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Editorial on the Research Topic
The endocrine role of the musculoskeletal system

The musculoskeletal system’s dual role as a structural framework and an endocrine
organ has unveiled a new frontier in understanding its systemic influence (1-3). This
Research Topic focuses on the endocrine crosstalk between bone and muscle, emphasizing
the production and regulation of myokines and osteokines, and their roles in maintaining
systemic homeostasis (2-5). The collected studies explore how the musculoskeletal system
contributes to both physiological and pathological conditions, enriching the field of
endocrinology with innovative insights.

MicroRNAs in bone loss and diabetes

Daamouch et al. examine the role of microRNAs in Type 1 diabetes-induced bone loss,
identifying key dysregulated miRNAs in serum and bone tissues. This study highlights
miR-136-3p and miR-206-3p as pivotal biomarkers and their links to pathways like TGF-
beta and osteoclast differentiation, advancing potential diagnostics for bone fragility.

Vitamin B12's role in musculoskeletal health

Zhao et al. investigate the impact of Vitamin B12 and its biomarkers on musculoskeletal
health, revealing significant associations with bone mineral density (BMD) and muscle
strength in older adults. These findings underscore the potential of Vitamin B12 as a critical
determinant of aging-related musculoskeletal integrity.
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Sclerostin levels and
metabolic disorders

Alramah et al. analyze sclerostin levels in a multiethnic
population with obesity and Type 2 diabetes, uncovering
significant gender and ethnic differences. Elevated sclerostin
correlated with metabolic markers and bone health, emphasizing
its role as a potential biomarker for metabolic bone diseases.

Glucocorticoid receptor in bone
marrow adipocytes

Schill et al. investigate the effects of glucocorticoid receptor
deficiency in bone marrow adipocytes, revealing mild impacts on
bone and hematopoiesis but no influence on marrow adiposity
expansion under caloric restriction. This study adds nuance to our
understanding of marrow adipose tissue’s endocrine function.

Fatty acids and adolescent
bone health

Wang et al. link dietary fatty acids to bone mineral density in
adolescents, finding that saturated fatty acids enhance BMD while
polyunsaturated fats have a negative effect. This study highlights the
importance of dietary balance in adolescent skeletal development.

Lead exposure and bone density

Wang et al. reveal a significant negative correlation between
urinary lead levels and BMD, emphasizing the toxicological impact
of environmental lead on bone health. This study calls for
heightened public health initiatives targeting heavy metal exposure.

Sarcopenia and rotator cuff tears

Yang et al. establish a genetic link between sarcopenia-related
traits and rotator cuff tears using Mendelian randomization,
providing evidence-based insights for optimizing clinical
management of these conditions.

FGF21 and osteoporosis

Liu et al. explore the causal effects of FGF21 overexpression on
bone health, demonstrating its role in reducing BMD and
increasing osteoporosis risk. This study identifies FGF21 as a
potential therapeutic target for bone-related metabolic disorders.
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Vascular and lymphatic networks in
bone health

Huang et al. review the interplay between vascular and
lymphatic systems in bone and joint homeostasis, highlighting
their co-regulatory roles and potential therapeutic implications
for inflammatory joint diseases.

Acupuncture and lumbar
disc herniation

Yan et al. compare acupuncture to traditional rehabilitation in
lumbar disc herniation, finding superior long-term benefits in
muscle restoration and pain relief. This research underscores
acupuncture’s potential as an integrative therapy.

Conclusion

Collectively, these studies enhance our understanding of the
musculoskeletal system’s endocrine roles and its systemic
interactions. We thank the authors for their valuable contributions,
advancing both fundamental and clinical endocrinology. Their work
lays a robust foundation for future interdisciplinary research.
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University Hospital, Helsinki, Finland

Obesity and Type 2 Diabetes Mellitus (T2DM) are intricate metabolic disorders
with a multifactorial etiology, often leading to a spectrum of complications.
Recent research has highlighted the impact of these conditions on bone health,
with a particular focus on the role of sclerostin (SOST), a protein molecule
integral to bone metabolism. Elevated circulating levels of SOST have been
observed in patients with T2DM compared to healthy individuals. This study aims
to examine the circulating levels of SOST in a multiethnic population living in
Kuwait and to elucidate the relationship between SOST levels, obesity, T2DM, and
ethnic background. The study is a cross-sectional analysis of a large cohort of
2083 individuals living in Kuwait. The plasma level of SOST was measured using a
bone panel multiplex assay. The study found a significant increase in SOST levels
in individuals with T2DM (1008.3 pg/mL, IQR-648) compared to non-diabetic
individuals (710.6 pg/mL, IQR-479). There was a significant gender difference in
median SOST levels, with males exhibiting higher levels than females across
various covariates (diabetes, IR, age, weight, and ethnicity). Notably, SOST levels
varied significantly with ethnicity: Arabs (677.4 pg/mL, IQR-481.7), South Asians
(914.6 pg/mL, IQR-515), and Southeast Asians (695.2 pg/mL, IQR-436.8).
Furthermore, SOST levels showed a significant positive correlation with
gender, age, waist circumference, systolic and diastolic blood pressure, fasting
blood glucose, HbAlc, insulin, total cholesterol, triglycerides, HDL, LDL, ALT, and
AST (p-Value >0.05). South Asian participants, who exhibited the highest SOST
levels, demonstrated the most pronounced associations, even after adjusting for
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age, gender, BMI, and diabetes status (p-Value >0.05). The observed correlations
of SOST with various clinical parameters suggest its significant role in the diabetic
milieu, particularly pronounced in the South Asian population compared to other

ethnic groups.

KEYWORDS

SOST, gender, T2DM, obesity, ethnicity, bone metabolism

1 Introduction

Obesity and diabetes are known metabolic diseases that result due
to disturbance in the lipid and glucose metabolism leading to
imbalance in energy homeostasis (1, 2). The prevalence of obesity
has been continuously increasing in most countries since 1980, as per
the report by the Global Burden of Disease Group in 2017 (3).
Obesity is defined by a body mass index (BMI) of more than or equal
to 30 kg/m2, which occurs due to the imbalance between energy
intake and expenditure, resulting in excess accumulation of body fat
(WHO and CDC). Another metabolic disease characterized by
hyperglycemia and is increasing in prevalence is diabetes mellitus
(DM), particularly T2DM, which accounts for 90-95% of all patients
with diabetes and is expected to increase to 439 million by 2030 (4, 5).
Both obesity and T2DM are complex metabolic disorders of
multifaceted etiology accompanied by a series of complications,
including macrovascular diseases (hypertension, hyperlipidemia,
heart attacks, coronary artery disease, strokes, cerebral vascular
disease, and peripheral vascular disease), microvascular diseases
(retinopathy, nephropathy, and neuropathy), and cancers (6).
Recently, studies have shown that bone health is also compromised
in people with obesity and T2DM (7).

The skeletal system is highly dynamic and constantly undergoes
repair and remodeling (8). Normal bone remodeling is necessary for
fracture healing and skeleton adaptation to mechanical use. A
disruption in the equilibrium between bone formation and
resorption processes can result in bone-related diseases such as
osteoporosis (9). Recently, bone has been recognized as an
endocrine organ capable of synthesizing and secreting a variety of
bioactive compounds that regulate bone remodeling and affect the
metabolic processes throughout the body (9, 10). The endocrine

Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase;
BMD, Bone Mineral Density; BMI, Body Mass Index; CDC, Centers for Disease
Control and Prevention; DM, Diabetes Mellitus; FBG, Fasting Blood Glucose; FPG,
Fasting Plasma Glucose; HDL, High-Density Lipoprotein; HOMA-IR, Homeostatic
Model Assessment for Insulin Resistance; HbAlc, Hemoglobin Alc; IQR,
Interquartile Range; KDEP, Kuwait Diabetes Epidemiological Program; LDL, Low-
Density Lipoprotein; SOST, Sclerostin; T2DM, Type 2 Diabetes Mellitus; TC, Total
Cholesterol; TG, Triglycerides; WC, Waist Circumference; WHO, World
Health Organization.
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function of bone is mediated through the secretion of several
hormones, such as osteocalcin (OC), fibroblast growth factor 23
(FGF23), lipocalin 2 (Lcn2), and sclerostin (SOST) (11, 12).

SOST is a glycoprotein with a molecular weight 0£27 kDa, which
is crucial in regulating bone metabolism (13). Encoded by the SOST
gene, it is predominantly synthesized by osteocytes and is vital in
maintaining bone homeostasis (14). SOST influences both bone
formation and remodeling processes by acting as an inhibitory
agent in the Wnt/B-catenin signaling pathway via binding to LDL
receptor-related proteins 5/6 (LRP5/6) thereby negatively
regulating bone formation (15, 16). Mutations in the SOST gene,
leading to a deficiency of SOST, can give rise to two uncommon
autosomal recessive bone-hardening conditions: Sclerosteosis and
van Buchem disease (17).

Circulating SOST levels have been found to be altered in
individuals with T2DM (18, 19). Patients with T2DM show
higher circulating levels of SOST compared with healthy
individuals. Since SOST is mainly produced by osteocytes this
indicates that fluctuations in glucose levels could significantly
impact the primary cells responsible for bone health. Specifically,
when blood glucose levels vary considerably from the standard 80-
140 mg/dL range it may negatively affect osteocytes (20). This is
inferred from the observation that T2DM patients often display
disrupted bone metabolism, making them more susceptible to
fractures and other bone-related issues (12, 21). Notably, the risk
of fractures in T2DM patients is nearly double that of healthy
individuals, even if their bone mineral density (BMD) is normal or
elevated (11). This points to potential issues with bone quality,
possibly affecting its strength or micro-architecture. Moreover,
Daniele et al. reported an increase in blood SOST levels, which
was significantly associated with insulin resistance in skeletal
muscle, liver, and adipose tissue in patients with diabetes (22).
Additionally, in a study done on Indian male individuals who have
been diagnosed with T2DM, the authors observed a notable
increase in the levels of circulating SOST when compared to the
healthy male control group (23). This finding was consistent with
the expression levels of SOST mRNA. Furthermore, in a study done
on SOST knockout mice the author showed that these mice exhibit
increased bone mass, decreased fat mass, and increased insulin
sensitivity (24). The authors also demonstrated that treatment with
anti-SOST antibodies decreased fat mass in wild-type mice and
enhanced differentiation of adipocytes.
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The role of SOST in obesity and diabetes is well documented.
We hypothesize that Individuals with obesity and T2DM will have
higher circulating levels of SOST compared to healthy individuals.
Additionally, we predict that ethnic variations within the
population residing in Kuwait may influence SOST plasma levels
due to the high prevalence of obesity and T2DM. This study aims to
investigate the circulating level of SOST in the population living in
Kuwait. Also, since the Kuwaiti population is comprised of people
from different ethnic backgrounds, the impact of ethnic variation in
relationships between SOST and obesity/diabetes was explored.
Furthermore, the objective of this study is to identify the factors
that may be associated with SOST levels and their possible
health implications.

2 Materials and methods
2.1 Participants and the study design

Kuwait Diabetes Epidemiological Program (KDEP) was a cross-
sectional, population-based study conducted between 2011 and
2014 at the Dasman Diabetes Institute (DDI). The study protocol
was approved by the Ethics Review Committee at DDI under the
reference RA2011-003, and done in accordance with the principles
of the Declaration of Helsinki and good clinical practice guidelines.
Participants were recruited using a stratified random sampling
method designed to ensure a balanced representation across all
seven governorates of Kuwait. The primary criteria for exclusion
from the study were refusal to sign the consent form, being younger
than 21, or suffering from an ongoing infection. This method of
participant selection aimed to ensure a diverse and representative
sample of the adult population as previously described (25-27).

2.2 Anthropometric and vital
signs measurements

Anthropometric measurements were recorded, including body
weight, height, and waist circumference (WC). Height and weight
measurements were conducted using calibrated scales and fixed
height bars while participants wore light clothing and were
barefoot. The waist circumference was measured using a tension
tape at the iliac crest and mid-axillary line after a normal exhalation
with relaxed arms. BMI was calculated using the standard formula:
weight in kilograms divided by height in meters squared. Blood
pressure was measured with an Omron HEM-907XL Digital
sphygmomanometer, taking three separate readings with 5-10
minute rests between them and the final values were averaged from
these readings.

2.3 Laboratory measurements

Blood samples were collected from each participant after an
overnight fasting. The samples were used to measure fasting plasma
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glucose (FPG), hemoglobin Alc (HbAlc), fasting insulin,
triglycerides (TG), total cholesterol (TC), low-density lipoprotein
(LDL), and high-density lipoprotein (HDL). The Siemens
Dimension RXL chemistry analyzer (Diamond Diagnostics,
Holliston, MA) was used for all measurements except for HbAlc,
which was measured using the VariantTM device (BioRad,
Hercules, CA).

The insulin levels were quantified using the Access Insulin
Assay (Beckman Coulter, Brea, CA). The Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR) was used to
calculate insulin resistance using the following formula: (FBG in
mmol/L) x (fasting insulin in mU/L)/22.5.

SOST plasma levels were measured using an R&D custom
multiplexing assay following the kit instructions for the Luminex
custom-made panel (cat #LXSAHM, R&D, CA, USA). Plasma levels
of inflammatory markers were assessed with the multiplexing
immunobead array using the Data analyzed with Bio-Plex
manager software version 6 (Bio-Rad, Hercules, CA), and the
results were calculated using a 5-PL nonlinear standard curve
setting in the Bio-Plex manager software version 6.0. Intra-assay
coefficients of variation ranged from 1.2% to 3.8%, whereas inter-
assay coefficients ranged from 6.8% to 10.2%. The sensitivity of the
Luminex assay for SOST is 7.0 pg.ml as per R&D technical
specifications, while SOST antibody used for these assays show<
0.5% cross-reactivity with available related molecules and < 50%
cross-species reactivity observed with tested species.

2.4 Statistical analysis

The analysis was performed on data from a total of 2,083
subjects. Descriptive statistics on population characteristics were
carried out and presented as medians (interquartile ranges: IQR). A
Pearson chi-squared test, a Fisher’s exact test, and a Wilcoxon rank
sum test were used to determine whether there were significant
differences between groups. The association between various
clinical parameters and SOST was assessed using Spearman’s
correlation. Furthermore, subjects were grouped according to the
tertiles (two points that divide an ordered distribution into three
parts) of markers of interest. Statistical significance was determined
by a p-value of 0.05. All statistical analyses were performed using R
statistical software (R Core Team, 2020).

