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High-fat diet-induced osteoporosis in mice s
under hypoxic conditions
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Abstract

In the context of global aging, osteoporosis has emerged as a significant public health concern, with a relatively
high prevalence observed in plateau regions. This study aimed to investigate the effects and underlying
mechanisms of high-fat diet (HFD) and hypoxic conditions on bone metabolism in mice. The mice were subjected
to different dietary regimens (a HFD versus a normal diet) and placed in a hypoxic environment. This study
explored relevant mechanisms through comprehensive assessments, including body and bone morphological
indices, pathological examinations, biochemical analyses, evaluation of gut microbiota diversity, and metabolomics
approaches. The results indicated that, compared with those in the control group, the body weight, Lee’s index,
body mass index (BMI), and body fat percentage of the HFD-fed group were significantly greater. Additionally,

the femoral microstructure was compromised, bone metabolic markers were disrupted, inflammatory responses
were heightened, gut microbiota diversity was altered, and specific intestinal metabolites such as Anserine were
downregulated, whereas L-carnosine was upregulated. Spearman correlation analysis and network visualization
elucidated the multifactorial influence mechanism of a HFD on bone metabolism under hypoxic conditions.

These factors interconnect to form a complex network that drives osteoporosis development. Notably, L-carnosine
occupies a central position within this network, serving as a key hub for interactions among various factors. Under
the dual stressors of hypoxia and a HFD, this network becomes imbalanced, leading to bone metabolic disorders
and osteoporosis. This study provides insights into the multifactorial mechanisms of osteoporosis induced by a HFD
and hypoxia in mice, offering a foundation for subsequent research and preventive strategies for osteoporosis in
plateau areas.

Remark

1. This study is not a clinical trial, so there is no clinical trial number. Clinical trial number: not applicable.
2. Western Blot test was not performed in this study, so there were no full uncropped Gels and Blots images (s).

Keywords Hypoxia, HFD, Bone metabolism, Gut

*Yajun Qiao and Huimin Zheng contributed equally to this work. %Qinghai Provincial Key Laboratory of Tibetan Medicine Pharmacology
and Safety Evaluation, Northwest Institute of Plateau Biology, Chinese

*Correspondence: Academy of Science, 23 Xinning Road, Xining 810001, China

Hongtao Bi 3Department of Pharmacy, Qinghai Minzu University, Xining

bihongtao@hotmail.com 810007, China

Zhongshu Shan “University of Chinese Academy of Sciences, 19(A) yuguan road,

zhongshu0320@163.com Beijing 10049, China

'Department of Orthopedic Surgery, People’s Hospital of Qinghai *Xining Chengxi District Center for Disease Control and Prevention,

Province, 2 Gonghe Road, Xining 810007, China Fuxing Lane 8, Xining 810007, China

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12891-025-08725-6&domain=pdf&date_stamp=2025-5-15

Qiao et al. BMC Musculoskeletal Disorders (2025) 26:487

Introduction

Osteoporosis is characterized by impaired bone remodel-
ing driven by dysregulated crosstalk between osteoblasts
(bone formation) and osteoclasts (bone resorption) [1—
2]. Additionally, the high medical costs of osteoporosis
impose significant economic burdens on both individu-
als and governments [3]. Several studies have found that
the unique environment at high altitudes exacerbates the
occurrence of osteoporosis [4—6]. Hypoxia may be one
of the inducing factors for osteoporosis, and the unique
hypoxic environment at high altitudes plays a crucial
role in bone tissue development [7]. Hypoxia profoundly
affects bone metabolism, disrupting the balance between
bone formation and resorption to promote osteoporo-
sis [8]. Animal studies have shown that reducing oxygen
concentration to 2% inhibits osteoblast mineralization
and decreases osteocalcin expression in rats, hinder-
ing osteoblast differentiation [9]. Importantly, hypoxia
induces a reversible quiescent state in osteoblasts, lead-
ing to apoptosis. It impairs mitochondrial respiration
by downregulating genes involved in respiration and
oxygen consumption rate (OCR) while increasing glyco-
lytic pathway activity [10]. Moreover, hypoxia activates
the hypoxia-inducible factor (HIF) signaling pathway.
Since osteoclasts rely on glycolysis during bone resorp-
tion and HIF enhances glycolysis, hypoxia significantly
influences bone metabolism via HIF [11-12]. Addition-
ally, osteoblast-specific activation of HIF-la promotes
osteoclast differentiation [13-14], indicating that HIF
plays a central role in mediating communication between
osteoblasts and osteoclasts. However, dietary patterns in
high-altitude environments differ markedly from those in
lowland areas. The plateau diet often involves high intake
of protein, calories, and fat [15], with HFD potentially
affecting bone metabolism. Most studies show that HFD
cause bone loss under normoxic conditions [16-18]; for
example, Tencerova et al. found that HFD-induced obe-
sity promotes bone marrow adipose tissue expansion
and impairs bone stem cell function in mice [16], while
Pickert et al. reported that insulin signaling and Dkk-1
signaling in mice bone marrow may be pathways through
which HFD induce bone loss under normoxic condi-
tions [17]. Notably, a few studies in lowland settings sug-
gest HFD may help achieve peak bone mass [19], but this
remains inconclusive due to insufficient evidence.

While hypoxia and HFD are each recognized as risk
factors for bone loss, their combined impact in high-
altitude environments—where chronic hypoxia and
increased high-calorie, high-fat food intake coexist—
remains poorly understood. Existing evidence suggests
these factors may synergistically exacerbate bone loss,
such as hypoxia enhancing osteoclastogenesis via HIF-
la-mediated glycolysis and activating pro-inflammatory
NF-«B signaling [20-27], and HFD promoting systemic
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inflammation via gut microbiota dysregulation under
normoxic conditions [28—30]. However, most prior stud-
ies have investigated hypoxia or HFD in isolation, lack-
ing insights into their potential joint effects on bone
metabolism—particularly the mechanisms underlying
osteoblast-osteoclast crosstalk under combined expo-
sure, the remote regulatory effects of tissue-specific
inflammation in the gut and adipose tissue on bone, and
whether HFD-induced gut microbiota dysregulation
exacerbates hypoxic stress. Therefore, this study is the
first to integrate hypoxic exposure (simulating high-alti-
tude environments) and HFD in a mice model, focusing
on inflammatory levels in gut and adipose tissues, as well
as changes in gut microbiota and metabolism. The aims
are to clarify the skeletal effects of combined exposure,
reveal the dual-factor inflammatory network, and fill
critical gaps in the pathogenesis of osteoporosis in high-
altitude regions, providing a scientific basis for develop-
ing preventive strategies targeting “environment-diet”
interactions.

