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Abstract
Background  Chronic intermittent hypoxia (CIH) caused by OSA often results in serious complications. However, the 
adverse effects of CIH on bone growth and development are often overlooked.

Methods  CIH intervention was conducted using an OxyCycler model A84 system for 8 h per day (from 8:00 a.m. to 
4:00 p.m.) over a period of 4 weeks. Body and femur lengths were measured, and micro-CT, histological analysis, and 
ELISA were performed to evaluate femoral development. Metabolomic, single-cell transcriptomic, Western blot, and 
ChIP‒qPCR analyses were conducted to explore the potential mechanisms underlying CIH-induced inhibition of long 
bone growth. T0070907 was administered intraperitoneally (0.5 mg/kg) every two days to investigate its effect on 
long bone growth under CIH conditions.

Results  Here, we showed that CIH stimulation during long bone development significantly inhibited long bone 
growth. Multiomics analysis revealed that CIH induces anaerobic glycolysis in bone marrow mesenchymal stem cells 
(BM-MSCs), promotes adipogenic differentiation, and reduces their osteogenic differentiation capacity. Mechanistic 
studies demonstrated that CIH-induced lactate accumulation enhances lactylation at histone H3 lysine 18 (H3K18) 
on the PPARγ promoter in BM-MSCs, leading to the transcriptional activation of PPARγ and a consequent imbalance 
between the adipogenic and osteogenic differentiation of BM-MSCs. The PPARγ inhibitor T0070907 could partially 
rescue long bone developmental disorders induced by CIH.

Conclusions  Our findings reveal an epigenetic mechanism underlying CIH-induced long bone dysplasia and 
highlight T0070907 as a promising targeted therapeutic agent.
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Background
Obstructive sleep apnea syndrome (OSAS) is a com-
mon chronic sleep-related respiratory disorder char-
acterized by partial or complete obstruction of the 
upper airway during sleep, leading to chronic inter-
mittent hypoxia (CIH) [1]. The incidence of OSAS 
in children is approximately 2–4%, with a peak onset 
age of 2–5 years [2]. CIH is an important pathologi-
cal factor leading to a series of serious complications 
of OSAS, such as cardiovascular issues, metabolic dis-
orders, and cognitive dysfunction [3–5]. Compared 
with these complications, the harm caused by CIH to 
bone growth and development is often overlooked. In 
children, during the critical period of growth and bone 
mass accumulation, the potential effects of CIH, such 
as delayed bone growth and reduced bone density, can 
cause irreversible damage [6]. Despite these concerns, 
the impact of OSAS on skeletal development remains 
underresearched.

Bone development is a highly coordinated process 
that is finely regulated by both systemic and local fac-
tors, in which bone marrow mesenchymal stem cells 
(BM-MSCs) play crucial roles [7]. BM-MSCs possess 
multilineage differentiation potential and can dif-
ferentiate into both osteoblasts and adipocytes [8]. 
Under physiological conditions, BM-MSCs maintain 
the balance between osteogenic and adipogenic differ-
entiation activities. However, under chronic hypoxic 
conditions, this balance is disrupted, leading to weak-
ened osteogenic differentiation and ultimately affect-
ing bone development [9]. However, the mechanism 
by which CIH impairs the osteogenic differentiation of 
BM-MSCs remains largely unknown.

The fate of BM-MSCs is strictly controlled by epi-
genetic mechanisms, such as histone methylation, 
acetylation and phosphorylation [10]. Studies have 
shown that alpha-ketoglutarate decreases the accumu-
lation of H3K9me3 and H3K27me3, thereby increasing 
bone morphogenetic protein (BMP) signaling, promot-
ing the osteogenic potential of BM-MSCs, and amelio-
rating osteoporosis [11]. Mechanical stimulation can 
regulate histone acetylation levels through HDAC1, 
promoting the osteogenic differentiation of BM-MSCs 
[12]. In recent years, a novel histone modification, 
histone lactylation, has gained increasing attention 
for its roles in various diseases, including cancer [13], 
tissue fibrosis [14], and neurodegenerative diseases 
[15]. However, the effects of histone lactylation on 
BM-MSC differentiation and its potential molecular 
mechanisms remain poorly understood. Exploring the 
potential roles of histone lactylation in bone growth 
and development may reveal novel therapeutic strate-
gies for the treatment of bone dysplasia.

In the present study, we found that CIH significantly 
inhibited the development of long bones in mice, as 
evidenced by reduced femur length, decreased tra-
becular bone density, and lower levels of one turnover 
markers. Furthermore, we revealed that CIH induced 
a shift in the metabolic pattern of BM-MSCs toward 
anaerobic glycolysis while producing more lactate. 
The increased lactate upregulated the H3K18la level 
in the PPARγ promoter region in BM-MSCs, activat-
ing PPARγ gene transcription and thereby disrupting 
the balance of BM-MSC differentiation. The inhibition 
of PPARγ through targeted agents has been shown to 
rescue bone growth and mitigate bone loss caused by 
CIH.

Methods
Chronic intermittent hypoxia model
Eight-week-old female C57BL/6 mice were purchased 
from Shanghai Slac Laboratory Animal (Slac, Shang-
hai, China), housed in individual cages with a 12-h 
light/dark cycle and provided with standard food and 
water ad libitum. All procedures were approved by the 
Animal Ethics Committee of Shanghai Sixth People’s 
Hospital.