3 Results
3.1 Descriptive analysis of the population

Descriptive statistics revealed that the majority of the cohort
were male (54.7% Table 1), non-Kuwaiti (70.2%), with a median age
of 45 years (Interquartile Range, IQR=16), and 36% of the
participants were under the age of 40. In terms of ethnicity,
46.6% of the participants were of Arab descent. With respect to
the health status, 30.8% of the sample were diagnosed with diabetes,
40.2% were classified as overweight, and 38.7% fell into the obese
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TABLE 1 Demographic characteristics of 2,083 participants.

Characteristics (%) or median (IQR)

Gender, n (%)

Male 1161 (55.7%)
Female 922 (44.3%)
Age, n(%)

<40 750 (36.0%)
40-50 680 (32.7%)
> 50 653 (31.3%)

Ethnicity, n(%)
Arab

South Asian
Southeast Asian

899 (46.6%)
666 (34.5%)
364 (18.9%)

Diabetes status, n (%)

Non-Diabetic 1425 (69.2%)

Diabetic 633 (30.8%)
BMI, n (%)

Normal BMI 441 (21.2%)
Overweight 837 (40.2%)
Obese 805 (38.6)%

HOMA-IR, n (%)

HOMA-IR €2 969 (50.3%)
HOMA-IR > 2 958 (49.7%)
Hip Circumference, median (IQR) 102.3 (13)
Waist Circumference, median (IQR) 95 (15)
SBP, median (IQR) 131 (26)
DBP, median (IQR) 80 (16)
FBG, median (IQR) 5.3 (1.7)
Insulin, median (IQR) 7.9 (6.7)
TSH, median (IQR) 1.53 (1.14)
FT4, median (IQR) 11.78 (3.43)
FT3, median (IQR) 4.76 (0.78)
HbAlc, median (IQR) 5.8 (1.2)
TC, median IQR) 5.1 (1.33)
AST, median (IQR) 21 (8)
CRP, median (IQR) 3(2)

IQR, interquartile range; n, number; BMI, body mass index; HOMA-IR, Homeostatic Model
Assessment for Insulin Resistance; SBP, systolic blood pressure; DBP, diastolic blood pressure;
FBG, fasting blood Glucose; TSH, thyroid stimulating hormone; FT4, free Thyroxine; FI3,
free triiodothyronine; HbAlc, glycated haemoglobin; TC, total cholesterol; AST, aspartate
aminotransferase; CRP, c-reactive protein.

category. The distributions of the main outcome SOST across
several covariates are presented in (Figures 1, 2). Results indicated
that males have significantly higher median SOST compared to
females (889.3 (554.6), and 634.8 (418.4), pg/ml (IQR) respectively)
(Figure 1A). There was a significant difference in median
SOST across age groups with a dose-response relationship
[age: >40 = 655.0 (438.8), 40-50 = 765.5 (464.5), and > 50 = 959.9
(669.1), pg/ml (IQR)] (Figure 1B). There were significant
differences in median SOST across ethnicity with the South
Asians having the highest median SOST [Ethnicity: Arab = 677.4
(481.7), South Asian = 914.6 (515.0), and South East Asian = 695.2
(436.8) pg/ml (IQR)] (Figure 1C).
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T2DM patients have significantly higher median SOST [1008.3
(648), pg/ml (IQR)) compared to non-diabetic (710.6 (479) pg/ml
(IQR)] with p < 0.001 (Figure 2A). Similarly, a significant difference
was observed with increased insulin resistance [HOMA-IR score:
Normal < 2 = 714.7 (478), and IR > 2 = 825.0 (585) pg/ml (IQR)]
(Figure 2B). Finally, no significant difference was observed in
median level of SOST across the different BMI categories [BMI: >
24.99 (Normal) = 710.1 (495.0), 25-29.9 (Overweight) = 786.5
(484), = 30 (Obese) = 752.3 (563.0), pg/ml (IQR)].

3.2 Gender based analysis of the level
of SOST

To understand the impact of gender on the circulating level of
SOST various parameters were examined stratifying them into male
and female categories.

The distributions of the main outcome SOST across several
covariates are presented in Figures 3, 4. Results indicated that Males
have significantly higher median SOST compared to females in both
non-diabetic and T2D groups (non-diabetic: Male 833.5 (503.9),
and Female 616.4 (390), pg/ml (IQR), in T2D: Male 1168.4 (636.1)
and Female 805.8 (487.3), pg/ml) (Figure 3A). There was a
significant difference in median SOST in both the normal and IR
groups (Normal: Male 853.4 (527.4), and Female 622.4 (413.4), pg/
ml (IQR), in IR: Male 953.4 (578.4) and Female 656.2 (458), pg/ml)
(Figure 3B). There were significant differences in median SOST
across ethnicity with the South Asians having the highest median
SOST [Arab: Male 817.2 (607.2), and Female 591.3 (385), pg/ml
(IQR) South Asian: Male 953.4 (519.6), and Female 765.9 (486.4),
pg/ml (IQR) and South East Asian: Male 881.9 (469.8), and Female
635.2 (373.4), pg/ml (IQR)] (Figure 4A). When the data was
categorized on the basis of BMI significant difference was
observed in median level of SOST between male and female
[Normal: Male 874.5 (598.0), and Female 578.1 (386), pg/ml
(IQR). Overweight: Male 868.5 (510), and Female 651.4 (424.9),
pg/ml (IQR). Obese: Male 925.2 (608.7), and Female 648.1 (442.8),
pg/ml (IQR)] (Figure 4B). Finally, when the male and female were
further categorized by age the results again showed significant
difference among male when compared to female (Age < 40: Male
792.3 (434.8), and Female 532.1 (321.1), pg/ml (IQR). Age 40-50:
Male 883.6 (526.7), and Female 666.3 (398.7), pg/ml (IQR). Age
50 <: Male 1093.5 (683.9), and Female 828.8 (518.3), pg/ml
(IQR) (Figure 4C).

3.3 Correlation of SOST level with various
clinical parameters

The correlation analysis was performed on all population as
presented in Table 2. The results show significant positive
correlation between SOST level and gender (Male), age, waist
circumference, SBP, DBP, insulin, TG, TC, LDL, ALT, AST, FBG,
HbAlc,. A significant negative correlation was observed with HDL.

To better understand the correlation between SOST and the
other clinical covariates the data was stratified based on diabetes
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FIGURE 1

Sclerostin (SOST) level in plasma in all population (n = 2083). The population was stratified based on gender (Male and Female) (A), Age (>40, 40-50,
and > 50 years) (B), and Ethnicity (Arab, South Asian, and Southeast Asian) (C). The level of SOST in plasma was determined using a multiplex bone
panel. Statistical assessment was 2-sided and considered statistically significant at ***p < 0.001.
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FIGURE 2

Sclerostin (SOST) level in plasma in all population (n = 2083). The population was stratified based on insulin level (A), Fasting blood glucose (Non-
diabetic and T2DM) (B), diabetic status (C), Insulin resistance (HOMA score: < 2 (Normal) and > 2 (IR)) (D), and BMI (BMI: > 24.99 (Normal), 25-29.9
(Overweight), > 30 (Obese)) (E). The level of SOST in plasma was determined using a multiplex bone panel. Statistical assessment was 2-sided and
considered statistically significant at **p < 0.001.
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Sclerostin (SOST) level in plasma in the population stratified based on gender (Male and Female). (A) Diabetes Status (Non-diabetic and T2DM)
(B) Insulin resistance [HOMA score: < 2 (Normal) and > 2 (IR)]. The level of SOST in plasma was determined using a multiplex bone panel. Statistical
assessment was 2-sided and considered statistically significant at **p < 0.001.
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FIGURE 4

Sclerostin (SOST) level in plasma in the population stratified based on gender (Male and Female). (A) Ethnicity (Arab, South Asian, and Southeast
Asian) (B) BMI [BMI: > 24.99 (Normal), 25-29.9 (Overweight), > 30 (Obese)] (C) Age (>40, 40-50, and > 50 years). The level of SOST in plasma was
determined using a multiplex bone panel. Statistical assessment was 2-sided and considered statistically significant at **p < 0.001.

status and the correlations were estimated in the nondiabetic
population Table 3. Within the non-diabetic patients, the point
biserial correlation indicated that males tend to have significantly
higher SOST compared to females. Furthermore, other covariates
like age, HbAlc, SBP, ALT and AST showed higher and significant
correlations compared to other covariates.

To quantify and test the effect of each covariate on the SOST,
univariate and adjusted estimates were produced along with their
95% confidence intervals with quantile regression results presented
in Table 4. Univariate quantile regression results indicated that
gender, age, ethnicity, diabetes status, and HbAlc were
independently and significantly associated with SOST as
presented in Table 4.

Results from the adjusted model indicated that males have a
higher median SOST by 176 units (96%CI: 137.3, 215.4) compared
to females. For a one-unit increase in age, the median SOST
increases by 8.9 units (95%CI: 6.8, 10.9). Compared to Arabs,
South Asians have a higher median SOST of 224.1 units (95%CI:
169.7, 278.6) while Southeast Asians have a higher median SOST of
112.4 units (95%CI: 73.6, 151.1). Furthermore, patients with

TABLE 2 Correlations between SOST and other covariates and
metabolic traits (N=2,083).

Covariate SOST Covariate SOST
Gender 0.256" (<0.001) Insulin 0.097° (<0.001)
Age 0.300° (<0.001) = TC 0.092° (<0.001)
BMI 0.037° (0.125) TG 0.152° (<0.001)
Hip Circumference 0.014° (0.571) HDL -0.137° (<0.001)
Waist Circumference | 0.144" (<0.001)  LDL 0.085° (<0.001)
SBP 0.277° (<0.001)  ALT 0.225° (<0.001)
DBP 0.150° (<0.001)  AST 0.182° (<0.001)
FBG 0.185" (<0.001)  CRP -0.010° (0.702)
HbAlc 0.309" (<0.001)

“Point biserial correlation.
“Spearman correlation coefficient, P-value in parenthesis.
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diabetes have a higher median SOST of 113.7 units (95%CI: 33.0,
194.4), while for a one-unit increase in HbAlc, the median SOST
increases by 31.7 units (95%CI: 14.2, 49.2). Results showed that BMI
was not significantly associated with SOST.

It is worth noting that when age was categorized using tertile
values and BMI was categorized according to the WHO
recommendations for obesity, the results were consistent with
modeling age and BMI as continuous covariates which indicates
the reliability of the results.

4 Discussion

This large cross-sectional study provides insight into the potential
factors affecting circulating SOST levels in a multiethnic population.
The data presented in the current study showed that diabetes status,
HbAlc, age, gender, and ethnicity are the major factors associated
with circulating SOST levels. This observation was further confirmed
by quantile regression analysis where the associations were
independent and remained significant even after adjusting for

TABLE 3 Correlations between SOST and other covariates for non-
diabetic patients (N=1425).

Covariate SOST Covariate SOST
Gender® 0.250 (<0.001) Insulin 0.041 (0.142)
Age 0.250 (<0.001) TC 0.153 (<0.001)
BMI 0.015 (0.572) TG 0.164 (<0.001)
Hip Circumference -0.017 (0.545) HDL -0.105 (<0.001)
Waist Circumference 0.094 (<0.001) LDL 0.142 (<0.001)
SBP 0.212 (<0.001) ALT 0.198 (<0.001)
DBP 0.175 (<0.001)  AST 0.209 (<0.001)
FBG 0.071 (0.009) CRP -0.018 (0.523)
HbAlc 0.214 (<0.001)

“point biserial correlation and others by Spearman correlation coefficient, P-value

in parenthesis.
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TABLE 4 Associations between SOST and other demographic and
clinical traits using quantile (median) regression analysis (N=2,083).

Univariate Median
Regression
B (95%Cl) (p-value)

Adjusted Median

Covariate Regression

B (95%Cl) (p-value)

Gender

Female Ref Ref

Male 254.4 (217.8, 291.0) (<0.001) 181.3 (140.8, 221.8) (<0.001)
Age, years 12.2 (9.8, 14.5) (<0.001) 8.8 (6.4, 11.3) (<0.001)
Ethnicity

Arab Ref Ref

South Asian 237.4 (190.6, 284.2) (<0.001) 225.4 (169.7, 281.0) (<0.001)
Southeast 18.1 (-31.1, 67.4) (0.471) 121.9 (774, 166.4) (<0.001)
Asian

Diabetes

Status Ref Ref

Non-Diabetic = 297.7 (200.8, 394.7) (<0.001) 91.5 (15.7, 167.3) (0.018)
Diabetic

HbAlc 98.3 (82.3, 114.2) (<0.001) 44.2 (10.5, 77.9) (0.010)
BMI -1.08 (-4.0, 1.85) (0.469) 1.41 (-1.61, 4.42) (0.361)

confounders. We also showed that obesity does not affect circulating
SOST levels, as shown by the lack of correlation and the results of the
quantile regression.

Patients with T2DM exhibited significantly higher SOST levels
compared to their non-diabetic counterparts. Moreover, we
observed strong correlations between SOST and HbAlc, FBG,
and HOMA-IR, which are measures of long-term blood sugar
control, blood sugar level, and insulin sensitivity, respectively.
Among these variables, HbAlc showed the highest correlation
with SOST, suggesting that SOST may reflect the chronic effects
of hyperglycemia on bone health. Furthermore, the adjusted model
highlighted the independent associations of SOST with diabetes and
HbAlc. Our findings are in accord with previous reports (18, 19, 23,
28). In addition, Pacicca and colleagues conducted an in vitro study
using the IDG-SW3 osteocyte-like cell line. When cultured under
high glucose conditions, these cells exhibited a significant increase
in SOST mRNA (by 100-fold) and SOST protein (by 5000-fold)
compared to cells in control media. These findings indicate that
glucose levels directly influence osteocyte function via SOST
expression, shedding light on a potential mechanism by which
high glucose/diabetes adversely affects bone quality. While the exact
mechanism by which glucose homeostasis influences SOST levels is
not fully understood, it is believed to involve the Wnt signaling
pathway. A number of studies have demonstrated that activation of
the Wnt signaling pathway enhances glucose metabolism (29, 30).
Wnt7b has been shown to affect glucose uptake, GLUT expression,
and Akt activation during osteoclastogenesis (31). Additionally,
Wnt3a may boost mitochondrial oxygen consumption (32), elevate
energy output by augmenting glutamine use in the TCA cycle (33),
and activate the mTORC2 and protein kinase B (Akt) pathways,
leading to the upregulation of essential glycolytic enzymes (34).