Methods

Experimental animals

Forty 5-6-week-old male Kunming (KM) mice were pur-
chased from Sipeifu (Beijing) Biotechnology Co., Ltd.
[License number: SCXK (Jing) 2024-0001]. The mice
were housed in standard cages with wood chip bedding
at a controlled ambient temperature of 22+1 °C under
a 12-hour light/dark cycle (artificial lighting from 7:00
AM to 7:00 PM), with free access to standard laboratory
diet and distilled water. All animal procedures complied
with the ARRIVE guidelines and the National Institutes
of Health Guidelines for the Care and Use of Laboratory
Animals (NTH Publication No. 8023, revised 1978), and
were approved by the Animal Ethics Committee of the
Northwest Plateau Biology Institute, Chinese Academy of
Sciences (License number: NWIPB20171106-01). During
the experiment, cervical dislocation was employed as the
euthanasia method for each mice.

Test grouping and treatment

Mice were first fed a high-fat diet (60 kcal% fat; Item
number: D12492) for two weeks to induce obesity sus-
ceptibility. After weighing, 16 mice with the highest body
weights (indicating obesity-prone phenotypes) were
selected. To ensure baseline comparability, these mice
were then randomly assigned to the control group (n=8)
and HFD group (n=8) using a computer-generated ran-
dom number table (GraphPad Prism 9). Prior to group-
ing, body weights were compared between groups via
independent t-test to confirm no significant differences
(p>0.05). Both groups were housed in a hypoxic incuba-
tor (oxygen concentration: 16%, simulating 2000-2200 m
altitude) [31]. The control group received a standard
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laboratory diet, while the HFD group continued on the
high-fat diet for an additional 8 weeks. Body weights
were recorded weekly, and the experimental procedure is
illustrated in Fig. 1 [32].

Measurement of body weight, body length, body fat
percentage, Lee’s index, and BMI

After the behavioral tests, the mice were deprived of
water for 12 h. The following day, their final body weight
and length were measured. The Lee index and BMI coef-
ficients were subsequently calculated. The mice were
then anesthetized with isoflurane, and the wet weights
of the subcutaneous fat in the groin, epididymal fat,
perirenal fat, and brown fat in the scapular region were
recorded. Body fat percentage, Lee’s index, and BMI were
computed according to the formulas detailed in Table 1.

Micro-CT detection of mice femurs

Mice were humanely euthanized, and left femurs were
isolated, with attached tissues removed. Samples were
fixed in 4% paraformaldehyde for 24 h, blotted dry, and
scanned using a micro-CT device. Scanning parameters
were optimized for femur characteristics: tube voltage
60 kV, current 200 pA, layer thickness 0.2 mm, cover-
ing the distal femur. Data were acquired at 0.6° steps
over 180° using SkyScan software, reconstructed with
NRecon, and postprocessed in Data Viewer. Three-
dimensional images were analyzed for regions of inter-
est: cancellous bone (1-1.7 mm below the epiphysis) and
cortical bone (2.3—3 mm below the epiphysis). Calculated
indices included bone volume fraction (BV/TV), trabecu-
lar separation (Tb.Sp), thickness (Tb.Th), number (Tb.N),
cortical thickness (Ct.Th), and total void volume (BV).
Results were recorded by sample ID for statistical analy-
sis [35].

Pathological analysis of bone, gut, and adipose tissue
After 8 weeks of HFD, mice were euthanized, and colon,
inguinal, and epididymal adipose tissues were promptly
excised on ice. Femurs were decalcified in 10% EDTA for
1-3 weeks (solution changed every 2—3 days) post-micro-
CT [36]. Tissues were fixed in 4% paraformaldehyde,
paraffin-embedded, and sectioned at 5 pm. HE staining
was performed on colon and adipose tissue sections for
pathological evaluation using a light microscope. For
bone tissue, 3—5 pum sections were dewaxed, rehydrated,
and treated with 3% H,O, to inactivate peroxidase. After
PBS washes, sections were stained with TRAP solution
at 37 °C for 30—-60 min, counterstained with hematoxy-
lin, differentiated, dehydrated, cleared, and mounted for
microscopy [37].
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Quantification of monoamine neurotransmitters, Hypoxia-
Inducible factors, immune factors, and indices of gut injury
via Enzyme-Linked immunosorbent assays (ELISAs)

After behavioral tests, mice were anesthetized with
isoflurane. Blood was collected via cardiac puncture
into anticoagulant-containing tubes, mixed gently, and
plasma was isolated by centrifugation at 4 °C, 3000 rpm
for 5 min. Mice were euthanized, and colon, inguinal,
and epididymal tissues were harvested and stored in PBS
(pH 7.4). Tissues were homogenized at 60 Hz, 1800 rpm
for 2 min, then centrifuged at 4 °C, 5000 rpm for 10 min
to obtain supernatants. Plasma and tissue samples were
stored at -80 °C. Levels of alkaline phosphatase (ALP),
parathyroid hormone (PTH), vitamin D (VD), HIF-1a,
HIF-2a, TNFq, IL-4, IL-6, IL-10, calprotectin (CALP) and
lipopolysaccharide (LPS) were quantified by ELISA fol-
lowing the manufacturer’s instructions using an EnSpire
2300 plate reader at 450 nm. ELISA kits were from Quan-
zhou Jiubang Biotechnology Co., Ltd., China.