The CIH intervention was conducted in identical 
chambers (OxyCycler model A84; BioSpherix, Parish, 
NY, USA) for 8 h per day (from 8:00 a.m. to 4:00 p.m.) 
over a period of 4 weeks. Hypoxia was induced by 
exposure to 8–10% O2 for 240 s, followed by exposure 
to 21% O2 for 120 s, as described previously [16]. For 
T0070907 treatment, the mice were intraperitoneally 
injected with 100 µl of either T0070907 (0.5 mg/kg) or 
vehicle every two days. Each week, the body length of 
the mice was measured, blood was collected through 
eyeball enucleation, and the femurs were isolated to 
measure their length and then used for subsequent 
studies.

Micro-CT scanning
The femur tissues were fixed in 4% paraformaldehyde 
and analyzed by micro-CT (Skyscan 1176, Bruker, Ger-
many) at a resolution of 15.6 μm. The region of inter-
est (ROI) was defined as the distal end of the femur. 
The bone volume per tissue volume (BV/TV%), trabec-
ular number (Tb.N), trabecular thickness (Tb.Th), tra-
becular separation (Tb.Sp) and structure model index 
(SMI) of each sample were obtained using CTAn v1.9 
software (Skyscan US, San Jose, CA).

Histology and immunohistochemical staining
Femur samples were fixed with 4% paraformaldehyde, 
embedded in paraffin, and sectioned at a thickness 
of 5  μm. The sections were then stained with hema-
toxylin and eosin (H&E), ALP, and TRAP as previously 
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described [17]. Three random growth plate regions 
were selected from the H&E-stained sections to mea-
sure the lengths of the proliferative zone (PZ), hyper-
trophic zone (HZ), and resting zone (RZ). The PZ, HZ 
and RZ lengths were evaluated independently by 3 
researchers who were blinded to the groups. The ALP 
expression level and the number of TRAP+ cells/mm2 
were calculated with ImageJ software.

For immunohistochemical staining, the sections 
were incubated overnight at 4°C with antibodies 
against collagen type I (Col I, 1:500, Abcam, ab316222) 
and osteocalcin (OCN, 1:200, Abcam, ab309521). After 
incubation with the appropriate secondary antibodies, 
the sections were developed with 3’,3-diaminobenzi-
dine (Sigma‒Aldrich) and counterstained with hema-
toxylin. Protein expression levels were quantified using 
ImageJ software.

Enzyme-linked immunosorbent assay (ELISA)
The expression levels of BGP/OCN, PINP, β-CTX, 
TRAP, and OPG in the serum were measured using 
ELISA kits (Meimian, China) according to the manu-
facturer’s instructions. The absorbance values were 
recorded at 450  nm using a microplate reader (Tecan 
Group AG, Männedorf, Switzerland).

Immunofluorescence staining
The femur sections were incubated overnight at 4  °C 
with antibodies against Osterix (OSX 1:200, Abcam, 
ab209484). After washing, the sections were incubated 
with an Alexa Fluor® 555-conjugated secondary anti-
body for 1 h at room temperature in the dark. Fluores-
cence was determined using a Zeiss 710 laser-scanning 
microscope (Zeiss, Thornwood, NY, USA).

Single-cell transcriptome sequencing
The femurs of the mice were dissected, and the 
attached muscle tissues were removed. A 3-mm-
long segment of the metaphyseal region from the 
growth plate was taken from the femoral tissue and 
crushed using a mortar and pestle. The crushed tis-
sue was digested with collagenase type I (2  mg/mL) 
for 30 minutes, filtered through a 70 µm cell strainer, 
washed with ice-cold PBS, and resuspended in DMEM 
medium. Sequencing libraries were prepared using a 
SeekOne® Digital Droplet Single Cell 3’ Library Prep 
Kit (SeekGene, Beijing, China) and sequenced on the 
Illumina NovaSeq 6000 platform.

LC‒MS/MS and GC‒MS analyses
The metabolomic data analysis was performed by 
Shanghai Luming Biological Technology Co., Ltd 
(Shanghai, China). For LC‒MS/MS analysis, an 
ACQUITY UPLC I-Class plus (Waters Corporation, 

Milford, USA) fitted with a Q Exactive mass spec-
trometer equipped with a heated electrospray ioniza-
tion (ESI) source (Thermo Fisher Scientific, Waltham, 
MA, USA) was used to analyze the metabolic profiles 
in both ESI-positive and ESI-negative ion modes. For 
GC‒MS analysis, the derivatized samples were ana-
lyzed on an Agilent 7890B gas chromatography system 
coupled to an Agilent 5977  A MSD system (Agilent 
Technologies Inc., CA, USA). A two-tailed Student’s 
t test was used to verify whether the metabolites with 
differences between groups were significant. Differ-
entially abundant metabolites with VIP values greater 
than 1.0 and p values less than 0.05 were selected. Dif-
ferentially abundant metabolites were further used for 
KEGG pathway enrichment analysis.

Primary BM-MSC isolation and identification
Primary BM-MSCs were isolated from adult C57BL/6 
mice as previously described [18]. Briefly, femurs were 
isolated under sterile conditions and washed three 
times with PBS. The bone marrow cavity was exposed 
by removing both ends of the femur and tibia. Both 
ends of the femur were cut to expose the bone marrow. 
The marrow was flushed out using a syringe filled with 
DMEM/F12 culture medium into a collection tube and 
then passed through a 70-µm cell strainer to remove 
debris. The cells were cultured in Gibco™ DMEM/F12 
supplemented with 10% fetal bovine serum (Gibco, 
USA) and antibiotics (penicillin 100 IU/mL and strep-
tomycin 100  mg/mL) in 5% CO2 at 37  °C. After 48  h, 
the culture medium was replaced to remove unat-
tached cells. BM-MSCs at passage numbers 3–5 were 
used. BM-MSCs were identified using flow cytometry. 
BM-MSCs (passage 3) were incubated with anti-CD90 
(Thy1) (BioLegend, UK), anti-CD29 (FITC) (BioLeg-
end, UK), and anti-CD45 (APC) (BioLegend, UK) anti-
bodies at 4 °C for 30 min. After washing, the cells were 
analyzed by flow cytometry (Beckman Coulter, USA).