The age-associated increase of circulating levels of SOST in this
study is in line with most previous investigations (35-37). Possibly,
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this is due to the natural aging process, which is known to affect
bone turnover and remodeling (9, 38). SOST inhibits osteoblast
activity, making it a potential biomarker for bone formation. The
fact that the amount of SOST in our bodies increases as we age
indicates that its increased production may reflect bone structure
rather than size.

Moreover, there was a significant gender difference in median
SOST levels, with males exhibiting higher levels compared to
females. Gender disparities were observed across various factors,
including diabetes status, insulin resistance (IR), body weight
classifications, age brackets, and ethnicities (as illustrated in
Figures 3, 4). For example, a notable rise in SOST levels was
evident among men compared to women within the diabetes
cohort, a pattern consistent among non-diabetics, those with
normal glucose tolerance, individuals with insulin resistance, and
participants across different body weight categories (normal,
overweight, obese), age groups, and ethnic backgrounds (Arab,
South Asian, Southeast Asian). Our study findings underscore the
significant role of gender in the variability of SOST levels. This
observation aligns with previous studies that have reported gender-
based differences in circulating SOST (36, 39, 40). Moreover, In a
study conducted by MOdder et al. involving 362 women and 318
men from a population-based cohort, it was observed that men
consistently had higher serum SOST levels than women regardless
of age (41). The exact reasons for this difference remain uncertain.
However, one hypothesis the authors suggested was that the higher
SOST levels in men could be attributed to their larger skeletal mass,
which might produce and release more SOST into the bloodstream.
In a second interventional study, the authors assessed the effect of
estrogen on circulating SOST levels in both genders (37). They used
two distinct direct intervention study methodologies (estrogen
treatment and estrogen withdrawal) and found that estrogen
treatment leads to a decrease in serum SOST levels, while
estrogen withdrawal causes an increase in SOST levels. This
evidence strongly suggests that estrogen has a regulatory effect on
circulating SOST levels and, potentially, the production of SOST by
osteocytes in the bone. Apparently, both hormonal and bone mass
differences between genders might play a role in influencing
circulating SOST levels. However, the exact mechanisms
underlying these differences need further investigation.

The influence of ethnicity on SOST levels has not been
comprehensively investigated. While several studies have
examined the ethnic impact on SOST levels (23, 42, 43), there is
still a need for a more detailed understanding. The study we present
is one of the few that examines ethnic differences in the levels of
circulating SOST. Our findings suggest distinct ethnic-specific
variations in circulating SOST levels among Arabs, South Asians,
and Southeast Asians. Notably, South Asian participants exhibited
the most pronounced association, even when accounting for factors
like age, gender, BMI, and diabetes status. This is in agreement with
the observation of Janssen L. et al. who observed elevated plasma
SOST levels in South Asians compared to white Caucasians (44).
While their comparison was with an ethnic group different from the
groups examined in our study, it underscores the unique metabolic
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challenges faced by the South Asian population (45, 46). Another
study, focusing on 138 healthy pre-menopausal and post-
menopausal women, included Chinese American and white
Caucasian participants to identify ethnic variation in serum SOST
levels (42). Their findings showed no significant ethnic-specific
variations in SOST levels. However, they did note that post-
menopausal women had higher SOST levels than pre-menopausal
women across both racial categories. It is worth noting that the first
important difference between our study and the other is that our
study compared South Asians and Southeast Asians with Arabs
rather than Caucasians; secondly, we included both genders,
whereas their study included only women, and lastly, our larger
sample size enhances the robustness of our results.

The relationship between obesity and circulating SOST levels is
unclear in the literature. While some studies indicate a rise in serum
SOST levels with obesity (35, 47, 48), others have not identified such
alink (30, 43). In our study, we used three different anthropometric
measurements to evaluate obesity, BMI, WC, and HC. We did not
find any significant correlation between SOST and BMI or HC, but
we found a weak correlation between SOST and WC. This suggests
that obesity may not be a major determinant of SOST levels, and
that other factors may have more influence. Our result is more
reliable than previous studies, as we used a large sample size
(n=2083) that increased the statistical power and reduced the
sampling error.

Although our study controlled for age, gender, diabetes status,
and BMI, we did not include assessments for Metabolic Associated
Fatty Liver Disease (MAFLD). This omission limits our
understanding of the full impact of metabolic comorbidities on
SOST. Future research should consider incorporating a wider range
of metabolic conditions, including MAFLD, to provide a more
comprehensive view of how obesity and related disorders influence
SOST levels. We also did not assess bone mineral density (BMD) in
our study. We acknowledge the significance of BMD as a key
marker of bone health, particularly in relation to sclerostin levels.
Such data could enrich our research findings and implications. We
hope to explore this in future work, including a comprehensive
bone health assessment. We believe that our study’s findings lay the
groundwork for such investigations.

In conclusion, the study confirms that circulating level of SOST
is impacted by diabetes. The positive association between the level
of SOST and various blood markers that are related to different
metabolic complications implies that it plays a detrimental role in
the individual’s wellbeing. As for the ethnicity, South Asian
participants had the highest levels of SOST across the three
groups and exhibited the most pronounced association, even
when accounting for factors like age, gender, BMI, and diabetes
status. This shows that the level of SOST may have a stronger
impact on health conditions among people of specific ethnic
background. This also sheds light on the importance of
personalized medicine to address the development of medications
taking into consideration the ethnic background.
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Introduction: The effects of vitamin B12 metabolism on musculoskeletal health
and the exact mechanism have not been fully determined. Our study aimed to
assess the association of vitamin B12 and its biomarkers with musculoskeletal
health in middle-aged and older adults.

Methods: The data from the National Health and Nutrition Examination Survey
2001-2002 were used to investigate the effects of serum vitamin B12 and its
biomarkers (homocysteine and methylmalonic acid) on skeletal muscle health.
Bone mineral density (BMD), lean mass, gait speed and knee extensor strength
were used as indicators for musculoskeletal health.

Results: Serum vitamin B12 level was positively correlated with the total and
appendicular lean mass (B = 584.83, P = 0.044; B = 291.65, P = 0.043) in older
adults over 65 years of age. In the full population, plasma homocysteine was
associated with total lean mass, appendicular lean mass, gait speed, and knee
extensor strength (all P < 0.05). Among older adults over 65 years of age,
homocysteine level was significantly negatively correlated with gait speed and
knee extensor strength (B = -12.75, P = 0.019; B = -0.06, P <0.001). Plasma
methylmalonic acid was negatively associated with total BMD and femur BMD in
the full population (B = -0.01, P = 0.018; B = -0.01, P = 0.004). In older adults,
methylmalonic acid significantly affected total BMD, femur BMD and knee extensor
strength (B = -0.01, P = 0.048; B = -0.01, P = 0.025; B = -7.53, P = 0.015).

Conclusions: Vitamin B12 and its biomarkers are closely related to BMD, body
composition, muscle strength and physical function in middle-aged and older
adults. Vitamin B12 may be an important indicator of musculoskeletal health in
the elderly.
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1 Introduction

Vitamin B12 as a member of the B vitamins, is a hydrosoluble
vitamin. It cannot be synthesized by the human body and must be
taken up in food or synthesized by the gut microbiota (1). Vitamin
B12 is an important cofactor of methionine synthase and L-
methylmalonyl-CoA mutase, which are involved in homocysteine
and methylmalonic acid metabolism (MMA) (2). Figure 1 shows
the metabolic pathways of vitamin B12, homocysteine and MMA.
Low levels of vitamin B12 are associated with homocysteine and
MMA. Therefore, these two factors are considered as two functional
biomarkers of vitamin B12 deficiency (3). Vitamin B12 deficiency is
a fairly common public health problem, occurring mainly in
pregnant women and the elderly (4). In addition, recent studies
have suggested that vitamin B12 deficiency is associated with a
variety of chronic diseases, especially stroke (5), osteoporosis (6),
cognitive impairment (7) and physical dysfunction (8, 9). That is
why there has been interest in the effects of vitamin B12 on
musculoskeletal health. Although studies have shown that
vitamin B12 is closely associated with the musculoskeletal system
(10), however, the effects of vitamin B12 metabolism on
musculoskeletal health and the precise mechanisms remain
unclear (11, 12).

Clarke (13) et al. investigated the relationship between B
vitamins and bone mineral density (BMD) in patients with celiac
disease aged 20 years and older. The study showed a significant
association between serum vitamin B12 and BMD in the hip and
femur neck, but this protective effect on bone was found only in
men (13). In a study of postmenopausal women by Bozkurt (14)
et al., low BMD in the femur neck and vertebrae were associated
with a significant reduction in serum vitamin B12 levels. In
addition, women with osteoporosis had higher levels of
homocysteine compared with healthy or osteopenia women
(14).The Framingham Study showed that vitamin B12 levels were
inversely associated with hip fracture risk, but after controlling for
covariates such as BMD, vitamin D and homocysteine levels in a
multivariate analysis, this negative correlation was attenuated (15).
An analysis by Morris et al. (16) on 1550 participants showed a
positive association between serum vitamin B12 concentrations and
hip BMD, and this relationship was a dose-response fashion. At the
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FIGURE 1
Metabolic pathway of vitamin B12, homocysteine and methylmalonic acid.
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same time, participants with hyperhomocysteinemia had lower
BMD than those with normal homocysteine levels (16).
According to the Hordaland Homocysteine Study, high
homocysteine levels in middle-aged and elderly women were
associated with decreased BMD, whereas this association did not
exist in men (17). A meta-analysis revealed a 4% reduction in
fracture risk for every 50 pmol/L increase in vitamin B12
concentration, whereas a 4% increase in fracture risk for every 1
umol/L increase in homocysteine concentration (18). A study by
Herrmann et al. has shown that B-vitamin supplementation in
osteoporosis patients with high homocysteine levels, leading to an
increase in lumbar spine BMD and a decrease in bone turnover
markers (19). However, Rumbak et al. noted that in healthy women
aged 45-65 years, neither vitamin B12, folate, nor homocysteine
levels were significantly associated with BMD (20). Furthermore,
Holstein et al. found no association between serum levels of vitamin
B12 and trabecular thickness, thus questioning the true role of
vitamin B12 in bone turnover (21). In a study by Bailey et al., serum
vitamin B12 levels were not directly associated with BMD, but their
main functional markers, MMA and homocysteine levels, were
significantly associated with the risk of developing osteoporosis
(22). A randomized controlled trial by Green et al. showed that
vitamin B12 supplementation had no effect on bone turnover in
healthy older adults (23). Analysis of the HOPE-2 Trial also showed
that vitamin B12 supplementation did not reduce fracture risk in a
high-cardiovascular-risk population (24).

Many studies have reported the effect of vitamin B12 deficiency
on many geriatric syndromes, but to date, only a few cross-sectional
studies have investigated the association of vitamin B12 with
sarcopenia (25). The study by Mithal et al. suggested that vitamin
B12 deficiency may impair muscle function in a homocysteine
dependent manner, manifested in reduced gait speed and muscle
strength (8). A cross-sectional study by Matteini et al. showed that
decreased serum vitamin B12 concentration, increased in MMA
concentration, and increased in homocysteine concentration all
resulted in decreased muscle mass and impaired physical function
in subjects (26). In addition, studies have shown that increased
homocysteine concentrations were associated with decreased
quadriceps strength and gait speed (27). In contrast, Swart et al.
showed that hyperhomocysteinemia was not associated with muscle
mass (28). Consistently, no association was observed between low
vitamin B12 levels or high homocysteine levels and recurrent falls in
the LASA study (6). In a randomized controlled trial study of stroke
patients, vitamin B12 was found to have no statistically significant
effect on fall rates (29).

At present, studies on the relationship between vitamin B12 and
its metabolic markers and musculoskeletal health are still
insufficient, and further large cohort studies are needed.
Assessment of musculoskeletal system health should include
multiple dimensions such as BMD, muscle mass, and function
(30). In view of this, this study used data from the National Health
and Nutrition Examination Survey (NHANES) to explore the
relationship between serum vitamin B12 and its biomarkers
(homocysteine and MMA) with BMD, body composition, muscle
strength and physical function.
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2 Materials and methods
2.1 Population

The NHANES is a cross-sectional study sponsored annually by
the National Center for Health Statistics at the Centers for Disease
Control and Prevention (CDC). The study used a nationally
representative sample to assess the health and nutritional status of
the U.S. civilian population. The NHANES data is released to the
public every 2 years and includes standardized physical exams and
health-related interviews. All NHANES surveys collect data through
household interviews and direct standardized medical examinations
at specially equipped mobile examination centers. Details of
investigation and the NHANES methodology used can be found
in the CDC website (http://www.cdc.gov/nchs/nhanes.htm). The
NHANES study is in line with the Declaration of Helsinki and the
protocols were approved by the National Center for Health
Statistics Ethics Review Board.

We studied individuals enrolled in the NHANES 2001-2002.
Vitamin B12 and its metabolic markers, parameters of the
musculoskeletal health, along with other information such as
demographic, lifestyle, and laboratory test data were measured
and recorded. The NHANES 2001-2002 included a total of
11,039 participants, of whom 8390 had their serum vitamin B12
concentrations measured. The NHANES exclusion criteria for dual-
energy X-ray absorptiometry (DXA) scans include weight over 136
kg or height over 196 cm, pregnancy, nuclear medicine studies in
the past 3 days or a history of contrast agent use (barium) in the past
7 days (31). As a result, a total of 7,126 participants underwent DXA
scans. It is important to note that NHANES 2001-2002 only
assessed muscle strength and physical function in participants
who were older than 50 years old, so only this subset of
participants was included in this study. In addition, participants
who had a history of brain aneurysm or stroke, severe back pain, a
history of myocardial infarction in the past 6 weeks, knee surgery or
knee replacement, or chest or abdominal surgery in the past 3 weeks
were unable to undergo strength testing and were excluded from
this study (32). In the end, out of 7,126 participants, we included
only 1,466 participants who completed DXA scans (BMD and body
composition), as well as muscle strength and physical function tests.
Given that musculoskeletal health is strongly associated with age,
we also performed a subgroup analysis of participants over 65 years
of age.