16 S rDNA analysis

To assess gut microbiota changes, fresh rectal contents
were collected from isoflurane-anesthetized mice, fro-
zen in liquid nitrogen, and stored at —80 °C. DNA was
extracted from samples (n=6 per group) using the Mag-
Bind Soil DNA Kit, with purity/concentration evaluated
by 1% agarose gel electrophoresis. The V3-V4 hyper-
variable region of 16 S rDNA was amplified via PCR
using primers 338 F/806R. Amplicons were purified
and sequenced on the Illumina NovaSeq 600 platform.
Paired-end reads were merged by FLASH, and OTU
clustering/species annotation were performed using
UPARSE. Bacterial relative abundances (phylum to spe-
cies level) were visualized via Krona charts [38].

Metabolite analysis

Metabolomics analyzed gut differential metabolites.
After 16 S rDNA sequencing, samples were analyzed by
UHPLC coupled with quadrupole time-of-flight mass
spectrometry. A BEH Amide column (2.1 mm x 100 mm,
1.7 pm) was used for HILIC separation with mobile
phases: A (25 mM ammonium acetate/ammonium
hydroxide in water), B (acetonitrile). The gradient was:
95% B (0.5 min) — 65% B (6.5 min) — 40% B (1 min) —
95% B (0.1 min), with 3 min re-equilibration. ESI source
conditions: Gas1/Gas2 at 60 °C, CUR 30 °C, source temp
600 °C, ISVF+5500 V. MS scans covered m/z 60—1000
(0.20 s/spectrum); auto MS/MS scanned m/z 25-1000
(0.05 s/spectrum) with CE 35 V+15 eV. Raw data were
converted to MzXML and processed with XCMS for
peak grouping, retention time correction and peak area
extraction [39].
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Table 1 Formulas for calculating body fat percentage, Lee’s
index, and BMI [33-34]
Body fat percentage

[groin fat+epididymal fat + perirenal
fat+brown fat] (g)/body weight (g) x 100%

Lee’s index Body weight "2 (g)/Body length (cm) x
1000
BMI Body weight (g)/Body length % (cm)

Statistical methods

All the data are presented as the means + standard devia-
tions (SDs). The samples in the two groups were generally
normally distributed. A fully randomized experimental
design was employed, and independent sample t tests
were conducted via SPSS 22.0 software to compare the
mean values between groups. Levene’s test was used to
assess homogeneity of variance. In cases where variances
were unequal, Welch’s t test was applied for correction.
Spearman correlation analysis was also performed via
SPSS 22.0. A p value<0.05 was considered statistically
significant. Data visualization was carried out via Origin
2022 software.

Results

Effects of HFD on body weight, Lee’s index, BMI, and body
fat percentage in mice under hypoxic conditions

As shown in Fig. 2A1, the body weights of the mice in
the HED group significantly increased over time com-
pared with those of the control group (7 days: 15.09%,
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P<0.001; 14 days: 6.73%, P<0.001; 21 days: 21.46%,
P<0.001; 28 days: 29.65%, P<0.001; 35 days: 32.63%,
P<0.001; 42 days: 28.85%, P<0.001; 49 days: 29.35%,
P<0.001; 56 days: 15.83%, P<0.001). In the intragroup
comparisons (Fig. 2A2), the body weights of the mice in
the control group also increased significantly over time (7
days: 4.21%; 14 days: 20.03%, P<0.001; 21 days: 25.14%,
P<0.001; 28 days: 25.05%, P<0.001; 35 days: 30.45%,
P<0.001; 42 days: 36.19%, P<0.001; 49 days: 37.62%,
P<0.001; 56 days: 48.61%, P<0.001). However, the
rate of increase was markedly more pronounced in the
HEFD group (7 days: 20.22%, P<0.001; 14 days: 28.41%,
P<0.001; 21 days: 52.36%, P<0.001; 28 days: 62.52%,
P<0.001; 35 days: 73.43%, P<0.001; 42 days: 75.90%,
P<0.001; 49 days: 78.44%, P<0.001; 56 days: 72.54%,
P<0.001).

Specifically, the body weight of the mice in the HFD
group was approximately 1.22 times greater than that of
the control group at various time points (7 days: 1.15;
14 days: 1.07; 21 days: 1.21; 28 days: 1.30; 35 days: 1.33;
42 days: 1.29; 49 days: 1.29; 56 days: 1.16), with the most
substantial difference observed at 35 days. As shown in
Fig. 2B and C, after 56 days of HFD consumption, the Lee
index (7.12%, P<0.01), BMI (22.20%, P<0.01), and body
fat percentage (109.32%, P<0.01) of the mice in the HFD
group were significantly greater than those in the control

group.
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Fig. 3 The effects of a HFD on the femurs, colon, and adipose tissue of mice under hypoxic conditions. Note: (A) Micro-CT scan image of femur; (B) bone
volume to tissue volume ratio (BV/TV, %); (C) bone surface to tissue volume ratio (BS/TV, mm™"); (D) trabecular number (Tb.N, mm™"); (E) trabecular spac-
ing (Tb.Sp, mm); (F) trabecular thickness (Tb.Th, mm); (G) cortical thickness (Ct.Th, mm); (H) pore volume (Po.V, mm?3); (I) HE staining of adipose tissue
(scale bar =40 um); (J) HE staining of colon tissue (longitudinal section: scale bar =40 pm; cross section: scale bar =200 um); (K) HE staining of femur
tissue (scale bar =200 pm); (L) TRAP staining of femur tissue (scale bar =20 um); (M) Number of osteoclasts in femoral tissue.The data are presented as the
means+SDs (A-H: n=6; I-M: n=3). *P<0.05 and **P < 0.01 indicate statistically significant differences compared with the control group

Micro-CT was utilized to examine the impact of a HFD on
the femoral architecture of mice under hypoxic conditions
As illustrated in Fig. 3A, compared with the control
group, the HFD group exhibited partial disruption of the
femoral trabecular network in cross-sectional images and
a markedly sparser porous structure in longitudinal sec-
tions. As shown in Fig. 3B-H, compared with those in the
control group, significant reductions in BV/TV (14.36%,
P<0.01), BS/TV (11.43%, P<0.05), Tb.N (20.62%,
P<0.01), Tb.Th (27.12%, P<0.01), and Ct.Th (19.33%,
P<0.05) were detected. Conversely, there were significant
increases in Tb.Sp (29.65%, P<0.05) and Po.V (88.31%,
P<0.01).