Alizarin Red staining and Oil Red O staining
BM-MSCs were cultured under normoxic or hypoxic 
conditions (2% oxygen) while undergoing osteogenic 
or adipogenic induction, or the PPARγ inhibitor 
T0070907 or vehicle was added during osteogenic or 
adipogenic induction.

For Alizarin Red staining, BM-MSCs were subjected 
to 14 days of osteogenic induction, after which the 
cells were fixed for 30  min at room temperature. Fol-
lowing washing, the cells were stained using an Aliza-
rin Red S staining kit (Beyotime, China) according to 
the manufacturer’s instructions.

For Oil Red O staining, BM-MSCs were subjected to 
14 days of adipogenic induction, after which the cells 
were fixed for 30  min at room temperature. Following 
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washing, the cells were stained using an Oil Red O stain-
ing kit (Beyotime, China) according to the manufacturer’s 
instructions. Images were captured using a microscope 
(Nikon, Japan).

Lactate concentration assay
Decalcified bone tissue was homogenized using a Tis-
sueMaster™ Tissue Homogenizer (Beyotime, China). 
The homogenate was resuspended in prechilled PBS 
and then centrifuged at 4 °C and 2,000 rpm for 10 min. 
The supernatant obtained from the centrifugation, or 
the BM-MSC supernatant, was used to measure the 
lactate concentration in an automatic biochemical 
analyzer (ABL80 FLEX analyzer).

Quantitative real-time PCR (qPCR)
In brief, total RNA was extracted using TRIzol reagent 
(Invitrogen, USA), and its concentration was measured 
using a NanoDrop spectrophotometer (Thermo Fisher, 
USA). Quantitative PCR amplification was then per-
formed on an ABI PRISM QuantStudio 7 Flex (Thermo 
Fisher, USA) using SYBR Premix (Takara, Japan). The 
primers used were as follows:

Bglap, (forward) 5’-​C​A​C​T​C​C​T​C​G​C​C​C​T​A​T​T​G​G​C-3’; 
Bglap, (reverse) 5’-​C​C​C​T​C​C​T​G​C​T​T​G​G​A​C​A​C​A​A​A​G-3’; 
Col1a1, (forward) 5’-​G​C​T​C​C​T​C​T​T​A​G​G​G​G​C​C​A​C​T-3’; 
Col1a1, (reverse) 5’-​A​T​T​G​G​G​G​A​C​C​C​T​T​A​G​G​C​C​A​T-3’; 
Adipoq, (forward) 5’-​T​G​T​T​C​C​T​C​T​T​A​A​T​C​C​T​G​C​C​C​
A-3’; Adipoq, (reverse) 5’-​C​C​A​A​C​C​T​G​C​A​C​A​A​G​T​T​C​C​
C​T​T-3’; Plin1, (forward) 5’-​C​T​G​T​G​T​G​C​A​A​T​G​C​C​T​A​T​
G​A​G​A-3’; Plin1, (reverse) 5’-​C​T​G​G​A​G​G​G​T​A​T​T​G​A​A​G​
A​G​C​C​G-3’; GAPDH, (forward) 5’-​A​G​G​T​C​G​G​T​G​T​G​A​A​
C​G​G​A​T​T​T​G-3’; GAPDH, (reverse) 5’-​T​G​T​A​G​A​C​C​A​T​G​
T​A​G​T​T​G​A​G​G​T​C​A-3’.

Histone extraction
Histones were extracted using a Histone Extraction Kit 
(Abcam, UK) according to the manufacturer’s instruc-
tions. Briefly, the cells were harvested and pelleted 
by centrifugation at 1,000  rpm for 5 min at 4  °C. The 
cell pellet was resuspended in 3 volumes of lysis buf-
fer and incubated on ice for 30 min. The mixture was 
subsequently centrifuged at 12,000  rpm for 5  min at 
4  °C, after which the supernatant fraction was trans-
ferred to a new vial. A 0.3 volume of the Balance-DTT 
Buffer was added to the supernatant immediately. The 
samples were quantified by measuring the absorbance 
at 230 nm.

Western blot
The cells were lysed using RIPA lysis buffer (Beyo-
time, China) supplemented with protease inhibitor 
(Roche, Mannheim, Germany). The protein concentra-
tion was determined by BCA assay (Beyotime, China). 

The primary antibodies used included the follow-
ing: RUNX2 (Abcam, ab236639), PPARγ (Abcam, 
ab272718), H3K9la (PTM Bio, PTM-1419RM), 
H3K14la (PTM Bio, PTM-1414RM), H3K18la (PTM 
Bio, PTM-1427RM), H3K23la (PTM Bio, PTM-
1413RM), H3K27la (PTM Bio, PTM-1428), GAPDH 
(Cell Signaling Technology, #8884), and Histone H3 
(Cell Signaling Technology, #9715). Densitometric 
quantification was carried out using ImageJ software.