2.2 Measurement of serum vitamin B12 and
its biomarkers

Serum vitamin B12 concentration was measured using Bio-Rad
Laboratories “Quantaphase II Folate/vitamin B12” radioassay kit
(Bio-Rad Laboratories, 1993) (33). Serum samples were determined
in combination with >’Co-vitamin B12 in a solution containing
dithiothreitol (DTT) and cyanide (33). More detailed information
about vitamin B12 concentration measurement can be found on the
NHANES website (33). For NHANES 2001, the levels of plasma
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total homocysteine were determined using the “Abbott
Homocysteine IMX (HCY) assay” (34). For NHANES 2002, the
plasma total homocysteine concentration was determined by the
“Abbott Axsym system” (34). Both methods use fully automated
fluorescence polarization immunoassay (FPIA) (34). The FPIA
method has been shown to have excellent accuracy (coefficient
of variation <5%) compared to high-performance liquid
chromatography (35). More detailed information on the
measurement of plasma total homocysteine levels can be found
on the NHANES website (34). MMA was extracted from plasma
using strong anion exchange resin and added to internal standard
(36). The extracted acid was subsequently derived from
cyclohexanol to form dicyclohexyl ester (36). The derivatization
samples were injected into gas chromatography to separate the
other components (36). The mass selective detector using selected
ion monitoring was used to monitor the effluent of the gas
chromatograph (36). Results were quantified by using the peak
area ratios of MMA and internal calibration of internal standards
(36). More detailed information on MMA concentration
measurement can be found on the NHANES website (36).

2.3 BMD and body composition

DXA scanning was performed on the QDR 4500A fan beam
densitometer (Hologic, Inc., Bedford, MA) in accordance with the
manufacturer’s guidelines (31). Participants were asked to remove
any jewelry or metal objects that might affect the scan results and
change into gowns (31). We used available data on total and
regional BMD (g/cm?®), fat mass (g), total and appendicular lean
mass (g), and percent body fat (%). Based on the results of the
analysis of QDR 4500A DXA data, NHANES adjusted lean mass
and fat mass, reducing lean mass by 5% and increasing fat mass by
the equivalent weight (31). Further details of the DXA data
acquisition protocol are described on the NHANES website (31).

2.4 Muscle strength and physical function

The muscle strength and physical function tests were done on
participants who were middle—aged and older adults (=50 years).
The average peak force of the knee extensor muscle was measured
using the Kin Com Isokinetic Dynamometer (Chattanooga group,
Inc., Chattanooga, TN), which required multiple tests (32) (37).
Participants did not have to exert their best efforts in the first 3 tests,
which were used to learn movements and warm up (32). In the
latter 3 trials, muscle strength was measured with maximum effort
(32). If the participant completed 4-6 trials, the maximum peak
force value was selected. When fewer than 4 trials were completed,
the highest values of the remaining trials were used for analysis. The
final test result was the peak force (Newton) of the quadriceps at one
speed (60 degrees/second) (32). The gait speed test required
participants to complete a timed 20 foot (6.1 m) walk at a normal
pace (32). Participants could use canes or walkers if needed. The
gait speed was then converted to meters per second (m/s) and used
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for our analysis. The full information for these procedures is
available on the NHANES website (32).

2.5 Covariates

The demographic and lifestyle characteristics of the participants
were collected using a standardized questionnaire during the
interview. Information on alcohol consumption, weight and
height was obtained during physical examinations at a mobile
examination center. Races was categorized as “Mexican
American”, “Other Hispanic”, “non-Hispanic White”, “non-
Hispanic Black”, and “other race” Educational attainment was
classified as “less than high school”, “high school graduate/general
education development”, and “more than high school”. The family
income to poverty ratio (PIR) is based on the ratio of household
income to the poverty level set by the U.S. Department of Health
and Human Services (37). PIR was classified as 0-1.0, 1.01-4.99 and
5.0, with higher PIR values indicating higher household income.
Body mass index (BMI) values were obtained by calculating height
and weight data from physical examination. Alcohol intake habits
were based on the answer of “In the past 12 months, how often did
you drink any type of alcoholic beverage?”, and the participants
1-2 times”, “3-10 times” and “>10
times”. Smoking status was based on the answer of “Have you

» o«

were sorted into “never”,

smoked at least 100 cigarettes in your entire life?” And “Do you now
smoke cigarettes?”. Participants were classified as “non-smoker”,
“former smoker” and “current smoker”. “Non-smokers” were
participants who had never smoked 100 cigarettes in their lives.
“Former smokers” were defined as people who have smoked at least
100 cigarettes in their lifetime, but not currently smoking. “Current
smokers” were defined as participants who had smoked at least 100
cigarettes in their lifetime and were still smoking. Physical activity
was categorized on the answer of “Moderate activity over past 30
days?” Histories of hypertension, diabetes, renal impairment, liver
impairment and cancer were defined as “yes” to the following
questions: “Have you ever been told by a doctor or other health
professional that you had hypertension, also called high blood
pressure?”, “Have you ever been told by a doctor or other health
professional that you had diabetes or sugar diabetes?”, “Have you
ever been told by a doctor or other health professional that you had
weak or failing kidneys?”, “Has a doctor or other health professional
ever told you that you had any kind of liver condition?” And “Have
you ever been told by a doctor or other health professional that you
had cancer or a malignancy of any kind?” Cardiovascular disease
(CVD) is based on the answer of these questions: “Has a doctor or
other health professional ever told you that you had congestive
heart failure?”, “Has a doctor or other health professional ever told
you that you had coronary heart disease?”, “Has a doctor or other
health professional ever told you that you had angina, also called
angina pectoris?” and “Has a doctor or other health professional
ever told you that you had a heart attack (also called myocardial
infarction)?” If the answer to any of these questions is “yes,” the
participant was judged as had CVD. Total vitamin B12 intake and
vitamin K intake (ug/day) was measured through in-person dietary
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intake interviews conducted by trained visitors for the first 24 and
48 hours, and then averaged as final inclusion data. The family
history of osteoporosis was based on the answer of “Including living
and deceased, were any of your biological that is, blood relatives
including grandparents, parents, brothers, sisters ever told by a
health professional that they had osteoporosis or brittle bones?”.
Total serum calcium was determined using o-cresolphthalein
complexone, which reacted with calcium in the presence of 8-
hydroxyquinoline to form chromophore. The intensity of the color
reaction was proportional to the amount of calcium in the
sample. Serum 25-hydroxyvitamin D [25(OH) D] data from
NHANES 2001-2002 have been converted by using regression to
equivalent 25(OH) D measurements from standardized liquid
chromatography-tandem mass spectrometry methods, and used
for subsequent analysis. Serum folate concentration was measured
using Bio-Rad Laboratories “Quantaphase II Folate/vitamin B12”
radioassay kit (Bio-Rad Laboratories, 1993), same as serum vitamin
B12. Details of Demographics Data (38), Dietary Data (39),
Laboratory Data (40) and Questionnaire Data (41) can be
obtained from the NHANES website.

2.6 Statistical methods

According to the analysis guidelines developed by NHANES
(42), all analyses include sample weights to account for the complex
survey design. All analyses were performed using R software
(version 4.0.3, available at https://www.R-project.org). P value <
0.05 was considered statistically significant. Categorical variables
are presented as frequency [percent (%)], while continuous
variables are presented as median [interquartile range (IQR)].
Serum vitamin B12 and its biomarkers (homocysteine and MMA)
were used as exposure. The musculoskeletal health was assessed
using the following parameters: total BMD (g/cm?), lumbar spine
BMD (g/cmz), femoral BMD (g/cmz), total lean mass (g),
appendicular lean mass (g), gait speed (m/s), and knee extensor
strength (Newton). After evaluating the visual inspection of
residuals of these data, we found that the linear regression fit was
better when these exposures were logarithmically transformed. In
the multivariate linear regression analysis, we established three
models. Model 1 was an unadjusted model, and Model 2 was
adjusted for age and sex. Model 3 was a fully adjusted model
using variables selected according to the current literature. These
variables included age, sex, race, alcohol consumption, smoking
status, height, fat mass (%), physical activity, CVD, diabetes, cancer,
liver impairment, kidney impairment, serum folate, serum 25(OH)
D, total serum calcium and vitamin K intake. In 1999-2004,
approximately 21% of NHANES participants eligible for DXA
screening had all or part of their DXA data missing (43). The
amount of missing DXA data is larger than other data files, and the
missing data appear to have a systematic, non-random pattern.
Therefore, the missing DXA data were imputed using the sequential
regression imputation method, and a further description can be
found in the NHANES document (43). All analyses were repeated
in the full population and in a subgroup of older adults (=65 years).
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3 Results
3.1 Participant characteristics

The median age of participants was 64 (IQR: 56-73) years,
with an equal distribution between males and females (50.48%
and 49.52%, respectively). Table 1 shows the characteristics of
participants in the full population (=50 years of age) and the
subgroup of older adults (265 years of age). The median serum
vitamin B12 concentration was 352.76(263.65-467.70) pmol/L in
the full population, and 353.13(260.51-471.95) pmol/L in the older
adults subgroup. There was no significant difference in vitamin B12
and MMA concentrations between the subgroup and the full
population (P values were 0.230 and 0.365, respectively), but the
homocysteine levels in the elderly individuals were significantly
higher than that in the full population (P < 0.001)). Except lumbar
spine BMD, the total BMD, femur BMD, total lean mass,
appendicular lean mass, gait speed and knee extensor strength of
the elderly were lower than those of the full population (P < 0.001).

3.2 Associations between the serum
vitamin B12 concentration and
potential confounders

Supplementary Table 1 shows a univariate analysis of the
association between serum vitamin B12 concentration and
potential confounders (demographic, lifestyle, and clinical factors)

TABLE 1 Participant characteristics in the full population (> 50 years)
and older adults (> 65 years).

Full population = Older adults P
Variable (> 50 years) (> 65 years) value
Vitamin B12 353.13
(pmol/L) 352.76 (263.65-467.70) | (260.51-471.95) 0.230
Homocysteine
(umol/L) 9.15 (7.59-11.26) 9.84 (8.17-12.15) <0.001
Methylmalonic
acid (umol/L) 0.14 (0.11-0.19) 0.16 (0.12-0.21) 0.365
Total BMD
1.05 (0.95-1.16)

(g/cm2) 1.09 (1.00-1.19) <0.001
Lumbar Spine 097 (0.85-1.12)
BMD (g/cm2) 0.99 (0.88-1.12) ' ' ' 0.142
F BMD

emur 1.10 (0.97-1.24)
(g/cm2) 1.14 (1.02-1.26) <0.001
Total lean 45134
mass (g) 47600 (39163-57532) (37817-53979) <0.001
Appendicular 19094
lean mass (g) 20366 (16115-24968) (15377-23236) <0.001
Knee extensor 2246 (175.6-282.6)
strength (N) 253.6 (196.8-318.6) ’ ' ' <0.001
Gait speed (m/s) 1.02 (0.87-1.18) 0.96 (0.80-1.10) <0.001

BMD, bone mineral density. P values were obtained by inter group comparison between the
fall population and the older adults subgroup. Bolded values statistically significant.
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in the full population. As expected, vitamin B12 levels were
inversely correlated with the levels of homocysteine and MMA.
Serum vitamin B12 concentration was associated with sex, race,
height, weight, BMI, smoking status, vitamin B12 intake, total
serum calcium, serum 25(OH)D, total fat mass, as well as certain
diseases. Serum vitamin B12 concentrations were negatively
correlated with height, weight, and BMI, and positively correlated
with vitamin B12 intake, total serum calcium, serum 25(OH)D and
total fat mass. In addition, vitamin B12 concentrations were higher
in women, Mexican Americans, and non-smokers, and lower in
participants with cancer and CVD.

3.3 Associations between the serum
vitamin B12 concentration and
outcome measures

Serum vitamin BI2 concentration was associated with lumbar
spine BMD, femur BMD, total lean mass, appendicular lean mass, and
knee extensor strength (all P values < 0.05; Table 2). After adjusting for
age and sex, serum vitamin B12 concentration was only associated with
total lean mass and appendicular lean mass. According to the fully
adjusted model, there was no significant correlation between serum
vitamin B12 concentration and outcomes in the full population. In the
subgroup analysis of older adults over 65 years, the association between
serum vitamin B12 and total lean mass, appendicular lean mass
remained in the fully adjusted model (B = 584.83, 95%CI 14.84,
1154.73, P = 0.044; B = 291.6595% CI 8.68,574.60, P = 0.043)
(Table 3). As for bone outcomes, there was no significant association
between serum vitamin B12 concentration and total BMD, lumbar
spine BMD, or femur BMD in the fully adjusted model.

3.4 Associations between plasma
homocysteine levels and
outcome measures

In the full population, homocysteine levels were inversely
associated with total lean mass, appendicular lean mass, gait speed,
and knee extensor strength after full adjustment for covariates (all P
values < 0.05) (Table 4). According to the results of the subgroup
analysis of older adults, homocysteine concentrations were associated
with gait speed and knee extensor strength in the fully adjusted model
(B = -0.06, 95% CI -0.10, -0.03, P <0.001; B = -12.75, 95%CI-23.17,
-2.35, P = 0.019) (Table 5). In addition, there were no significant
correlations between homocysteine levels and BMD in the full

population and subgroup of older adults.

3.5 Associations between the plasma MMA
concentration and outcome measures

According to the fully adjusted model, MMA concentration was
negatively correlated with total BMD and femur BMD (f = -0.01,
95%CI -0.02, -0.00, P = 0.018; B = -0.01, 95%CI -0.02, -0.00, P =
0.004) (Table 6). The associations between MMA and total BMD,
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TABLE 2 Multivariate associations between vitamin B12 concentrations and outcome measures in the full population (> 50 years).