Effects of HFD on femur, colon, and adipose tissues in mice
under hypoxic conditions

HE staining of adipose tissue (Fig. 3I) revealed that, com-
pared with those in the control group, epididymal and
inguinal fat cells in the HFD group were significantly
enlarged. The number of intracellular lipid droplets
increased, and they fused, leading to an expanded cellular
appearance, reduced intercellular space, and denser cell
distribution. HE staining of colon tissue (Fig. 3]) revealed
that, relative to those in the control group, the intestinal
epithelial cells in the HFD group exhibited a disordered
arrangement and partial shedding of cells. Additionally,
there was increased infiltration of immune cells in the
lamina propria, decreased length and density of the intes-
tinal villi, an irregular villus shape, and some instances of
villus atrophy, shortening, or even rupture.

HE staining of femur tissue (Fig. 3K) revealed that
the bone trabecular structure in the control group was
dense and uniform, with complete and clear connections
between trabeculae. In contrast, the HFD group pre-
sented sparse trabecular bone, thinner trabeculae, and
wider spacing between trabeculae. Moreover, the number
of hematopoietic cells in the bone marrow cavity of HFD-
fed mice was significantly reduced, whereas the number
of fat cells increased. Tartrate-resistant acid phosphatase
(TRAP) staining (Fig. 3L) indicated that the osteoclast
distribution in the femur tissue of control mice was rela-
tively sparse and dispersed. In the HFD group, not only
did the number of osteoclasts increase, but their distri-
bution also became more concentrated. Furthermore, the
number of osteoclasts in the HFD group was significantly
greater than that in the control group (Fig. 3M, P<0.01).

Effects of HFD on bone metabolism indices in the

plasma, adipose tissue, and Colon of mice under hypoxic
conditions

As illustrated in Fig. 4A, compared with those in the con-
trol group, the plasma ALP level in the HED group signif-
icantly increased by 54.66% (P <0.001) and the PTH level
significantly decreased by 46.19% (P<0.001), whereas
the VD level significantly decreased by 9.38% (P<0.001).
Figure 4B shows that, relative to those in the control
group, the ALP and PTH levels in the groin fat of the
HED group significantly increased by 21.84% (P<0.001)
and 231.09% (P<0.001), respectively, whereas the VD
level significantly decreased by 8.57% (P<0.01). As
depicted in Fig. 4C, compared with those in the control
group, the levels of PTH in the colon tissue of the HFD
group were significantly greater (141.09%, P<0.001),
whereas the ALP and VD levels were significantly lower
(15.33%, P<0.01) and 7.17%, P<0.01), respectively. Fig-
ure 4D shows that, compared with those in the control
group, the ALP, PTH, and VD levels in the colon were
significantly greater in the HFD group (36.52% [P<0.01],
37.16% [P<0.01], and 10.16% [P <0.01], respectively).

Effects of a HFD on gut damage and Hypoxia-Inducible
factor indices in the Colon of mice under hypoxic
conditions

As shown in Fig. 5A, compared with those in the con-
trol group, CALP levels were significantly increased
by 15.20% (P<0.01), and LPS levels were significantly
increased by 33.83% (P<0.001). As depicted in Fig. 5B,
compared with those in the control group, the HIF-1a
level increased by 41.07% (P<0.001), the HIF-2 level
increased by 62.30% (P<0.001), and the HIF-2a level
increased by 66.21% (P <0.001).

Effects of HFD on inflammatory responses in mice under
hypoxic conditions

As shown in Fig. 5C, compared with the control group,
the HFD group presented a significant increase in plasma
TNFa« levels (44.94%, P<0.01) and in IL-6 levels (13.57%,
P<0.001), whereas the IL-10 level decreased by 5.92%,
P<0.05). As shown in Fig. 5D, relative to the control
group, the HFD group presented a 73.69% increase in
TNFa« levels (P<0.01) and a 56.13% increase in IL-6 lev-
els (P<0.001) within groin fat, with IL-10 levels decreas-
ing by 17.19% (P<0.01). As shown in Fig. 5E, compared
with those from the control group, epididymal fat from
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the HED group presented a 23.49% increase in TNF« lev-
els (P<0.01), a 56.62% increase in IL-6 levels (P<0.01),
and a 32.86% decrease in IL-10 levels (P<0.001). Finally,
as depicted in Fig. 5F, the HFD group experienced a sub-
stantial increase in TNFa levels of 262.54% (P<0.001)
and in IL-6 levels of 50.35% (P<0.001), along with a
24.42% reduction in IL-10 levels (P <0.01).

Effects of HFD on gut microbiota diversity in mice under
hypoxic conditions
Alpha and beta diversity analysis of the gut microbiota
In the alpha diversity analysis (Fig. 6A), compared with
the control group, the HFD group presented statistically
significant reductions in ACE (abundance-based cover-
age estimator, P<0.001), Chaol (P<0.001), and Shannon
(P<0.001) indices and an increase in the Simpson index
(P<0.01). These results indicate a decrease in species
richness and evenness within the HFD group. Principal
coordinate analysis (PCoA) based on the Bray-Curtis
distance (Fig. 6B) revealed distinct clustering patterns in
microbiota composition and structure between the con-
trol and HFD groups, as evidenced by PC1 (41.3%), PC2
(32.1%), and PC3 (11.5%). These findings suggest that a
HED significantly alters the overall microbial community
structure under hypoxic conditions.

LEfSe (linear discriminant analysis effect size) analysis
is illustrated in Fig. 6C. The cladogram depicts the genus-
level microbial taxa that significantly contribute to group

differentiation. According to the statistical analysis, gen-
era such as Bacteroides, Rikenellaceae RC9 gut group,
uncultured taxa, Helicobacter, Mucispirillum, Anaero-
plasma, Dubosiella, Faecalibaculum, Lactobacillus, Lac-
tococcus, Anaerofustis, Anaerostipes, Lachnoclostridium,
Lachnospiraceae UCG-006, Monoglobus, UCG-005, Pal-
udicola, Eubacterium siraeum group, UCG-010, Eubac-
terium coprostanoligenes group, Family XI UCG-001,
Parasutterella, Psychrobacter, and Akkermansia were
identified as important subgroups of the gut microbiota
in the control group. In contrast, Muribaculaceae, Muri-
baculum, Prevotellaceae UCG-001, uncultured taxa,
Erysipelatoclostridiaceae, — Enterococcus,  Vagococcus,
Staphylococcus, Tuzzerella, Colidexribacter, Anaerotrun-
cus, Anaerovorax, Sneathia, and Escherichia-Shigella
were significantly different microflora in the HFD group.
Additionally, the histogram of the LDA value distribution
(Fig. 6C2) highlights species with an LDA score greater
than the threshold of 3, indicating statistically significant
differences between groups. Specifically, 14 species in the
control group and 10 species in the model group exhib-
ited notable differences.