Chromatin immunoprecipitation (ChIP)
A ChIP assay was performed using a ChIP Kit (Milli-
pore, catalog #17-10085) following the manufacturer’s 
protocol. In brief, the cells were fixed and resuspended 
in 0.5 mL of lysis buffer containing a protease inhibitor 
cocktail and then subjected to sonication. The number 
of DNA fragments in the solubilized chromatin prepa-
ration ranged from 400 to 800  bp. Immunoprecipita-
tion was performed overnight using anti-H3K18la 
(PTM Bio, PTM-1427RM) or normal rabbit IgG 
as a negative control. The antigen–antibody com-
plexes were pulled down using protein A/G agarose 
beads. The DNA–protein crosslinking reactions were 
reversed by incubation with 5 M NaCl at 65 °C for 6 h, 
and the DNA from each sample was then purified and 
subjected to PCR.

Statistical analysis
Statistical analysis was performed using SPSS 20.0 
software. An independent-samples t test was used for 
comparisons between two groups. One-way analysis 
of variance (ANOVA) followed by a post hoc Tukey 
test was used to compare multiple groups. All values 
are presented as the mean ± SD. Differences between 
groups were considered significant at P < 0.05.

Results
CIH inhibits the development of long bones in mice
To investigate the effects of CIH on long bone devel-
opment in mice, a CIH model was established in 
4-week-old mice. The results revealed that CIH led to 
significant decreases in body weight and body length 
compared with those of control mice (Fig. 1A-C), and 
femur length was noticeably shorter after four weeks 
of CIH (Fig. 1D).

In addition, micro-CT revealed that the CIH group 
presented a reduction in trabecular bone quantity and 
disordered arrangement in the metaphyseal trabecu-
lar bone region of the distal femur (Fig.  1E). BV/TV, 
Tb.N, and Tb.Th were significantly lower in the CIH 
group than in the control group, whereas Tb.Sp and 
SMI were somewhat greater (Fig.  1F). These findings 
suggest that CIH leads to a decrease in trabecular bone 
density in the long bones of mice. Histological analysis 
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revealed that the proliferative zone (PZ) of the growth 
plate cartilage in the CIH group was significantly 
shorter than that in the control group, with a reduc-
tion in flattened proliferative chondrocytes (Fig.  1G, 
H). Moreover, the hypertrophic zone (HZ) was slightly 
increased in length, with an increased number of 

columnar hypertrophic chondrocytes (Fig.  1G, H). 
These findings suggest that CIH reduces endochondral 
ossification at the metaphysis of the femur in growing 
mice.

Fig. 1  CIH impairs long bone growth in mice. (A) Macroscopic images of mice after 4 weeks of CIH or control treatment. (B, C) The quantification of body 
weight and body length at all examined time points. (D) Macroscopic images of the mouse femur and quantification of femur length. (E) Micro-CT im-
ages of the mouse femur after 4 weeks of CIH or control treatment. (F) The quantification of bone volume per tissue volume (BV/TV%), trabecular number 
(Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and structure model index (SMI). (G) H&E-stained images of the distal femur after four 
weeks of CIH or control treatment. (scale bar = 500 μm). Zoomed-in images show the growth plate cartilage region. (zoom scale bar = 100 μm). (H) The 
quantification of the lengths of the resting zone (RZ), proliferative zone (PZ), and hypertrophic zone (HZ). Data are presented as mean ± SD (n = 12 biologi-
cally independent animals). *P < 0.05; **P < 0.01; ***P < 0.001
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CIH downregulates the expression of osteogenesis-related 
proteins
Given the ability of CIH to inhibit long bone devel-
opment, we examined the expression of osteogene-
sis-related proteins in the growth plate region of the 
distal femur. The expression of ALP in the CIH group 
was significantly lower than that in the control group 

(Fig.  2A). Additionally, the number of TRAP-posi-
tive cells was also reduced following CIH (Fig.  2B). 
These data suggest that CIH primarily inhibits osteo-
blast-mediated bone formation while also exerting a 
moderate inhibitory effect on bone resorption. The 
immunohistochemistry results showed that, compared 
with those in control mice, the expression levels of Col 

Fig. 2  CIH downregulates the expression of bone turnover markers. (A, B) ALP- and TRAP-stained images of the distal femur after four weeks of CIH or 
control treatment, along with expression quantification. (scale bar = 500 μm). (C, D) Images and quantitative analysis of immunohistochemical staining 
of collagen COL I and OCN in the CIH and the control group. (scale bar = 500 μm, zoom scale bar = 100 μm). (E) Images and quantitative analysis of im-
munofluorescence staining for OSX in the CIH and the control group. OSX is labeled in red. (Scale bar = 100 μm). (F) Serum bone turnover marker levels at 
all examined time points. Data are presented as mean ± SD (n = 12 biologically independent animals). *P < 0.05; **P < 0.01; ***P < 0.001
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I and OCN were significantly lower in the CIH group, 
indicating that CIH inhibits long bone osteogenesis 
(Fig.  2C, D). OSX is an osteoblast-specific transcrip-
tion factor essential for bone formation. Therefore, we 
analyzed the expression of OSX in the distal femoral 
growth plate region using immunofluorescence. The 
results demonstrated that OSX expression was signifi-
cantly lower in the CIH mice than in the control mice 
(Fig.  2E). Furthermore, we examined changes in the 
levels of serum bone turnover markers during CIH. We 
found that the levels of serum bone formation markers 
(BGP/OCN, PINP, and OPG) were significantly lower 
in the CIH group than in the control group and that 

the levels of bone resorption markers (β-CTX and 
TRAP) were also lower in the CIH group than in the 
control group after two weeks of CIH (Fig. 2F). These 
findings indicate that CIH inhibits bone turnover in 
growing mice, primarily affecting the bone formation 
process.