Model 1 Model 2 Model 3

Variable
B [95% Cl] P value B [95% CI] P value B [95% CI] P value
0.01 0.00 0.00

Total BMD (g/cm2) [-0.00, 0.02] 0.115 [-0.01, 0.01] 0.659 [-0.01, 0.01] 0.705
0.02 0.01 0.01

Lumbar Spine BMD (g/cm2) [0.01, 0.03] 0.009 [-0.00, 0.03] 0.091 [-0.01, 0.02] 0.210
0.02 0.00 0.00

Femur BMD (g/cm2) [0.00, 0.03] 0.014 [-0.01, 0.01] 0.866 [-0.01, 0.01] 0.668
1957.45 788.89 229.03

Total lean mass (g) [1142.74,2771.75] <0.001 [264.61,1313.16] 0.003 [-193.06,651.15] 0.285
889.45 320.98 98.02

Appendicular lean mass (g) [483.92, 1294.97] <0.001 [57.76, 584.21] 0.017 [-118.78,314.79] 0.376
6.51 1.15 2.00

Knee extensor strength (N) [0.05, 12.98] 0.048 [-3.98, 6.28] 0.660 [-3.36, 7.37] 0.468
0.00 0.00 -0.00

Gait speed (m/s) [-0.02, 0.02] 0.785 [-0.01, 0.02] 0.776 [-0.02, 0.02] 0.912

BMD, bone mineral density. The coefficient () with 95% CI represents the percentage difference in the variable as vitamin B12 increases for 1-fold. Model 1, unadjusted; Model 2, adjusted for age
and sex. Model 3, age, sex, race, smoking status, alcohol intake, height, fat mass (%), physical activity, cardiovascular disease, diabetes, cancer, liver impairment, renal impairment, serum folate,
serum 25(OH) D, total serum calcium and vitamin K intake. All regressions were also accounted for complex survey design using the sampling weights provided. Bolded values
statistically significant.

femur BMD and knee extensor strength were maintained in a fully ~ present in older adults. In people over 60 years of age, vitamin B12
adjusted model of subgroup analysis of older adults ( = -0.01,95%  was associated with total and appendicular lean mass. Homocysteine
CI -0.02, 0.00, P = 0.048; B = -0.01,95% CI -0.03, -0.00, P = 0.025;  levels were inversely associated with muscle strength and physical
B =-7.53,95% CI-14.10, -0.14, P = 0.015) (Table 7). function, total and appendicular lean mass. A similar association was
observed in our subgroup analysis of older adults over 65 years of age.
The MMA levels were negatively correlated with total BMD and
femur BMD in the full population. In the elderly population, MMA
was inversely associated with total BMD, femur BMD and knee

In this study, we found that the association between serum  extensor strength. Notably, this is the first study to report the

4 Discussion

vitamin B12 concentration and musculoskeletal health was only

TABLE 3 Multivariate associations between vitamin B12 concentrations and outcome measures in older adults (> 65 years).

Model 1 Model 2 Model 3

Variable
B [95% Cl] B [95% ClI B [95% ClI
-0.01 0.01 0.01

T BMD 2 .1 .1 .2

otal BMD (gfcm2) [-0.03, 0.00] 0153 (-0.00, 0.02] 0167 [-0.01, 0.02] 0292

-0.02 -0.00 0.01

L ine BMD 2 .061 . .

umbar Spine (g/cm2) 10,04, 0.00] 0.0616 (1002, 0.02] 0.753 (:0.02, 0.03] 0.603

-0.02 .01 .01

Femur BMD (g/cm?2) 0.0197 00 0.344 00 0.348
[-0.04, -0.00] [-0.01, 0.02] [-0.01, 0.02]

Total lean mass (g) 245949 <0.001 832.94 0.019 584.83 0.044
[1391.87, 3527.08] [137.78, 1528.10] [14.84, 1154.73]

X 1111.74 331.48 291.65

Appendicular lean mass (g) <0.001 0.050 0.043
[588.49, 1634.97] [-13.07, 676.04] [8.68, 574.60]
9.17 2.89 5.90

Knee extensor strength (N) 0.023 0.393 0.089
[1.25, 17.09] [-3.75, 9.53] [-1.01, 12.85]
0.00 -0.00 0.01

i .81 . .
Gait speed (m/s) (10,02, 0.03] 0.813 (:0.03, 0.02] 0.839 (:0.01, 0.03] 0.380

BMD, bone mineral density. The coefficient (B) with 95% CI represents the percentage difference in the variable as vitamin B12 increases for 1-fold. Model 1, unadjusted; Model 2, adjusted for age
and sex; Model 3, age, sex, race, smoking status, alcohol intake, height, fat mass (%), physical activity, cardiovascular disease, diabetes, cancer, liver impairment, renal impairment, serum folate,
serum 25(OH) D, total serum calcium and vitamin K intake. All regressions were also accounted for complex survey design using sampling weights provided. Bolded values
statistically significant.
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TABLE 4 Multivariate associations between homocysteine levels and outcome measures in the full population (> 50 years).

Model 1 Model 2 Model3
Variable

B [95% ClI] Pvalue B [95% CI] Pvalue B [95% CI] P value
Total BMD (g/cm2) 0.01 [-0.01, 0.02] 0.267 0.00 [-0.01, 0.01] 0.920 -0.01 [-0.02, 0.01] 0435
Lumbar Spine BMD (g/cm2)  0.03 [0.01, 0.05] 0.002 0.02 [-0.00, 0.04] 0.071 0.00 [-0.02, 0.03] 0.789
Femur BMD (g/cm2) 0.02 [0.01, 0.04] 0.010 -0.00 [-0.02, 0.01] 0.652 -0.01 [-0.03, 0.00] 0.090
Total lean mass (g) 2518.41 [1308.60, 3728.29]  <0.001 570.28 [-265.93, 1406.49] | 0.181 -860.15 [-1535.85, -184.45]  0.015
Appendicular lean mass (g) 1126.36 [524.00, 1728.69] <0.001 281.67 [-137.61, 700.94] 0.188 -442.82 [-789.92, -95.67] 0.013
Knee extensor strength (N) -17.59 [-27.15, -8.04] <0.001 -14.08 [-22.21, -5.95] <0.001 -9.65 [-18.28, -1.03] 0.028
Gait speed (m/s) -0.13 [-0.16, -0.11] <0.001 -0.08 [-0.11, -0.06] <0.001 -0.06 [-0.08, -0.03] <0.001

BMD, bone mineral density. The coefficient (B) with 95% CI represents the percentage difference in the variable as vitamin B12 increases for 1-fold. Model 1, unadjusted; Model 2, adjusted for age
and sex; Model 3, age, sex, race, smoking status, alcohol intake, height, fat mass (%), physical activity, cardiovascular disease, diabetes, cancer, liver impairment, renal impairment, serum folate,
serum 25 (OH) D, total serum calcium and vitamin K intake. All regressions were also accounted for complex survey design using sampling weights provided. Bolded values

statistically significant.

relationship between vitamin B12 and its biomarkers and
musculoskeletal health in the same cohort.

Ates Bulut et al. conducted a prospective study and found that
lean mass, total bone mass and skeletal muscle mass index in the
vitamin B12 insufficient group were lower than those in the vitamin
B12 sufficient group in the elderly over 60 years of age (44). A study
of 2325 adults aged 70-84 years by Chae et al. found that vitamin
B12 deficiency was associated with decreased muscle mass, but not
with the incidence of sarcopenia and decreased physical function
(45). Our study also found an association between B12 deficiency
and lower lean mass. However, sarcopenia is characterized not only
by low muscle mass, but also by decreased muscle strength and
function. Whether there is a direct relationship between vitamin
B12 and sarcopenia incidence remains controversial. A case-control
study by Verlaan et al. showed that serum vitamin B12 levels were
15% lower in patients with sarcopenia than those in the control
group, but the causal relationship remained unclear (25). In a study
of 427 hospitalized older adults aged >80 years, Tao et al. found that
serum vitamin B12 levels had no effect on the incidence of
sarcopenia (46). Another study of 731 community-dwelling adults
aged 265 years investigated the impact of nutritional factors on

sarcopenia, and found no correlation between vitamin B12 and
muscle mass (47). Singh et al. found that changes in vitamin B12
metabolism generally have little impact on muscle mass and
function compared to bone (48). The relationship between
vitamin B12 and sarcopenia, including muscle mass and muscle
function, is not well understood. Our population-based study
provides evidence that vitamin B12 levels affect lean mass.
However, further studies are needed to more fully and thoroughly
investigate the effects of vitamin B12 on the development
of sarcopenia.

Our study found that homocysteine levels were negatively
correlated with muscle strength, body function, total lean mass and
appendicular lean mass. There are several possible explanations for
the differences in muscle strength and physical function associated
with hyperhomocysteinemia. Firstly, hyperhomocysteinemia
may disrupt the structural integrity of elastin, collagen and
proteoglycans, leading to decreased muscle strength (18). In
addition, hyperhomocysteinemia may cause angiotoxicity and
atherosclerosis by targeting vascular smooth muscle, endothelial
cells and thrombocytes, leading to muscle atrophy and decreased
muscle strength (27). Secondly, hyperhomocysteinemia can increase

TABLE 5 Multivariate associations between homocysteine levels and outcome measures in older adults (> 65 years).

Model 1 Model 2 Model3
Variable

B [95% CI] P value B [95% ClI] P value B [95% CI] P value
Total BMD (g/cm2) 0.02 [-0.01, 0.04] 0.132 -0.00 [-0.02, 0.01] 0.673 -0.01 [-0.03, 0.01] 0.352
Lumbar Spine BMD (g/cm2) 0.05 [0.02, 0.08] 0.002 -0.02 [-0.01, 0.04] 0.319 -0.00 [-0.03, 0.03] 0.996
Femur BMD (g/cm2) 0.03 [-0.00, 0.05] 0.058 -0.01 [-0.03, 0.01] 0.419 -0.02 [-0.04, 0.00] 0.097
Total lean mass (g) 2206.98 [687.32, 3727.32] 0.004 534.65 [-490.06, 1559.35] 0.306 -763.95 [-1619.90, 92.12] 0.083
Appendicular lean mass (g) 1016.99 [273.02, 1760.92] 0.007 268.45 [-238.31, -775.21] 0.299 -377.65 [-815.07, 59.81] 0.095
Knee extensor strength (N) -14.34 [-25.52, -3.16] 0.012 -13.51 [-23.22, -3.79] 0.007 -12.75 [-23.17, -2.35] 0.019
Gait speed (m/s) -0.11 [-0.14, -0.07] <0.001 -0.08 [-0.12, -0.05] <0.001 -0.06 [-0.10, -0.03] <0.001

BMD, bone mineral density. The coefficient (B) with 95% CI represents the percentage difference in the variable as vitamin B12 increases for 1-fold. Model 1, unadjusted; Model 2, adjusted for age
and sex; Model 3, age, sex, race, smoking status, alcohol intake, height, fat mass (%), physical activity, cardiovascular disease, diabetes, cancer, liver impairment, renal impairment, serum folate,
serum 25 (OH) D, total serum calcium and vitamin K intake. All regressions were also accounted for complex survey design using sampling weights provided. Bolded values
statistically significant.
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TABLE 6 Multivariate associations between methylmalonic acid levels and outcome measures in the full population (> 50 years).

Model 1 Model 2 Model3
Variable

B [95% CI] P value B [95% CI] P value B [95% CI] P value
Total BMD (g/cm2) -0.02 [-0.03, -0.01] <0.001 -0.01 [-0.02, -0.00] 0.008 -0.01 [-0.02, -0.00] 0.018
Lumbar Spine BMD (g/cm2) -0.00 [-0.02, 0.01] 0.829 0.00 [-0.01, 0.01] 0972 0.00 [-0.01, 0.02] 0.873
Femur BMD (g/cm2) -0.02 [-0.03, -0.01] <0.001 -0.01 [-0.02, -0.00] 0.007 -0.01 [-0.02, -0.00] 0.004
Total lean mass (g) -674.16 [-1505.59, 157.30] 0.112 8.61 [-549.94, 567.16] 0.976 -197.17 [-646.12, 252.05] 0.392
Appendicular lean mass (g) -477.86 [-890.89, -64.84] 0.0234 -79.78 [-359.84, 200.28] 0.576 -133.35 [-363.85, 97.17] 0.255
Knee extensor strength (N) -19.49 [-25.97, -13.01] <0.001 -6.07 [-11.50, -0.64] 0.028 -4.96 [-10.67, 0.74] 0.095
Gait speed (m/s) -0.06 [-0.08, -0.05] <0.001 -0.02 [-0.04, -0.00] 0.019 -0.02 [-0.03, 0.00] 0.089

BMD, bone mineral density. The coefficient (B) with 95% CI represents the percentage difference in the variable as vitamin B12 increases for 1-fold. Model 1, unadjusted; Model 2, adjusted for age
and sex; Model 3, age, sex, race, smoking status, alcohol intake, height, fat mass (%), physical activity, cardiovascular disease, diabetes, cancer, liver impairment, renal impairment, serum folate,
serum 25(OH) D, total serum calcium and vitamin K intake. All regressions were also accounted for complex survey design using sampling weights provided. Bolded values
statistically significant.

the release of reactive oxygen species, which may lead to
mitochondrial damage and subsequent inflammation (49).
Hyperhomocysteinemia reduces nitric oxide bioavailability and
blood flow to muscle cells, which may also contribute to muscle
mass (50). In fact, several clinical studies have shown a negative effect
of hyperhomocysteinemia on muscle mass and physical function. In
the Baltimore Longitudinal Study of Aging, homocysteine levels in
healthy women over 50 years of age were negatively correlated with
grip strength and gait speed (51). Kirk et al. also reported negative
effect of homocysteine on lower limb muscle strength and physical
function, and can further cause falls and fractures (52).