KEGG functional prediction of the gut microbiota

The KEGG functional prediction of the gut microbiota
is illustrated in Fig. 6D. At the third hierarchical level,
the differential pathways identified included glycolysis/
gluconeogenesis; pyruvate metabolism; cysteine and
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Fig. 7 Effects of a HFD on gut metabolism in mice under hypoxic conditions, with Spearman correlation analysis and network visualization. (n=6). Note:
(A) PCA; (B) volcano plots; (C) enriched KEGG pathways; (D) differentially expressed metabolites; (E) Correlation analysis between the gut microbiota and
metabolites; (F) correlation between gut metabolites and body and bone morphological indices; (G) correlation analysis between gut metabolites and
HIF, as well as indices of gut injury; (H) correlation analysis between gut metabolites and bone metabolism indices; (I) correlation analysis between gut
metabolites and cytokines; (J) correlation network diagram. In Fig. 7J, the node size reflects the connectivity of each substance, defined as the number
of other substances that are significantly correlated with it. Higher connectivity is represented by larger node sizes. Additionally, the thickness of the lines
between nodes represents the absolute value of the correlation coefficient; a thicker line indicates a stronger correlation

methionine metabolism; alanine, aspartate, and gluta-
mate metabolism; glycine, serine, and threonine metabo-
lism; amino sugar and nucleotide Sugar and nucleotide
Sugar metabolism; pentose phosphate pathway; galactose
metabolism; fructose and mannose metabolism; phenyl-
alanine, tyrosine, and tryptophan biosynthesis; histidine
metabolism; valine, leucine, and isoleucine biosynthesis;
pentose and glucan interconversions; arginine and pro-
line metabolism; valine, leucine, leucine, and isoleucine
metabolism; isobaline metabolism; isoleucine and proline
degradation; tyrosine metabolism; tyrosine metabolism;
taurine and Hypotaurine metabolism; and glycosamino-
glycan degradation.

Differences in the relative abundance of the gut microbiota
at the genus level

As shown in Fig. 6E, compared with those in the con-
trol group, the relative abundances of g-Muribaculaceae
(P<0.001), g-Lactobacillus (P<0.001), g-Dubosiella
(P<0.001), and g-Bifidobacterium (P<0.01) in the HFD
group were significantly lower. Conversely, the rela-
tive abundances of the g-Bacteroides (P<0.001) and
g-Rikenellaceae RC9 gut groups (P<0.001) increased
significantly. Additionally, Spearman correlation analy-
sis was conducted between the differential flora and
KEGG-predicted functional pathways (Fig. 6F). The gen-
era g-Bacteroides and g-Rikenellaceae RC9 gut groups
presented positive correlations with insulin resistance,
particularly in metabolic pathways such as cysteine
and methionine metabolism; alanine, aspartate, and
glutamate metabolism; glycine, serine, and threonine
metabolism; phenylalanine, tyrosine, and tryptophan
biosynthesis; histidine metabolism; valine, leucine, and
isoleucine biosynthesis; arginine and proline metabo-
lism; and valine, leucine, and isoleucine degradation. In
contrast, g-Lactobacillus and g-Bifidobacterium were
negatively correlated with these metabolic pathways and
insulin resistance.

Effects of HFD on gut metabolism in mice under hypoxic
conditions

As illustrated in Fig. 7A, principal component analysis
(PCA) revealed significant differences in the composi-
tion and structure of the gut metabolites between the
control and HFD groups (PC1: 21.7%, PC2: 12.8%, PC3:
10.8%). The volcano plot presented in Fig. 7B highlights
the differential expression of metabolites between the

two groups (P value<0.05; log2(fold change) < -2 indi-
cates downregulation, and log2(fold change) >2 indicates
upregulation). Specifically, 19 metabolites were upregu-
lated, whereas 85 metabolites were downregulated. Fig-
ure 7C illustrates the top 20 enriched KEGG pathways,
with histidine metabolism being consistent with the
flora association pathway depicted in Fig. 6F. As shown
in Fig. 7D, three differentially expressed metabolites
involved in His metabolism were clustered. Compared
with those in the control group, Anserine and L-Histi-
dine were significantly downregulated, whereas L-Carno-
sine was significantly upregulated in the HFD group.

Spearman correlation analysis and network visualization
Correlation analysis between gut metabolites and the
microbiota, as well as body and bone morphological indices
The results of the correlation analysis between the gut
microbiota and metabolites are presented in Fig. 7E.
L-Carnosine was significantly positively correlated with
the g-Bacteroides and g-Rikenellaceae RC9 gut groups
but significantly negatively correlated with the g-Lacto-
bacillus and g-Bifidobacterium gut groups. Conversely,
Anserine and L-Histidine were positively correlated with
g-Lactobacillus and g-Bifidobacterium and negatively
correlated with g-Bacteroides and g-Rikenellaceae RC9.
As shown in Fig. 7F, anserine and L-histidine were sig-
nificantly positively correlated with BS/TV, Tb.N, Tb.Th,
and Ct.Th, whereas they were significantly negatively cor-
related with BMI, Lee’s index, body fat percentage, Tb.SP,
and Po.V. In contrast, L-carnitine was positively corre-
lated with BMI, Lee’s index, body fat percentage, Tb.SP,
and Po.V. and negatively correlated with BS/TV, Tb.N,
Tb.Th, and Ct.Th.