CIH increases glycolysis and adipogenic differentiation in 
BM-MSCs
To further explore the underlying mechanisms by 
which CIH attenuates bone growth, single-cell tran-
scriptome analysis was performed (Fig. 3A). Our data 
revealed that cells in mouse femoral tissue can be 

Fig. 3  CIH enhances glycolysis and adipogenic differentiation in BM-MSCs. (A) Schematic diagram of single-cell transcriptome sequencing of femoral tis-
sue. (B) The proportions of each BM-MSC subpopulation between the CIH group and the control group. (C) KEGG assay results of significantly upregulated 
pathways of differentially expressed genes in BM-MSCs between the CIH group and the control group. (D) The number of metabolites with significant 
differences between the CIH group and the control group. (E, F) Volcano map and Heatmap of differential metabolites between the control group and 
the CIH group. (G) KEGG assay results showing the top 10 upregulated and downregulated pathways of differentially expressed genes in femoral tissues 
between the CIH group and the control group. (H) Reactome assay results of significantly downregulated pathways of differentially expressed genes in 
femoral tissues between the CIH group and the control group
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categorized into 15 types. In addition to immune and 
hematopoietic cells, key cell types include BM-MSCs, 
endothelial progenitor cells (EPCs), and smooth 
muscle cells. Given the crucial role of BM-MSCs in 
osteogenesis, we conducted a more detailed analysis 
of these cells. We found that BM-MSCs can be clas-
sified into six subsets: chondrocytes, osteoprogeni-
tors, fibroblasts, MSCs, endothelial cells, and S100a8 
high-expressing cells. Although most subpopulations 
were not significantly different between the CIH and 
control groups, the proportion of osteoprogenitors 
in the CIH group was 16.7%, which was significantly 
lower than the 23.0% observed in the control group 
(Fig. 3B). These findings suggest that CIH may inhibit 
the differentiation of BM-MSCs into osteoprogenitor 
cells, thereby suppressing osteogenesis. Furthermore, 
KEGG analysis revealed significant activation of path-
ways related to hypoxia, adipogenesis, glycolysis, and 
lactate metabolism in BM-MSCs from the CIH group. 
(Fig. 3C). These findings indicate that CIH may affect 
glucose metabolism in BM-MSCs, potentially impact-
ing osteogenesis.

To further investigate the potential impact of CIH on 
cell metabolism, we performed a metabolomic analy-
sis of femoral tissue. Compared with those in the con-
trol group, 453 metabolites were upregulated and 315 
metabolites were downregulated in the CIH group 
(Fig.  3D-F). We subsequently conducted KEGG anal-
ysis and selected the top 10 upregulated and down-
regulated pathways with the smallest P values for 
comparison. The results revealed a significant upregu-
lation of anaerobic glycolysis and adipogenic differen-
tiation pathways in the CIH group, whereas biological 
oxidation, bone development, and metabolism path-
ways were downregulated (Fig. 3G). Further reactome 
enrichment analysis showed that pathways such as 
“RUNX2 regulates bone development” and “RUNX2 
regulates osteoblast differentiation” were significantly 
downregulated in the CIH group (Fig. 3H). These find-
ings are consistent with the single-cell sequencing 
results, indicating that CIH induces a metabolic shift 
in femoral tissue toward anaerobic glycolysis, promot-
ing adipogenesis while impairing osteogenesis.

CIH disrupts the balance between the osteogenic and 
adipogenic differentiation of BM-MSCs
Single-cell sequencing and metabolomic analysis sug-
gested that CIH enhances the adipogenic differentia-
tion of BM-MSCs while reducing their differentiation 
into osteoprogenitors. Therefore, we collected femoral 
tissue after four weeks of CIH induction and isolated 
BM-MSCs to evaluate the effects of CIH on BM-
MSC differentiation (Fig. 4A, B). The results revealed 
that, compared with those in the control group, the 

intracellular lipid droplet content in the BM-MSCs 
in the CIH group markedly increased after adipo-
genic induction (Fig. 4C). In contrast, after osteogenic 
induction, alizarin red staining revealed markedly 
less calcium salt deposition in the CIH group than in 
the control group (Fig.  4D). qPCR revealed that BM-
MSCs from the CIH group presented significantly 
lower expression levels of the osteogenesis-related 
genes Bglap and Col1a1 than those from the control 
group did, whereas the expression levels of the adipo-
genesis-related genes Adipoq and Plin1 were markedly 
increased (Fig.  4E). These findings suggest that fol-
lowing CIH induction, BM-MSCs exhibit significantly 
reduced osteogenic potential and enhanced adipogenic 
differentiation.

Furthermore, we examined the expression levels of 
key transcription factors involved in osteogenesis and 
adipogenesis, namely, RUNX2 and PPARγ. Western 
blot analysis revealed that CIH significantly reduced 
the expression of RUNX2 while increasing the expres-
sion of PPARγ in BM-MSCs (Fig.  4F). These results 
indicate that CIH may alter the differentiation poten-
tial of BM-MSCs by regulating the expression of key 
transcription factors involved in osteogenic/adipo-
genic differentiation.

CIH upregulates the H3K18la level of the PPARγ gene
Our metabolomics analysis revealed that CIH 
enhances glycolysis in BM-MSCs, with lactate as the 
main product. We measured the lactate level in femo-
ral tissue following CIH. ELISA analysis revealed that 
the lactate content in the femoral tissue of the CIH 
group was significantly greater than that in the control 
group at all the assessed time points during CIH stim-
ulation (Fig.  5A). Additionally, the lactate concentra-
tion in the cell supernatant of BM-MSCs from the CIH 
group was markedly greater than that in the control 
group (Fig. 5B). These results suggest that 4 weeks of 
CIH stimulation can alter the metabolic profile of BM-
MSCs, leading to increased lactate production.