Sarcopenia is defined as a geriatric syndrome associated with
decreased muscle mass, muscle strength, and/or physical function
(53). The main parameters currently available for diagnosis and
assessment of sarcopenia are lean mass, muscle strength, and
physical function. To date, it has been unclear whether vitamin
B12 and its biomarkers are associated with specific components of
sarcopenia. Our study suggested that vitamin B12 and its
biomarkers were associated with different aspects of sarcopenia,
possibly because homocysteine and MMA can affect muscle health
in ways independent of vitamin B12. Further studies can use

magnetic resonance imaging or high-resolution computed
tomography to directly measure the muscle mass/volume to get
more accurate conclusions.

In our study, we found that MMA levels were primarily
associated with BMD. In the full population and elderly subgroup
analysis, we found a negative association between MMA
concentration and total BMD and femur BMD. At present, the
exact relationship between vitamin B12 metabolism and bone
health is not fully established. The results of preclinical studies on
the effects of vitamin B12 on bone are also inconsistent. Decreased
vitamin B12 concentration and subsequent increased levels of
homocysteine and MMA have different effects on multiple
intracellular pathways (54). A study by Bailey et al. have shown
that vitamin B12 can have an impact on bone health through
multiple pathways, including increasing osteoclast formation,
altering osteoblast function, and regulating collagen crosslinking
(55). Roman-Garcia et al. reported that vitamin B12 deficiency
caused stunted growth and decreased bone mass in mice, and that
this phenomenon was not due to the accumulation of MMA or
homocysteine (54). The authors speculate that it was down-
regulated due to the production of other vitamin B12 dependent

TABLE 7 Multivariate associations between methylmalonic acid levels and outcome measures in older adults (> 65 years).

Model 1 Model 2 Model3
Variable

B [95% CI] P value B [95% CI] P value B [95% CI] P value
Total BMD (g/cm2) -0.01 [-0.03, 0.00] 0.090 -0.01 [-0.02, 0.00] 0.064 -0.01 [-0.02, 0.00] 0.048
Lumbar Spine BMD (g/cm2) 0.01 [-0.01, 0.03] 0.196 0.01 [-0.01, 0.02] 0.617 0.00 [-0.02, 0.02] 0.683
Femur BMD (g/cm2) -0.01 [-0.03, 0.01] 0.174 -0.01 [-0.02, 0.00] 0.056 -0.01 [-0.03, -0.00] 0.025
Total lean mass (g) -136.20 [-1106.79, 834.34] 0.783 33.43 [-605.30, 672.16] 0918 -296.73 [-830.35, 237.09] 0.289
Appendicular lean mass (g) -169.82 [-644.58, 304.89] 0.483 -58.08 [-374.22, 258.07] 0.718 -245.63 [-518.03, 26.85] 0.083
Knee extensor strength (N) -14.08 [-21.14, -7.01] <0.001 -8.00 [-14.06, -1.95] 0.010 -7.53 [-14.10, -0.14] 0.015
Gait speed (m/s) -0.04 [-0.07, -0.02] <0.001 -0.02 [-0.04, -0.00] 0.042 -0.02 [-0.04, 0.00] 0.237

BMD, bone mineral density. The coefficient (B) with 95% CI represents the percentage difference in the variable as vitamin B12 increases for 1-fold. Model 1, unadjusted; Model 2, adjusted for age
and sex; Model 3, age, sex, race, smoking status, alcohol intake, height, fat mass (%), physical activity, cardiovascular disease, diabetes, cancer, liver impairment, renal impairment, serum folate,
serum 25(OH) D, total serum calcium and vitamin K intake. All regressions were also accounted for complex survey design using sampling weights provided. Bolded values
statistically significant.
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downstream metabolites (54). Kim et al. used vitamin B12 to
stimulate two osteosarcoma cell lines and found functional and
dose-dependent proliferative responses, suggesting that vitamin
B12 can directly inhibit osteoblast activity (56). In a model of
mouse fracture healing, vitamin B12 deficiency, although causing
hyperhomocysteinemia, had no effect on fracture repair (57). Singh
et al. noted that in mouse models, vitamin B12 deficiency affected
parameters including thickness, number and connectivity of
trabeculae, as well as cortical thickness and porosity (48). The
structural deterioration of cortical and trabecular bone led to a
substantial decrease in the density and content of bone minerals in
the whole body, further leading to a decline in the biomechanical
properties of long bone (48). A Study by Herrmann et al. showed
that vitamin B12 deficiency stimulated osteoclasts in a
homocysteine-dependent manner, but did not affect osteoblasts
(58). However, the authors also found that prolonged vitamin
B12 deficiency induced significant homocysteine accumulation in
healthy rats, and that these metabolic changes had no adverse effects
on bone (58). At present, there is no clear conclusion on the exact
relationship between vitamin BI12 and bone metabolism, and
there are few studies on the relationship between MMA and
musculoskeletal health. Our study showed that MMA is inversely
associated with total BMD and femur BMD. Some studies have
shown that increased MMA concentrations were more strongly
associated with poor functional performance than serum vitamin
B12 (59). NHANES has also been aware of this problem and, in a
roundtable, clarified that MMA concentrations were more reflective
of early vitamin B12 status and marginal vitamin B12 deficiency
than serum vitamin B12 (60). This could also explain why MMA
concentrations were significantly negatively associated with BMD,
while vitamin B12 levels were not.

This study has some advantages and limitations. The data for
this study came from NHANES, which underwent robust quality
assurance and control procedures. The NHANES study included a
large representative sample, so there is less potential for sampling
bias. In addition, our analysis took into account various factors
known to influence vitamin B12 and its metabolic markers and
musculoskeletal health. Therefore, our study can better eliminate
confounding factors that may appear in multiple regression models.
Moreover, this study included 1,466 participants and was more
capable of produce meaningful results due to the large sample
size provided by NHANES. The main limit of this study is that
cross-sectional studies cannot explain causality, and follow-up
prospective cohort studies should be conducted to verify these
findings. Second, there are residual confounding factors that
cannot be eliminated in population-based studies. Finally, current
evaluation parameters for musculoskeletal health are still not
specific enough, and more accurate measurements of muscle
mass/function and bone structure are needed to strengthen our
ability to examine the relationship between vitamin B12 and
musculoskeletal health.

In this nationally representative sample of middle-aged and
older adults, we found that vitamin B12 was associated with total
and appendicular lean mass in adults over 60 years of age.
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Homocysteine levels were inversely associated with muscle
strength/physical function, total lean mass, and appendicular lean
mass. The MMA concentrations were negatively correlated with
total BMD and femur BMD. In general, vitamin B12 and its
biomarkers are closely related to musculoskeletal status in
middle-aged and elderly people. These three indicators may
reflect different changes in BMD, body composition and physical
function, respectively, and can be used as important indicators of
musculoskeletal health status in elderly people. Further researches
are needed to determine the possible mechanisms behind this
phenomenon. In addition, more prospective studies are needed to
investigate the relationship between vitamin B12 and BMD, muscle
strength, and physical function.
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Deficiency of glucocorticoid
receptor in bone marrow
adipocytes has mild effects on
bone and hematopoiesis but
does not influence expansion
of marrow adiposity with
caloric restriction

Rebecca L. Schill*, Jack Visser?, Mariah L. Ashby?, Ziru Li*,
Kenneth T. Lewis®, Antonio Morales-Hernandez?,

Keegan S. Hoose*, Jessica N. Maung', Romina M. Uranga®,
Hadla Hariri*, Isabel D. K. Hermsmeyer*, Hiroyuki Mori*
and Ormond A. MacDougald**

‘Department of Molecular & Integrative Physiology, University of Michigan, Ann Arbor, MI, United
States, 2Department of Periodontics and Oral Medicine, University of Michigan School of Dentistry,
Ann Arbor, MI, United States, *Department of Internal Medicine, University of Michigan, Ann Arbor,
MI, United States

Introduction: Unlike white adipose tissue depots, bone marrow adipose tissue
(BMAT) expands during caloric restriction (CR). Although mechanisms for BMAT
expansion remain unclear, prior research suggested an intermediary role for
increased circulating glucocorticoids.

Methods: In this study, we utilized a recently described mouse model (BMAd-
Cre) to exclusively target bone marrow adipocytes (BMAds) for elimination of the
glucocorticoid receptor (GR) (i.e. Nr3cl) whilst maintaining GR expression in
other adipose depots.

Results: Mice lacking GR in BMAds (BMAd-Nr3c1”") and control mice (BMAd-
Nr3c1*/*) were fed ad libitum or placed on a 30% CR diet for six weeks. On a
normal chow diet, tibiae of female BMAd-Nr3c1”~ mice had slightly elevated
proximal trabecular metaphyseal bone volume fraction and thickness. Both
control and BMAd-Nr3c1”" mice had increased circulating glucocorticoids and
elevated numbers of BMAds in the proximal tibia following CR. However, no
significant differences in trabecular and cortical bone were observed, and
quantification with osmium tetroxide and uCT revealed no difference in BMAT
accumulation between control or BMAd-Nr3c1™~ mice. Differences in BMAd size
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were not observed between BMAd-Nr3cl”” and control mice. Interestingly,
BMAd-Nr3c1”~ mice had decreased circulating white blood cell counts 4 h

into the light cycle.

Discussion: In conclusion, our data suggest that eliminating GR from BMAd has
minor effects on bone and hematopoiesis, and does not impair BMAT
accumulation during CR.

KEYWORDS

glucocorticoids (GC), glucocorticoid receptor (GR), bone marrow adipose tissue
(BMAT), caloric restriction (CR), bone, hematopoiesis

Introduction

Adipocytes are widely distributed throughout the human body,
and their physiological functions differ depending on location. Bone
marrow adipose tissue (BMAT) is a unique adipocyte depot located
within the medullary cavity of bones. While the presence of BMAT
has been known since the late 19™ century, the physiological
importance of BMAT remains incompletely understood. Humans
are born with very little BMAT, but it gradually expands with age,
and by adulthood, BMAT constitutes about 50-70% of total marrow
volume (1). Two types of BMAT have previously been described (2).
Constitutive BMAT (cBMAT) is located within the distal region of
long bones and in caudal vertebrae, and as suggested by the name,
remains constitutively present despite a wide variety of
physiological interventions. Alternatively, regulated BMAT
(rBMAT) is in proximal tibia and distal femur. rBMAT is
typically seen as single cells or in small clusters of adipocytes
interspersed with hematopoietic cellularity. rBMAT volume
changes under a variety of physiological and pathological
conditions. For example, cold exposure, acute myeloid leukemia,
exercise, and lactation lead to decreased rBMAT volume (3).
Alternatively, expansion of rBMAT is observed with type 1 and
type 2 diabetes, obesity, growth hormone deficiencies, impaired
hematopoiesis, osteoporosis, as well as caloric restriction (CR) (3).
BMAT also functions to influence bone and hematopoiesis by
serving as an endocrine organ, contributing to circulating
concentrations of adiponectin, stem-cell factor, leptin, and
receptor activator for NF-xB (RANK) ligand (4-6).

Bone is a dynamic organ that responds to local and systemic
stimuli to regulate resorption and formation of bone. Most human
and mouse data suggest an inverse relationship between bone
marrow adiposity and bone mineral density (7); however, this is
not always the case. In C57BI/6] mice, long-term high fat diet leads
to increased BMAT with variable loss to trabecular and cortical
bone mass (8, 9). Following bariatric surgery in mice, there is a
dramatic loss of BMAT, in addition to a loss trabecular and cortical
bone mass (10). Recent work demonstrates that BMAT has a
negative effect on bone mass, although, under conditions of
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energy deficit, BMAT lipolysis helps to maintain bone mass (11).
BMAds arise from skeletal stem cells, which also give rise to
osteoblasts. Fate determination is controlled by several key
transcription factors including runt-related transcription factor 2
(Runx2) and osterix (Osx), which promote osteoblastogenesis (12,
13) and proliferator-activated receptor gamma (PPARY) and
CCAAT/enhancer-binding protein alpha (C/EBPa), which
promote adipogenesis (14). The bone marrow microenvironment
is complex. In addition to impacting bone health, BMAds have also
been shown to influence hematopoiesis. Several studies have
suggested that BMAds are a negative regulator of hematopoiesis
(15, 16). However, other studies suggest that BMAds support the
function of hematopoietic cells (11, 17, 18). Thus, interactions
between BMAT and other cell types within the marrow are
complex and remain poorly understood.

CR has been shown to increase lifespan and improve overall
metabolic health (19). Unlike white adipose tissue (WAT), BMAT
paradoxically increases during CR (20), suggesting that BMAT and
WAT are metabolically and functionally distinct. The physiological
purpose for increased BMAT with CR is unknown; however, a
recent study from Li et al. demonstrates that lipolysis of BMAds
helps to fuel the bone and myelopoiesis during times of CR (11). M
olecular signals that lead to these changes in BMAT volume remain
poorly understood. Previous hypotheses have included potential
roles for leptin, estradiol, fibroblast growth factor 21, ghrelin, and
cortisol (21-25). Previously, Cawthorn et al. (26) showed that CR in
female mice leads to BMAT increase, without changes in circulating
leptin concentrations. Using mice and rabbits, these studies also
showed that BMAT expansion was observed only when circulating
corticosterone concentrations were elevated, implying a potential
role for glucocorticoids in BMAT expansion following CR.

Glucocorticoids (GC) are corticosteroids that are essential for
vertebrate biology. Due to their anti-inflammatory effects, they are
widely used to treat a variety of inflammatory diseases.
Glucocorticoids are mainly synthesized by the cortex of the adrenal
gland. Production of GCs is regulated by the hypothalamic-pituitary-
adrenal axis. Mechanisms of action by GCs are also tightly regulated
by enzymatic conversion between active and inactive forms. Two
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enzymes regulate the conversion between active and inactive GCs.
11B-hydroxysteroid dehydrogenase 1 (11B3-HSD1) catalyzes the
conversion of inactive cortisone (11-dehydrocorticosterone in mice)
to active cortisol (corticosterone in mice), while 113-HSD2 performs
the opposite conversion (27, 28). GCs bind to the glucocorticoid
receptor (GR, gene name Nr3cl), a member of the nuclear receptor
family. This receptor functions to regulate GC-responsive genes.
Furthermore, activation of GRs is regulated by its subcellular
distribution. When unbound, GR resides in the cytosol as a
monomer, stabilized by several heat shock proteins. Once bound by
a GC, a conformation change occurs, leading to exposure of two
nuclear localization signals, at which point GR is transported to the
nucleus. Once nuclear, GR directly binds DNA through GC-response
elements. The effects of GC on adipose tissue are complex. Under
most circumstances, GC stimulates fatty acid uptake and lipolysis in
adipocytes (29, 30). Chronic GC treatment leads to metabolic impacts
such as insulin resistance, dyslipidemia, and obesity (31). GC are
present in almost all adipocyte differentiation protocols (32). In
particular, the use of dexamethasone, a synthetic GR ligand, is
common. Several groups have used adipocyte GR-knockout models
with mixed results (31). Most studies demonstrate that GR is not
required for development or maintenance of adipose depots (33-35).
However, some studies suggest it may play an important role during
high-fat diet feeding (36). Importantly, none of these studies have
investigated the impact of adipocyte GR on bone biology.