Correlation analysis between gut metabolites and HIF, gut
injury, and bone metabolism indices

The results of the correlation analysis between the gut
metabolites and the HIF and gut injury indices are pre-
sented in Fig. 7G. Specifically, Anserine and L-Histidine
were significantly negatively correlated with Colon-
LPS, Colon-CALP, Colon-HIF-1a, and Colon-HIF-2q,
whereas L-Carnosine was positively correlated with
these parameters. Furthermore, the correlation analy-
sis between gut metabolites and bone metabolism indi-
ces is illustrated in Fig. 7H. Anserine and L-histidine
were significantly positively correlated with plasma-VD,
groin fat-VD, epidermis fat-ALP, and epidermis fat-VD,
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whereas they were significantly negatively correlated with
plasma-ALP, plasma-PTH, groin fat-ALP, groin fat-PTH,
epidermis fat-PTH, Colon-ALP, Colon-PTH, and Colon-
VD. Conversely, L-carnosine was significantly negatively
correlated with plasma-VD, groin fat-VD, epidermis
fat-ALP, and epidermis fat-VD but positively correlated
with plasma-ALP, plasma-PTH, groin fat-ALP, groin fat-
PTH, epidermis fat-PTH, colon-ALP, colon-PTH, and
colon-VD.

Correlation analysis between gut metabolites and cytokines
The results of the correlation analysis between the gut
metabolites and cytokines are shown in Fig. 71. Anserine
and L-Histidine were significantly positively correlated
with Colon-IL-10, Groin fat-1L-10, Epididymis fat-IL-6,
Epididymis fat-IL-10, and Plasma-IL-10. Conversely,
these metabolites were significantly negatively correlated
with Colon-TNFa, Groin fat-TNF«, Groin fat-IL-6, Epi-
didymis fat-TNFa, Plasma-TNFa, and Plasma-IL-6. In
contrast, L-carnosine was significantly negatively cor-
related with Colon-IL-10, Groin fat-IL-10, Epididymis
fat-IL-6, Epididymis fat-IL-10, and Plasma-IL-10 but
positively correlated with Colon-TNF«, Groin fat-TNFa,
Groin fat-IL-6, Epidididymis fat-TNF«, Plasma-TNFaq,
and Plasma-IL-6.

Correlation network diagram

As illustrated in Fig. 7L, the gut microbiota, includ-
ing g-Lactobacillus, g-Bacteroides, g-Rikenellaceae RC9,
and g-Bifidobacterium, exhibited significant correlations
with gut injury, hypoxia-inducible factors, gut metabo-
lites, and cytokines. Notably, specific gut metabolites,
such as L-carnosine, anserine, and L-histidine, occupy
central positions within the network. These metabolites
are closely associated not only with the gut microbiome
but also with bone metabolic markers and cytokines.
These findings suggest that these metabolites may serve
as key intermediaries in the interaction between the gut
and bone tissues, participating in the regulation of bone
metabolism and other critical physiological processes.
Furthermore, significant associations were observed
between bone metabolic indicators (ALP, PTH, and VD)
and gut-related parameters (gut microbiota, gut dam-
age indicators, and gut metabolites), as well as body and
bone morphological indicators. Cytokines, including
TNF-«, IL-6, and IL-10, also demonstrated significant
correlations with gut-related markers and bone metabo-
lism markers. In the correlation network diagram, the
node representing the metabolite L-carnosine was nota-
bly the largest, indicating extensive connections with the
gut microbiome, gut damage indicators, bone metabo-
lism indicators, and physical and bone morphological
indicators.

Page 13 of 18

Discussion

In the context of global aging, osteoporosis has emerged
as a prominent public health concern, significantly
impacting patients’ quality of life and imposing substan-
tial medical and economic burdens [1-2]. Notably, the
incidence of osteoporosis in plateau regions is mark-
edly greater than that in lowland areas [4—6]. In plateau
environments, residents often consume diets rich in pro-
tein, calories, and fat [15], which may contribute to the
increased prevalence of osteoporosis. However, there is
insufficient research elucidating the effects of the combi-
nation of hypoxia and high-fat diets on bone metabolism.
Therefore, this study investigated the combined effects of
altitude-induced hypoxia and a HFD on bone metabo-
lism in mice, exploring the multifactorial mechanisms
involved in osteoporosis through the inflammatory-
bone-intestinal metabolic pathway. One of the key char-
acteristics induced by a HED is alterations in body weight
and indices [40-41]. In this study, the mice were sub-
jected to a HFD combined with hypoxic conditions. The
results demonstrated that under identical hypoxic con-
ditions, the body weights of the mice in the HFD group
increased significantly over time compared with those
of the control group. Additionally, Lee’s index, BMI, and
body fat percentage were markedly greater in the HFD
group than in the control group. Pathological examina-
tions further revealed that a HFD led to an enlargement
of adipose tissue cells in mice. These findings indicate
that a HFD successfully induced obesity in mice, which is
consistent with He et al’s observation of increased adipo-
cyte size in HFD-fed mice [42]. The current literature also
suggests that HFD-induced obesity is a significant risk
factor for bone metabolic disorders [19-43]. Kim et al.
reported that HFD-fed mice presented reduced trabecu-
lar volume and cortical thickness [43]. Consequently, we
performed micro-CT scans and histopathological assess-
ments of the femur, revealing that compared with the
control diet, the HFD resulted in disruption of the femo-
ral trabecular network, thinning of cortical bone, micro-
structural degeneration, and a significant increase in the
number of osteoclasts.