In recent years, emerging evidence has indicated 
that lactate is an important epigenetic regulator that 
induces histone lactylation [14]. Based on these find-
ings, we hypothesized that CIH might influence the 
differentiation trajectory of BM-MSCs by regulating 
histone lactylation. Our Western blot analysis revealed 
that BM-MSCs from the CIH group had higher lac-
tylation levels at multiple histone lactylation sites 
(H3K9la, H3K14la, H3K18la, H3K23la, H3K27la) than 
those from the control group did, with H3K18la show-
ing the most significant increase (Fig.  5C). Moreover, 
we examined common histone methylation (H3K4me3, 
H3K9me3, and H3K27me3) and acetylation (H3K9ac 
and H3K27ac) sites in BM-MSCs from the CIH and 
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control groups and found no significant differences 
between them (Fig. 5D). To further investigate whether 
hypoxia contributes to the increased H3K18la level, we 
subjected normal BM-MSCs to hypoxic treatment. As 
expected, after 72 h of hypoxia, the lactylation level of 
H3K18la was significantly increased (Fig.  5E). How-
ever, the addition of 2-DG during hypoxia suppressed 
the hypoxia-induced H3K18la upregulation (Fig.  5F). 
In addition, we examined the expression of the histone 

acetyltransferase p300, the “writer” of histone lacty-
lation, and found that p300 expression was markedly 
higher in CIH-derived BM-MSCs than in control BM-
MSCs (Fig.  5G). Similarly, compared with normoxic 
control BM-MSCs, hypoxia-treated BM-MSCs pre-
sented increased p300 levels (Fig.  5H). These results 
suggest that, in addition to lactate, p300 may also be 
involved in the CIH-induced increase in lactylation at 
the H3K18 site.

Fig. 4  CIH inhibits the osteogenic differentiation of BM-MSCs. (A) Images of phase-contrast microscopy of BM-MSCs. (B) Identification of surface anti-
gen-specific markers of BM-MSCs. (C, D) Oil Red O and Alizarin Red staining images of BM-MSCs isolated from mice in the CIH or control group. (scale 
bar = 100 μm). (E) Relative RNA expression levels of osteogenic and adipogenic marker genes in BM-MSCs isolated from mice in the CIH or control group. 
(F) The protein levels of RUNX2 and PPARγ in BM-MSCs isolated from mice in the CIH or control group. Data are presented as mean ± SEM (n = 3 indepen-
dent experiments). **P < 0.01
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Considering that CIH can upregulate PPARγ 
expression, we speculated that this might result 
from increased histone lactylation in the PPARγ pro-
moter region. Our ChIP‒qPCR results revealed that, 

compared with control BM-MSCs, BM-MSCs from 
the CIH group presented significantly higher H3K18la 
levels in the PPARγ promoter region (Fig.  5I). Fur-
thermore, in normal BM-MSCs, hypoxia markedly 

Fig. 5 (See legend on next page.)
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increased H3K18la modification in the PPARγ pro-
moter region, whereas 2-DG blocked this effect 
(Fig.  5J, K). These findings indicate that hypoxia 
enhances glycolysis and lactate production in BM-
MSCs, leading to elevated H3K18la levels in the 
PPARγ promoter region, activation of PPARγ gene 
transcription, and promotion of BM-MSC adipogenic 
differentiation.

The PPARγ inhibitor T0070907 can rescue CIH-induced 
long bone growth impairment
To investigate whether CIH-induced long bone growth 
inhibition results from increased PPARγ expres-
sion due to H3K18la upregulation, we applied the 
PPARγ inhibitor T0070907. The results showed that 
T0070907 reversed the CIH-induced increase in the 
BM-MSC adipogenic capacity and restored impaired 
osteogenic differentiation (Fig.  6A, B). qPCR analysis 
demonstrated that T0070907 rebalanced the disrupted 
adipogenic and osteogenic differentiation of BM-
MSCs caused by CIH (Fig.  6C). Similarly, T0070907 
improved the osteogenic capacity of BM-MSCs under 
hypoxic conditions (Fig. 6D-F).

Furthermore, we explored the effects of T0070907 
in vivo. Our results revealed that, compared with the 
control group, the mice in the T0070907-treated group 
presented greater body weights and greater body and 
femur lengths (Fig. 6G-J). Compared with those of con-
trol mice, micro-CT images revealed that the trabecu-
lar bone region beneath the distal femoral growth plate 
presented an increased trabecular number, a more reg-
ular and denser arrangement, and increased trabecu-
lar interconnections following T0070907 treatment 
(Fig.  6K). Additionally, the BV/TV, Tb.N, and Tb.Th 
significantly increased in the T0070907-treated group, 
whereas the Tb.Sp and SMI somewhat decreased 
(Fig. 6L). Histological analysis showed that the length 
of the PZ of the femoral growth plate was increased 
in T0070907-treated mice, with a greater number of 
proliferating cells, whereas the HZ and RZ remained 
unchanged (Fig.  6M, N). Moreover, ELISA analysis 
revealed that the levels of serum bone formation mark-
ers were significantly greater in the T0070907-treated 
group than in the control group, whereas the levels of 

bone resorption markers increased only slightly fol-
lowing T0070907 treatment (Fig.  6O). These findings 
indicate that T0070907 can rescue CIH-induced long 
bone growth impairment.