To investigate the role of GC in BMAT expansion, we utilized a
previously described BMAd-specific Cre mouse model to knock out
GRs in BMAds (11). Female BMAd-Nr3c1”" mice had a small but
significant increase in trabecular bone volume fraction (Tb. BV/
TV), trabecular thickness, and distal tibial bone volume (BV). Male
BMAd-Nr3c1”" mice did not show changes in bone parameters.
Loss of GR in BMAds did not alter the response of young or adult
male mice to CR. However, BMAd-Nr3cl”" mice had decreased
circulating white blood cells in the light cycle without changes to
hematopoietic progenitor populations, suggesting that GRs in
BMAds may play a regulatory role in hematopoiesis.

Materials and methods
Mouse generation, care, and housing

Generation and validation of the BMAd-specific Cre model
were performed as previously described (11). By monitoring the
conversion of cell membrane-localized tdTomato to cell
membrane-localized EGFP, Cre efficiency was determined to be
~80% in both male and female mice over 16 weeks of age with one
Cre allele, and over 90% with two Cre alleles (11). To generate
BMAd-Nr3cl”™ mice, BMAd-specific Cre mice (11) were crossed to
mice containing JoxP sites flanking exon 3 of the Nr3cI gene (Jax
Strain #: 021021. ID: B6. Cg-Nr3c1"™!4/] (37)). Control BMAd-
Nr3cI™* mice contain Osterix-Flpo and Flp-activated adiponectin-
CRE but not the floxed Nr3cI. Since BMAd-Cre and Nr3cI™™ mice
were initially obtained on mixed genetic backgrounds, and because
a systematic breeding to congenicity was not performed, we
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monitored the background strain of BMAd-Nr3cl™~ (n=5;
Transnetyx Inc, Cordova, TN). Our results demonstrated that
these mice have an average observed frequency of the following
sub-strains: 63.9% C57BL/6], 13.2% C57BL/6N]J, and 33.4% C57BL/
6. Three of the five mice demonstrated an observed frequency
average of 17.6% 129S strain, with two mice showing nonsignificant
amounts of the 1298 strain. Together, these data indicate that mice
used in these studies had a predominately C57BL/6 background.
Control mice used in these studies are BMAd-Cre mice lacking loxP
sites in the Nr3cI gene. The presence of loxP sites and confirmation
of recombination in BMAds was determined by PCR (see
Genotyping and PCR). Mice were housed in a 12 h light/dark
cycle in the Unit of Laboratory Animal Medicine at the University
of Michigan, with free access to water. Unless indicated, mice were
fed a normal chow diet (NCD) ad libitum (LabDiet 5LOD PicoLab).
All procedures were approved by the University of Michigan
Committee on the Use and Care of Animals.

Genotyping and PCR

The presence of flanking loxP sites on exon 3 of the mouse
Nr3cl gene was determined using PCR and the following primers:

Forward primer (Fwd): ATGCCTGCTAGGCAAATGAT

Reverse primer #1 (R1): TTCCAGGGCTATAGGAAGCA

Recombination and removal of exon 3 of the mouse Nr3cI gene
was determined using PCR and the following primers:

Forward primer (Fwd): ATGCCTGCTAGGCAAATGAT

Reverse primer #2 (R2): TTAAGACAGTCGTCTGGAATTCC

Caloric restriction

After acclimation to single housing and the control diet
(D17110202; Research Diets) for two weeks, food intake was
determined by giving a defined amount of food and weighing the
remainder daily for 2 weeks. Individual adult male mice (starting
age of 28-35 weeks, body weights of 26.5 g to 35.2 g) consumed
approximately 2.42 g of food per day. As such, we provided 1.70 g of
the nutrient-matched CR diet (D19051601; Research Diets) to mice
daily to ensure 30% CR. Female mice consumed approximately
2.27 g of food per day and were therefore provided 1.59 g of the CR
diet. Mice on CR consumed all the food provided and food was
provided at ~2 pm daily.

Histology

Tissue histology was performed as previously described (10).
Briefly, soft tissues were fixed in 10% formalin for 24 hours and
embedded in paraffin for sectioning. Bones were fixed in formalin
for 24 hours, decalcified in 14% EDTA for a minimum of 2 weeks,
with fresh EDTA provided every 48 hours. Following
decalcification, bones were fixed an additional 24 hours with 10%
formalin. Bones were then embedded in paraffin and sectioned to 5
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pm. After staining with hematoxylin and eosin (H&E), sectioned
tissue was imaged on an Olympus BX52 microscope.

uCT analysis

Tibial bone parameters were measured using HCT as previously
described (11, 38). Briefly, the entire tibia was scanned using a pCT
system (LCT100 Scanco Medical, Bassersdorf, Switzerland). The
following parameters were used: voxel size 12 um, 70 kVp, 114 pA,
0.5 mm AL filter, and integration time 500 ms. Mid-cortical bone: a
total of 30 slices (360 um) were analyzed. The starting slice number
was determined using the following equation: Starting slice = [(Tib/fib
junction slice #) - (growth plate slice #)] x 0.7 + (growth plate slice #).
Trabecular bone: a total of 50 slices (600 pm) were analyzed, initiated
5 slices distal to the proximal tibial growth plate. Distal cortical bone:
slices were analyzed starting at the junction of the tibia and fibula and
continuing to the distal end of the cortical bone, where distal
trabecular bone is first observed (~450 slices, ~5.4 mm). Schematic
of tibial bone locations use for pCT is present within relevant figures.

Osmium tetroxide staining and
BMAd quantification

Mouse tibiae were fixed for 24 hours in formalin, then decalcified
using 14% EDTA as previously described (10). Osmium tetroxide
staining and WCT was performed as previously described (2, 38).

Circulating corticosterone measurements

Immediately following euthanasia, blood was harvested via cardiac
punction, allowed to clot on ice for 2 hours and the serum was collected
and stored at -80°C. To measure circulating corticosterone
concentrations, an ELISA was performed per the manufacturer’s
recommended protocols (Cayman Chemical, 501320, Ann Arbor, MI).

Complete blood count

Blood was harvested from the tail of BMAd-Nr3c1”~ and BMAd-
Nr3cI™* mice and a complete blood count was performed by the
University of Michigan Unit for Laboratory Animal Medicine
Pathology Core using a Heska Element HT5 Veterinary
Hematology Analyzer (Loveland, CO). Blood draws were
performed at zeitgeber time 5 (ZT5; 10 am) and ZT17 (10 pm).

Bone marrow cellular quantification

Bone marrow was extracted from the femurs and tibiae of
BMAd-Nr3c1” and BMAd-Nr3c1™* mice. Bones were crushed and
incubated in Red Blood Cell lysis buffer (Sigma-Aldrich St. Louis,
MO) for five minutes on ice. Bone marrow compartments were
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visualized by flow cytometry after staining with the following
antibodies: LT-HSC/ST-HSC/MPP2/MPP3/MPP4 [B220-PerCP
(RA3-6B2), CD3-PerCP (145-2C11), CD4-PerCP (GK1.5), CDS-
PerCP (53-6.7), CD19-PerCP (6D5), Gr-1-PerCP (RB6-8C5),
Ter119-PerCP (TER-119), Sca-1-PerCP-Cy5.5 (E13-161.7), c-Kit-
APC-780 (2B8), CD150-PE-Cy7 (TC15-12F12.2), CD48-Alexa
Fluor 700 (HM48-1), and Flt3-PE (A2F10.1)]; CMP/GMP/MEP
[B220-PerCP (RA3-6B2), CD3-PerCP (145-2C11), CD4-PerCP
(GK1.5), CD8-PerCP (53-6.7), CD19-PerCP (6D5), Gr-1-PerCP
(RB6-Ter119-PerCP (TER-119), Sca-1-PerCP-Cy5.5 (E13-161.7),
c-Kit-APC-780 (2B8), FcR II/III-Alexa Fluor 700 (93), CD34-
FITC (RAM34), and IL-7R-PE-Cy7 (A7R34)]. All antibodies were
used at 1:200 dilution except for CD34-FITC, which was used at
1:50 dilution. Populations were identified according to the following
gating strategy: LT-HSC [Lineage-Scal+cKit+ (LSK)CD48-CD150
+Flt3-]; ST-HSC (LSK, CD48-CD150-Flt3-); MPP2 (LSK, CD48
+CD150+Flt3-); MPP3 (LSK, CD48+CD150-Flt3-); MPP4 (LSK,
CD48+CD150-Flt3+); CMP (Lineage-Scal-cKit+CD34+ FcR II/
IIImed); GMP (Lineage-Scal-cKit+CD34+ FcR II/IIThigh); MEP
(Lineage-Scal-cKit+CD34- FcR II/III-); CLP (Lineage-
ScalmedcKitmedIL-7R+). DAPI (Sigma-Aldrich, St. Louis, MO)
was used for dead cell exclusion. Data collection was performed
using a Northern Lights (Cytek) flow cytometer. Data analyses were
performed with Flow]Jo version 10 (LLC, Ashland, OR).

Statistics

Significant differences between groups were assessed using a
two-sample t-test or ANOVA with post-tests as appropriate: one-
way ANOVA with Tukey’s multiple comparisons test or two-way
ANOVA with Sidak’s multiple comparisons test. All analyses were
conducted using the GraphPad Prism version 9. All graphical
presentations are mean + SD. For statistical comparisons, a P-
value of <0.05 was considered significant.

Results

Deletion of the GR in BMAds does not alter
BMAT but slightly increases bone mass of
proximal and distal tibia of female mice

To determine the roles of GR in BMAds we sought to selectively
eliminate GR from BMAds while avoiding loss of GR in white
adipocytes and osteoblasts. To do this, we utilized a recently
described BMAd-specific Cre model (11). We crossed this BMAd-
Cre line to mice containing loxP sites flanking exon 3 of the mouse
GR gene (Nr3cl) (Figure 1A). We confirmed that recombination in
BMAd-Nr3c1”" mice occurred in caudal vertebrae and tibial bone
marrow, where high amounts of BMAds are present (Figure 1B). No
recombination was observed in subcutaneous WAT (sWAT),
epididymal WAT (eWAT), or liver. In addition, RNA was
isolated, converted to cDNA, and sequenced to confirm the
presence of a product lacking exon 3 (not shown).
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FIGURE 1

Deletion of GR specifically in BMAds using the BMAd-Cre mouse model. (A) Breeding strategy for generation of BMAd-Nr3c1™~ mice. (B) PCR
amplification was used to detect the presence of loxP sites flanking exon 3 of Nr3cl (top panel, primers Fwd + R1). PCR products demonstrate
presence of a band lacking exon 3 (bottom panel, primers Fwd + R2) in tail and bone marrow (BM) of BMAd-Nr3c1™~ (KO) mice but not in
subcutaneous WAT (sWAT), epididymal (eWAT), or liver. Recombination was not detected in BMAd-Nr3c1*'* mice (WT)

We next investigated whether loss of GR in BMAds
alters BMAT volume and/or tibial bone variables. Female
BMAd-Nr3c1*”* and BMAd-Nr3c1”” mice (31-39 weeks old) on a
NCD were euthanized and a necropsy performed. As expected, no
significant differences were observed in body weight
(Supplementary Figure 1A) or tissue weights of the sWAT,
periovarian WAT (poWAT), liver, or spleen of BMAd-Nr3cl”"
mice compared to controls (Supplementary Figure 1B). We also
did not observe histological changes to the WAT (Supplementary
Figure 1C). Next, we determined if loss of GR in BMAds alters
BMAT volume. Histological analyses showed no observable
differences in BMAT histology in the tibiae or caudal vertebrae of
BMAd-Nr3c1”" mice compared to controls (Figure 2A). Qualitative
histological analysis suggested a slight reduction in the proximal
trabecular metaphyseal bone in the femur of female BMAd-Nr3c1”~
mice. To determine quantitatively whether the lack of GR in
BMAGds alters bone parameters, we performed UCT on the tibiae
of BMAd-Nr3c1™* and BMAd-Nr3cl”™ mice. Female BMAd-
Nr3cI”" mice had a small but significant increase in proximal
trabecular metaphyseal bone volume fraction and trabecular
thickness (Figure 2B). No differences were observed in the mid-
cortical region of the tibiae, where few BMAds are typically present
(Figure 2C). Female BMAd-Nr3cl”" mice also had a small but
significant increase in cortical bone volume in the distal tibiae
(Figure 2D). Although histological analysis suggested a slight
reduction in trabecular bone in distal femur, male BMAd-Nr3c1™”
mice did not have differences in bone histology in tibiae or caudal
vertebrae (Supplementary Figure 2A). Consistent with histological
results, UCT did not reveal differences in b one parameters
(Supplementary Figures 2B-D). These data indicate that at
baseline, GR plays a dispensable role in size and number of
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BMAds and a minor role in inhibiting tibial bone mass in female
but not male mice.

Deletion of Nr3cl in BMAds does not alter
BMAT accumulation with CR

In addition to increased BMAT volume, circulating
concentrations of GC are elevated with CR in mice (26). We next
sought to determine if GR is required for BMAT expansion
following CR. Developing (10-16 weeks old) male BMAd-Nr3c1**
and BMAd-Nr3c1” mice were fed ad libitum or were provided a 30%
CR diet for 6 weeks. Because no significant changes in BMAT were
observed in male BMAd-Nr3c1”" mice at baseline (Supplementary
Figure 2), all BMAd-Nr3c1”" mice were placed on a 30% CR diet. As
expected, CR mice had significant decreases in body and tissue
weights (Figures 3A, B). CR mice also had significant decreases in
length of tibiae and femurs (Figures 3C, D), with an increase in
trabecular connective density (Figure 3E). Changes in the mid- or
distal cortical bone were not observed (Figures 3F, G).

