria are critical
for osteoblast and osteocyte function, and mitochondrial
respiratory chain dysfunction in osteoblasts results in accel-
erated bone loss, we propose that the altered uremic toxin
levels characteristic of CKD-MBD impair mitochondrial
function and contribute to the development of ROD.
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