Discussion
Pediatric obstructive sleep apnea–hypopnea syndrome 
is a common condition affecting children’s health, 
and the chronic intermittent hypoxia it induces sig-
nificantly impacts growth, development, and overall 
health in adolescents [6, 19]. Although the detrimental 
effects of OSAS on bone development and metabolism 
have been recognized, the underlying mechanisms 
still require further exploration. In this study, we 
found that CIH significantly impaired the osteogenic 
differentiation of BM-MSCs and long bone growth. 
Mechanistically, CIH increases H3K18la levels in the 
PPARγ promoter region, leading to increased PPARγ 
expression, which disrupts the balance of BM-MSC 
differentiation and inhibits BM-MSC osteogenesis. 
Our investigation reveals, at least in part, the molec-
ular basis of CIH-induced long bone developmental 
impairment.

The effects of CIH on bone growth and metabolism 
remain unclear. Some studies suggest that OSAS may 
impair bone density [19, 20], whereas others report 
no evidence of a relationship between OSAS and 
bone metabolic damage [21]. These conflicting clini-
cal findings may be attributed to biases such as age, 
sex, weight, and health status, as well as potential con-
founding variables. To reduce the impact of these con-
founding factors in clinical patients, the present study 
established a mouse model of CIH to investigate its 
effects on long bone development. Our results showed 
that CIH exposure during the critical long bone growth 
period (4–8 weeks of age) significantly inhibited bone 
growth, as evidenced by shorter body and femur 
lengths, and decreased trabecular bone density in the 
distal femurs of CIH-treated mice. Previous studies 
have indicated that hypoxia can disrupt endochondral 
ossification, a process essential for longitudinal bone 
growth, by inhibiting chondrocyte proliferation [22, 
23]. Consistently, our histological analysis revealed a 
significant reduction in the proliferative zone of the 

(See figure on previous page.)
Fig. 5  CIH increases the H3K18la level in the promoter region of the PPARγ gene in BM-MSCs. (A, B) Lactate levels in femoral tissue and the supernatant 
of BM-MSCs in the control and CIH groups. (C) The levels of H3K9la, H3K14la, H3K18la, H3K23la, and H3K27la in BM-MSCs isolated from mice in the CIH or 
control group. (D) The levels of H3K4me3, H3K9me3, H3K27me3, H3K9ac and H3K27ac in BM-MSCs isolated from mice in the CIH or control group. (E) The 
H3K18la levels in BM-MSCs isolated from control mice following normoxia or hypoxia treatment. (F) The H3K18la levels in BM-MSCs under hypoxic condi-
tions with or without 2-DG treatment. (G) The protein levels of p300 in BM-MSCs isolated from mice in the CIH or control group. (H) The protein levels of 
p300 in BM-MSCs isolated from control mice following normoxia or hypoxia treatment. (I) ChIP assay confirming the increased H3K18la level in the PPARγ 
promoter region of BM-MSCs isolated from CIH mice. (J) ChIP assay confirming the increased H3K18la level in the PPARγ promoter region of BM-MSCs 
under hypoxic conditions. (K) ChIP assay confirming that 2-DG blocks the hypoxia-induced upregulation of H3K18la levels in the PPARγ promoter region. 
Data in (A) are presented as mean ± SD (n = 12 biologically independent animals). Data in (B)–(K) are presented as means with SEs (n = 3 independent 
experiments). *P < 0.05; **P < 0.01; ***P < 0.001
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femoral growth plate in CIH-treated mice, along with a 
decrease in the number of proliferative chondrocytes. 
In addition, our study demonstrated that CIH reduces 
the expression levels of both serum osteogenic and 
osteoclastic markers, with a more significant reduc-
tion in the expression of osteogenic markers. These 
findings suggest that CIH primarily inhibits long bone 
growth by impairing the osteogenic process.

Next, we investigated how CIH affects long bone 
growth. Research has shown that hypoxia-induced 
HIF-1α activation shifts the bone microenvironment 
toward excessive angiogenesis, thereby impairing 
osteogenesis [24]. Dou et al. reported that CIH trig-
gers metabolic bone disorders by activating the bone 
cannabinoid receptor 1 (CB1R) [25]. Our single-cell 
transcriptomic analysis revealed a significant reduc-
tion in the proportion of osteoprogenitors in CIH-
treated mice, with adipogenic differentiation-related 
pathways enriched in BM-MSCs. Similarly, our metab-
olomic analysis of femoral tissue confirmed the upreg-
ulation of adipogenic differentiation pathways and the 
suppression of osteogenic differentiation pathways. 
Numerous studies have indicated that disruption of 
BM-MSC differentiation homeostasis contributes to 
various common skeletal diseases. Research has shown 
that imbalanced BM-MSC differentiation leads to age-
related bone loss accompanied by an increase in bone 
marrow fat [26]. The antileprosy drug clofazimine has 
been found to cause osteopenia in long bones, char-
acterized by suppressed osteoblast function due to 
enhanced adipogenesis [27]. Conversely, BM-MSCs 
from patients with malignant infantile osteopetrosis 
(MIOP) exhibit a defect in differentiation toward the 
adipogenic lineage, leading to impaired bone remodel-
ing and abnormally increased bone density [28].