In bone metabolism, ALP, PTH, and VD are among
the most important markers [44—45]. Specifically, ALP
is an extracellular enzyme produced by osteoblasts and
serves as a key indicator of bone formation [44]. Clini-
cal studies have demonstrated that ALP levels are linearly
related to the activity of osteoblasts and preosteoblasts.
The quantitative measurement and dynamic monitoring
of ALP levels provide a reliable basis for the early diagno-
sis of bone metabolic diseases, particularly osteoporosis
[46]. During the regulation of bone metabolism, calcium
and phosphorus homeostasis is regulated primarily by
PTH and VD [45]. Research indicates that PTH exerts
dual effects on bone formation and resorption, with its
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biological impact depending on dosage. At high doses,
PTH increases osteoclast activity relative to osteoblast
activity, leading to greater bone loss than bone forma-
tion [47]. Additionally, VD promotes calcium absorption
through various tissues, regulates osteoclastogenesis, and
enhances bone resorption [48]. In this study, we exam-
ined biochemical markers of bone metabolism in plasma,
colon, and adipose tissue. The results indicated that a
HED induced significant increases in ALP and PTH levels
in plasma, fat, and colon tissues but caused a significant
decrease in VD levels. These findings align with those
reported by Nirwan and Zhang et al. regarding HFD-
induced osteoporosis in mice under normal conditions
[18-49]. Notably, our results also suggest that a HFD
can induce osteoporosis in mice under hypoxic condi-
tions. Furthermore, a HFD led to increased expression of
HIF-1a, HIF-2«, and HIF-2 in hypoxic mice. Therefore,
we hypothesize that a HFD and hypoxia may have syner-
gistic effects, potentially exacerbating bone loss in mice
under hypoxic conditions. In plateau regions, the dietary
patterns of Tibetan and certain ethnic minority groups
are typically characterized by high-calorie and high-fat
intake, whereas some Han individuals maintain a stan-
dard diet. Based on this clinical observation, we aimed to
compare the effects of a normal diet versus a high-fat diet
on bone metabolism in a hypoxic environment. Conse-
quently, our study focused solely on the pathways of bone
metabolic disorders induced by a HFD combined with
hypoxic stimulation. The mechanisms underlying bone
metabolic disorders caused by hypoxia or HED alone, as
well as the combined effects of hypoxia and HFD, remain
unexplored. This represents one of the limitations of our
study.

Inflammatory responses may serve as a central mecha-
nism linking HFD consumption, hypoxia, and osteoporo-
sis [28, 50, 51]. Since a HFD has been shown to induce
osteoporosis, inflammation appears to be the primary
pathway involved in this process [28]. Hypoxia also con-
tributes to bone metabolic disorders, with inflamma-
tion likely playing a crucial role [52]. Consequently, we
investigated cytokine expression in mice tissues exposed
to a HFD under hypoxic conditions. Our results demon-
strated that compared with the control diet, the HFD sig-
nificantly increased the levels of proinflammatory factors
(TNF-a and IL-6) while decreasing the levels of an anti-
inflammatory factor (IL-10) in mice tissues. Moreover,
a HFD exacerbated intestinal hypoxia in mice within a
hypoxic environment, thereby intensifying inflammatory
responses. In colonic tissue, a HFD led to epithelial cell
damage, increased immune cell infiltration, alterations in
the intestinal villus structure, and elevated levels of the
intestinal injury markers CALP and LPS. These findings
suggest that inflammatory factors exhibit significant vari-
ations both systemically and locally within the intestine.
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Once intestinal barrier function is compromised, harm-
ful substances such as endotoxins can enter the blood-
stream, triggering a systemic inflammatory response that
affects bone tissue via the circulation. Given that inflam-
matory factors can directly or indirectly influence osteo-
blasts and osteoclasts [53—54], Shin and Johnson et al.
reported that elevated TNF-a and IL-6 levels promote
osteoclast differentiation and activation while inhibiting
osteoblast function [55-56], which aligns with our exper-
imental observations.

The literature has established a significant association
between the gut microbiota and bone metabolism, with
gut microbes influencing bone health through multiple
mechanisms. The gut flora can modulate the immune sys-
tem and interfere with bone metabolism [57]. Specifically,
the intestinal microbiota regulates the balance between
regulatory T cells (Tregs) and helper T cells 17 (Th17),
maintaining Treg numbers and activity while inhibiting
osteoclast overactivation. Conversely, dysbiosis of the
gut microbiota may disrupt immune homeostasis, reduce
Treg populations, and consequently increase osteoclas-
togenesis and osteoclast activity, leading to decreased
bone mineral density [57-59]. Therefore, we compared
the diversity of the gut microbiota in HFD-fed and con-
trol mice. Our results indicated that a HFD significantly
altered the diversity and composition of the gut micro-
biota, characterized by a marked decrease in beneficial
bacteria such as g-Lactobacillus and g-Bifidobacterium
and an increase in g-Bacteroides and g-Rikenellaceae RC9
in the gut. Studies have shown that reductions in Lacto-
bacillus and Bifidobacterium may disrupt immune bal-
ance [60—61], potentially shifting the immune response
toward a pro-inflammatory state, thereby reducing Treg
populations, promoting osteoclast formation and acti-
vation, and ultimately causing bone loss [57]. Moreover,
increases in Bacteroides and the Rikenellaceae RC9 gut
group have been associated with inflammation [62-63].
Jeon et al. reported that Bacteroides can release endo-
toxins, activate immune cells, and produce inflamma-
tory mediators [64]. Inflammatory conditions may lead to
the release of cytokines such as TNF-a and IL-6, which
promote osteoclastogenesis and bone resorption, result-
ing in decreased bone density [55-57]. Additionally,
inflammation may impair osteoblast function, hindering
normal bone growth and repair [65]. Furthermore, long-
term HFD feeding in mice results in reduced bone mass,
accompanied by microbiome imbalance, increased intes-
tinal permeability, and systemic inflammation [66]. These
findings are consistent with our results demonstrating
that a HFD induced an increase in inflammatory factors
and the number of femoral osteoclasts in mice, resulting
in bone metabolism disorders. These results suggest that
HFD-induced microbiota disturbance in mice leads to
alterations in the immune system. Furthermore, KEGG
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functional prediction analysis of our flora revealed that
multiple metabolic pathways, which are closely associ-
ated with changes in intestinal metabolites, were affected.