Histone lactylation is a recently discovered post-
translational modification that was first reported in 
2019 [29]. Abnormal histone lactylation is a key hall-
mark of numerous diseases, such as cancer and inflam-
matory disorders, and provides new insights into 
targeted therapies for these conditions [30]. Histone 
lactylation is dependent on lactate levels. Glycolysis 
inhibitors can reduce histone lactylation by decreas-
ing lactate production, whereas hypoxia or aerobic 
respiration inhibitors can enhance histone lactylation 
by increasing lactate generation [31]. Our study 
revealed that the CIH mouse model induces a hypoxic 
state in femoral tissue, leading to increased glycoly-
sis and elevated lactate concentrations. Furthermore 
we revealed that CIH-induced lactate accumulation 
increases H3K18la levels in the promoter region of 
the key adipogenic gene PPARγ, thereby activating 
PPARγ transcription and disrupting BM-MSC differ-
entiation homeostasis. Notably, H3K18la induced by 

CIH may regulate multiple genes across the genome. 
In future studies, we aim to employ a ChIP-seq assay 
to identify genome-wide targets of H3K18la, provid-
ing new insights into the mechanisms underlying CIH-
induced long bone growth impairment. In addition, 
current research suggests a complex interplay between 
histone lactylation and histone acetylation [32]. The 
histone acetyltransferase P300 mediates histone lac-
tylation, whereas the enzymes responsible for histone 
delactylation belong to the HDAC (histone deacety-
lase) family [29]. Studies have shown that lactylation 
and acetylation at the same histone site may compete 
with each other [33]. Whether this competition plays a 
regulatory role in CIH-induced long bone growth inhi-
bition remains to be investigated in future research. 
Finally, our results indicate that the PPARγ inhibi-
tor, T0070907, can partially rescue long bone dyspla-
sia induced by CIH in mice, demonstrating promising 
translational potential. However, PPARγ plays a wide-
ranging role in various biological processes. As a 
ligand-activated nuclear receptor, PPARγ primarily 
functions to regulate lipid metabolism, adipogenesis, 
and glucose homeostasis [34]. For example, PPARγ is 
considered a crucial metabolic regulator of hepatic 
lipid metabolism and inflammation [35]. In addition, 
PPARγ can initiate adipose tissue browning and ther-
mogenesis through its interaction with the coactiva-
tor PR domain-containing protein 16 (PRDM16) [36]. 
In addition to its metabolic functions, PPARγ also 
modulates immune responses and has been impli-
cated in various pathological conditions, including 
allergic diseases [37] and certain cancers [38]. There-
fore, PPARγ inhibitors may influence these biological 
processes, which warrants further investigation. In 
our future studies, a comprehensive evaluation of the 
safety of PPARγ-targeted therapy will be highly impor-
tant, particularly regarding its impacts on major organ 
functions, systemic glucose and lipid metabolism, 
inflammatory responses, and pharmacokinetics.

Conclusions
In conclusion, our results revealed that CIH impaired 
long bone growth in growing mice. Further analyses 
indicated that CIH enhances glycolysis and lactate 
production in BM-MSCs, consequently increasing the 
H3K18la level in the promoter region of PPARγ, lead-
ing to its transcriptional activation. As a result, the bal-
ance of BM-MSC differentiation is disrupted, thereby 
inhibiting osteogenic differentiation. Additionally, we 
confirmed that the PPARγ inhibitor T0070907 can 
mitigate CIH-induced long bone growth impairment. 
Our findings provide targeted therapeutic strategies to 
counteract hypoxia-induced skeletal impairments.
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Fig. 6  Application of the PPARγ inhibitor T0070907 alleviates CIH-induced long bone growth impairment. (A, B) Oil Red O and Alizarin Red staining imag-
es of BM-MSCs isolated from CIH-treated mice with or without T0070907 treatment. (scale bar = 100 μm). (C) Relative RNA expression levels of osteogenic 
and adipogenic marker genes in BM-MSCs isolated from CIH-treated mice with or without T0070907 treatment. (D, E) Oil Red O and Alizarin Red staining 
images of BM-MSCs under hypoxic conditions with or without T0070907 treatment. (scale bar = 100 μm). (F) Relative RNA expression levels of osteogenic 
and adipogenic marker genes in BM-MSCs under hypoxic conditions with or without T0070907 treatment. (G) Macroscopic images of CIH-treated mice 
with or without T0070907 treatment. (H, I) The quantification of body weight and body length at all examined time points. (J) Macroscopic images of the 
mouse femur and quantification of femur length. (K) Micro-CT images of the femur from CIH-treated mice with or without T0070907 treatment. (L) The 
quantification of BV/TV%, Tb.N, Tb.Th, Tb.Sp and SMI. (M) H&E-stained images of the distal femur from CIH-treated mice with or without T0070907 treat-
ment. (scale bar = 500 μm). Zoomed-in images show the growth plate cartilage region. (zoom scale bar = 100 μm). (N) The quantification of the lengths of 
RZ, PZ, and HZ. (O) Serum bone turnover marker levels at all examined time points. Data in (C) and (F) are presented as means with SEs (n = 3 independent 
experiments). Data in (G)–(O) are presented as mean ± SD (n = 12 biologically independent animals). *P < 0.05; **P < 0.01; ***P < 0.001
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Abbreviations
OSAS	� Obstructive Sleep Apnea Syndrome
CIH	� Chronic intermittent hypoxia
BM-MSCs	� Bone marrow mesenchymal stem cells
BMP	� Bone morphogenetic protein
BV/TV%	� Bone volume per tissue volume
Tb.N	� Trabecular number
Tb.Th	� Trabecular thickness
Tb.Sp	� Trabecular separation
SMI	� Structure model index
PZ	� Proliferative zone
HZ	� Hypertrophic zone
RZ	� Resting zone
OCN	� Osteocalcin
OSX	� Osterix
PINP	� Procollagen I N-terminal propeptide
β-CTX	� β-cross-linked ctelopeptide of type I collagen
TRAP	� Tartrate-resistant acid phosphatase
OPG	� Osteoprotegerin
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