Therefore, we subsequently investigated changes in
intestinal metabolites. Compared with those in the con-
trol group, L-histidine levels were altered in HFD-fed
mice, whereas anserine was downregulated and L-car-
nosine was upregulated. Notably, these metabolites are
involved in histidine metabolism, which is consistent
with the metabolic pathways predicted by KEGG analysis
of our microbiota data. Extensive studies have demon-
strated a close relationship between histidine metabolism
and inflammation [66], which significantly impacts bone
metabolism [51]. A clinical study revealed that histidine
metabolism is the most common metabolic pathway dis-
order in patients with low bone mineral density, leading
to decreased bone mineral density and an increased risk
of fractures [67]. L-Histidine, anserine, and L-carnosine
all influence the bone metabolic environment through
their roles in inflammatory responses [68-70]. Specifi-
cally, histamine, a product of L-histidine metabolism,
acts as an inflammatory mediator [68] and can exacer-
bate inflammatory responses and bone destruction when
it coordinates with inflammatory cytokines [71-72].
Conversely, the anti-inflammatory properties of Anser-
ine can inhibit the release of inflammatory cytokines,
thereby mitigating the adverse effects of inflammation
on bone cells and maintaining normal bone cell func-
tion and tissue integrity [73]. In our findings, L-histidine
serves as a precursor for histamine synthesis, and its
downregulation may indicate increased histamine syn-
thesis and subsequent inflammation. Additionally, the
downregulation of Anserine suggested a diminished
anti-inflammatory capacity in HFD-fed mice. Moreover,
L-carnosine also has anti-inflammatory functions by
inhibiting the production and release of inflammatory
mediators such as IL-6 and other cytokines, thus reduc-
ing inflammation-induced damage to bone cells and sup-
porting normal bone tissue metabolism [74-75]. Our
experiment revealed that L-carnosine was upregulated
in HFD-fed mice, potentially due to the inflammatory
response induced by the HFD, immune system dynamic
balance, and increased secretion of inflammatory factors.

Finally, Spearman correlation analysis and network
visualization were employed to elucidate the multifac-
torial influence mechanism of a HFD on bone metabo-
lism in mice under hypoxic conditions. These analyses
revealed an intricate network in which all factors are
interrelated and collectively contribute to osteoporosis
development. Notably, L-carnosine occupies a central
position within this network, serving as a key hub for the
interaction of various factors. Under the dual stressors of
hypoxia and a HFD, this network becomes imbalanced,
leading to bone metabolic disorders and osteoporosis.
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For example, inflammatory factors can alter the compo-
sition of the gut microbiota, with microbial metabolites
influencing both the inflammatory response and bone
metabolism. Increased body fat modulates gut metabo-
lism and the microbiota, which in turn impact bone tis-
sue. This network offers a systematic perspective for
understanding disease mechanisms. Future research
could develop mathematical models based on these
findings to simulate network dynamics under different
interventions, identify core regulatory nodes, and devise
multitargeted combination therapies, thereby opening
new avenues for preventing and treating osteoporosis in
high-altitude areas and obesity-related diseases. How-
ever, it is important to acknowledge that this study has
certain limitations, particularly regarding the unverified
antiosteoporotic effects of L-carnosine. Nonetheless,
existing studies have demonstrated in animal models
[76-77] that the supplementation of a HFD with L-car-
nosine significantly reduces inflammatory factor levels
and inhibits the activation of inflammation-related sig-
naling pathways (e.g., the NF-kB pathway), thereby alle-
viating high-fat diet-induced inflammatory responses
[77]. Therefore, we hypothesize that L-carnosine exerts
its antiosteoporotic function by modulating the inflam-
matory response, a hypothesis that will be explored in
our follow-up research. In summary, this study for the
first time revealed the complex mechanisms by which
hypoxia, a typical factor in high-altitude environments,
and HFD jointly induce osteoporosis in a mice model.
The mechanisms primarily involve a vicious cycle formed
through the imbalance of the metabolism-microbiome-
inflammation axis (HFD induces obesity and bone meta-
bolic imbalance), gut-bone cross-organ communication
(HFD causes gut barrier damage, microbiota dysregula-
tion, and histidine metabolic abnormalities, triggering
gut-derived inflammation that affects bone tissue via the
bloodstream), and the hub role of metabolites (carnosine
serves as a key node in the inflammatory network, and its
upregulation may represent a compensatory anti-inflam-
matory mechanism in the body). Different from previ-
ous studies that isolatedly explored the effects of hypoxia
or HFD on bone metabolism, this study breaks through
the traditional single-etiology framework and proposes
a four-dimensional regulatory model of “hypoxia-HFD-
microbiota-bone’, revealing that HFD induces gut micro-
biota dysregulation and bone metabolic disorders in mice
under hypoxic conditions. However, the study has limi-
tations such as the lack of single-factor control groups,
unvalidated anti-osteoporotic function of carnosine,
and absence of microbial transplantation experiments.
Future research may analyze the pathway roles through
gene-knockout mice, conduct probiotic or metabolite
intervention experiments, and validate the correlation
between microbiota markers and bone mineral density
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in high-altitude populations, providing a three-dimen-
sional intervention perspective and new paradigm for
the mechanism research and prevention of osteoporosis
related to high-altitude environments and obesity.

Conclusion

In the context of global aging, osteoporosis has emerged
as a significant public health concern, particularly in
plateau regions where its incidence is notably high. This
study investigated the combined effects of a HFD and
hypoxia on bone metabolism in mice within a plateau
environment, elucidating the underlying mechanisms
through comprehensive multi-index detection and anal-
ysis. These findings indicate that a HFD induces obesity
in mice under hypoxic conditions, leading to structural
bone damage and alterations in bone metabolism mark-
ers (ALP and PTH increase, and VD decreases). These
changes may be exacerbated by elevated HIF expression,
which contributes to bone loss in hypoxic environments.
Additionally, a HFD intensifies multitissue inflammation
in hypoxic mice, characterized by increased levels of pro-
inflammatory factors, decreased levels of anti-inflamma-
tory factors, and systemic inflammation resulting from
intestinal damage, which further compromises bone
tissue integrity. Moreover, a HFD alters the diversity of
the gut microbiota, with beneficial bacteria decreasing
and harmful bacteria increasing. In the KEGG pathway
analysis and metabolomic studies, histidine metabolism
was identified as a key metabolic pathway, with down-
regulation of L-histidine and anserine and upregulation
of L-carnosine. These metabolites are associated with
inflammation and bone metabolism. Subsequent Spear-
man correlation analysis revealed an interaction network
among all factors, identifying L-carnosine as a critical
node. While this study provides a comprehensive analy-
sis of the mechanisms involved, the antiosteoporotic
effects of L-carnosine require further verification. Future
research will aim to provide strategies for disease preven-
tion and treatment.
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