Due to decreased length of both the tibia and femur with CR, we
concluded that CR blunts development of bone in growing mice.
Therefore, we performed an additional CR study using adult male mice
(34-41 weeks old) (Figure 4). CR mice lost ~26% of their body weight
(Figure 4A) and had reductions in sWAT, eWAT, liver, and spleen
mass (Supplementary Figure 3A). Importantly, we observed that CR
induced a 7-fold increase in circulating corticosterone concentrations
in both BMAd-Nr3cI™* and BMAd-Nr3c1”" adult mice (Figure 4B).
Histological analysis showed CR leads to an increase in the number of
BMAGs in tibiae and femurs of mice placed on CR (Figure 4C), but
differences in BMAT volume were not observed between BMAd-
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FIGURE 2
Female BMAd-Nr3c1™~ mice have slightly elevated tibial bone variables. (A) Female mice at 31-39 weeks of age were euthanized. Tibiae, tail, and
femurs were decalcified, embedded, paraffin-sectioned, and stained with HGE. Representative photos are shown. Scale bar: 0.22 mm. (B-D) A
schematic of the tibia illustrating locations of uCT slices. Tibiae were analyzed by uCT for (B) proximal trabecular metaphyseal, (C) mid-cortical, and
(D) distal cortical bone variables. Tb: Trabecular, BV: Bone Volume, TV: Total Volume, Conn. Dens.: Connective Density, M. Ct.. Mid-Cortical, Dist.,
Ct.: Distal Cortical. Statistical analysis was performed using an unpaired t-test. *p<0.05.

Nr3cI™* and BMAd-Nr3cl”” mice on CR. There were also no
significant differences in adipocyte size in tibiae from BMAd-Nr3c1*/
*cr and BMAd-Nr3c1”" ¢ mice (Figures 4D, E). Quantification of
BMAT volume using osmium tetroxide and pCT demonstrated a
significant increase in proximal tibial BMAT with CR (Figures 4F-H).
Neither CR nor the loss of GR in BMAds altered tibial bone parameters
quantified by pCT (Supplementary Figures 3B-D).
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Deletion of Nr3cl in BMAds alters
circulating white blood cell counts

In addition to impacting bone biology, BMAds and GC have
independent effects on hematopoiesis (39-42). To determine if loss
of GR in BMAds impacts hematopoiesis, we measured complete
blood counts from male and female BMAd-Nr3c1*’* and BMAd-
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FIGURE 3

CR leads to decreased bone length in developing male mice independent of GR in BMAd. Male mice (10-16 weeks old) were fed ad libitum (NCD) or
placed on a 30% CR diet for 6 weeks. (A) B ody weights of mice were measured throughout the experiment. Statistical analysis was performed using
a two-way ANOVA. *p<0.05 compared to BMAd-Nr3c1*/*ncp. (B) At the time of euthanasia, tissue weights of SWAT, eWAT, and liver were measured.
(C, D) Following necropsy, the length of the tibia (C) and femur (D) were measured. Tibiae were analyzed by uCT for (E) proximal trabecular
metaphyseal, (F) mid-cortical, and (G) distal cortical bone variables. Tb: Trabecular, BV: Bone Volume, TV: Total Volume, Conn. Dens.: Connective
Density, M. Ct.: Mid-Cortical, Dist. Ct.: Distal Cortical. Statistical analysis was performed using a one-way ANOVA with a Tukey multiple comparison

post hoc test. *p<0.05.

Nr3cI”" mice. Previous reports have shown that both GC and blood
cell concentrations vary greatly with time of day (43, 44). Therefore,
we measured blood cell parameters during the day (ZT5) and in the
evening (ZT17). As expected, all blood cell populations were lower
during the evening (Figures 5A-H). Our results demonstrated that
both male and female BMAd-Nr3cl”" mice have reduced white
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blood cell counts compared to BMAd-Nr3cI™* mice (Figures 5A,
E). Specifically, female BMAd-Nr3cI”" mice showed a significant
reduction in numbers of circulating lymphocytes (Figure 5B),
whereas male mice showed a significant reduction in circulating
monocytes (Figure 5H). Loss of GR in BMAds did not alter red
blood cell parameters or platelets (Supplementary Figure 4). After
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FIGURE 4
Loss of GR in BMAds of male mice does not alter BMAT responses to CR. Male mice (34-41 weeks old) were fed ad libitum or placed on a 30% CR
diet for 6 weeks. (A) Body weight of mice was measured throughout the experiment. Statistical analysis was performed using a two-way ANOVA.
*p<0.05 compared to BMAd-Nr3c1**ycp. (B) At the time of euthanasia, blood was isolated, and circulating corticosterone concentrations were
measured. (C) Tibiae, caudal vertebrae, and femurs were decalcified, embedded, paraffin-sectioned, and stained with H&E. Representative photos
are shown. Scale bar: 0.22 mm. (D, E) BMAd size was calculated using MetaMorph. (F) Using osmium tetroxide and uCT, a three-dimensional
reconstruction of tibial BMAT was generated. BMAT volume in tibial (G) metaphasis and (H) distal cortical regions was determined.Statistical analysis
was performed using a one-way ANOVA with a Tukey multiple comparison post hoc test. *p<0.05.

observing changes to circulating blood cell populations, we next
investigated whether this observation could be a result of changes to
the bone marrow cell composition. Therefore, we measured
hematopoietic progenitor cell populations within bone marrow
compartments of femurs and tibiae. Our results demonstrated
that BMAd-Nr3c1”" mice had fewer short-term reconstituting
hematopoietic stem cells (ST-HSC) in the femur. However, we
did not observe changes in common myeloid progenitors (CMP) or
common lymphoid progenitors (CLP). We also did not observe
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altered frequencies of progenitor cell populations in the tibia of
BMAd-Nr3c1”" mice compared to control (Figures 5L, J).

Discussion
BMAds are a unique group of adipocytes residing within the

bone marrow microenvironment. rBMAT volume expands under a
variety of physiological and pathological conditions including CR
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Loss of GR in BMAds reduces circulating white blood cell counts in female and male mice during the light cycle. Circulating blood cell populations
were measured in (A—D) female and (E—H) male BMAd-Nr3c1”~ and control mice at ZT5 and, following a 48-hour recovery period, at ZT17
Statistical analyses of panels A-H were performed using a two-way ANOVA with a Sidak’'s multiple comparison’s post hoc test. *p<0.05.
Hematopoietic progenitor cell populations were measured in bone marrow isolated from the (I) femur and (J) tibia of BMAd-Nr3c1™ or control
mice. Statistical analysis of panels | and J was performed using an unpaired t-test. *p<0.05.

(20) and anorexia nervosa (4, 45, 46). The molecular mechanisms
during CR leading to increased BMAT are unknown. Previous
studies using mouse models have shown that BMAT expansion
occurs when circulating GC are elevated (26). Both excess synthetic
and endogenous GCs are known to cause bone loss (47). In general,
an inverse relationship exists between BMAT volume and bone
mass, including in patients with anorexia nervosa (48-50). Together
these results suggest that excess GC during CR may lead to
increased BMAT and subsequent bone loss (51, 52). Indeed, work
from Pierce et al. have shown that GR-deficiency in Osx-expressing
cells led to loss of cortical and trabecular bone mass in mice fed ad
libitum or CR (53). However, previous studies using adipocyte-
specific deletion of GR have not investigated changes to bone mass
(31, 33-35). Indeed, in these studies, the direct effects of GR in
BMAd would not be distinguishable from potential indirect effects
caused by the deletion of GR in other adipose depots.

In this study, our results suggest that GRs in BMAds are not
required for the expansion of BMAT with CR. One explanation is
that GR plays an important role in the early differentiation of
BMAds, and the BMAd-Cre model used in these studies targets only
mature BMAds (11). Another possibility is that the loss of GR in
BMAds is compensated by other GC-responsive proteins such as
the mineralocorticoid receptor (MR), which can also directly bind
to GC. However, evidence for robust compensation by MR has not
been observed in adipocyte-specific GR-KO models (33, 54). In the
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current studies, we also did not observe significant changes to MR
expression levels in BMAd-Nr3cI”” mice (data not shown). Several
groups have targeted GC activity through knock-out of the enzymes
involved in their activation, such as 113-HSD1, a major regulator of
the tissue-specific effects of GC (55, 56). Previous work has shown
that global deletion of 11B3-HSD1 produces a favorable metabolic
state (57-59); however, the impact of 11B-HSD1-deficiency in
BMAds has not been evaluated. With the recent invention of
genetic tools like the BMAd-Cre mouse (11), future experiments
can investigate this hypothesis that 113-HSD1 is important for
BMAT responses to GC. It is possible that GR in BMAds is
important with other stressors that lead to BMAT expansion such
as aging or obesity (60). Alternatively, it may be that elevated GC
and BMAd-GR do not contribute to BMAT expansion
following CR.

Whereas our results did not suggest a critical role for GR in
BMAd in expansion of BMAT during CR, we did observe a small
but significant increase in trabecular bone volume fraction and
thickness as well as distal cortical bone volume in the tibiae of adult
female BMAd-Nr3c1”" mice at baseline. Sex-specific differences in
bone parameters are well documented (61, 62), and 6 weeks of 30%
CR did not lead to loss of tibial bone mass in adult male mice.
Indeed, the clinical data surrounding bone loss from CR is variable.
One study showed that six months of CR in young adults does not
lead to significant bone loss (63). However, similar studies in adults
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show a significant reduction in bone following CR (64, 65).
Amongst these conflicting findings, one consensus is that patients
with anorexia nervosa are at an increased fracture risk due to bone
loss (66-69). Of note, anorexia nervosa is a condition of more severe
caloric deficiency than that achieved in most CR studies. In mouse
and rabbit models, results have also been mixed. One common
observation is that CR results in stunted bone growth and low bone
mass in some regions of the skeleton of young mice (21) and rabbits
(26). Indeed, our studies support this finding, which is why we then
chose to investigate CR in adult mice (34+ weeks). In adult animals,
most studies suggest that CR leads to bone loss (21, 70). However,
results have been variable both in terms of the severity of bone loss
and the location of bone loss within the skeleton (21, 70). One study
showed that bone loss occurs with 6 weeks of CR, even when
performed in combination with exercise (71), which typically
positively supports bone health (72). Interestingly, some studies
suggest that long-term CR may protect against or delay age-related
bone loss (73, 74). Several factors could influence the impact of CR
on bone mass including sex, age, length of CR, strain of mice, and
region of the skeleton being investigated. While our CR diet
includes micronutrient supplementation, in other dietary
restriction studies (21), the availability of calcium and other
essential minerals is of concern.

Due to its location within the marrow niche, as well as its
endocrine functions, many studies have aimed to investigate the
roles of BMAd on hematopoiesis. Several studies suggest an inverse
relationship between BMAT and hematopoiesis (10, 15, 16, 18).
However, others suggest a supportive role for BMAds in
hematopoiesis (11, 18, 75). In our study, loss of GR from BMAds
led to a significant decrease in circulating white blood cells. Female
BMAd-Nr3c1”" mice showed a decrease in lymphocytes, while male
mice showed a significant reduction in monocytes. These changes
were only significant when the blood draw was performed during
the day (ZT5). Confirming previous studies showing that
hematopoiesis is circadian (43), nearly all blood cell populations
were reduced when the blood draw was performed at night (ZT17).
We did not observe changes in circulating red blood cells in BMAd-
Nr3cI”” mice. While GR has previously been shown to mediate
stress erythropoiesis (41), we hypothesize that the lack of changes in
circulating red blood cells in BMAd-Nr3cI”" mice is because this
process mostly occurs in the spleen (76). In WAT, adipocyte GR
suppresses the immune system, maintaining immune homeostasis
(77, 78). While circulating white blood cells were decreased during
the day in BMAd-Nr3cl 7~ mice, we did not observe differences in
the abundance of bone marrow progenitor cell populations in the
tibiae of BMAd-Nr3cl”" mice. We observed a subtle but significant
change in ST-HSCs in the femur of BMAd-Nr3cI”" mice, but the
frequency of CMP or CLP populations was not different. BMAds
locally interact with hematopoietic cells and contribute to whole-
body metabolism through the secretion of adipokines (79, 80).
Lipodystrophic A-ZIP/F1 mice, which lack BMAT, have delayed
hematopoietic regeneration in the long bones following irradiation
(5), a process that involves the secretion of stem cell factor (SCF)
from BMAds (5, 80, 81). Loss of SCF from BMAT reduces the bone
marrow cellularity, hematopoietic stem and progenitor cells,
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common myeloid progenitors, megakaryocyte-erythrocyte
progenitors, and granulocyte-monocyte progenitors (81).
Supporting this hypothesis, there is a depletion of BMAT
accompanied by a decrease in bone marrow erythroid cells and
anemia following bariatric surgery (10). Our data suggests that loss
of GR from BMAd lowers circulating white blood cells without
altering bone marrow hematopoietic progenitor cell populations.

Our experiments demonstrate that loss of GR in BMAd of
female mice led to a small but significant increase in trabecular bone
volume fraction and trabecular thickness. Loss of GR in BMAd of
male mice showed no changes to bone parameters. CR in young
mice resulted in a decrease in tibial and femur lengths as sufficient
caloric intake is important for growth in developing bones. CR
studies in both young and adult male mice demonstrated that GR in
BMAJ is not required for BMAT expansion following CR. This
study has several limitations. One caveat to the BMAd- Cre mouse
model is that the insertion of a flipped Cre gene in the 3’
untranslated region of adiponectin leads to a small, but
significant, decrease in circulating adiponectin concentrations
(11). To confirm that excess GC do not work directly on BMAds
to promote BMAT expansion during CR, future mouse models
should target other aspects of the GC pathway, such as deletion of
MR or 11B-HSD1. It is also highly likely that GC induce BMAT
expansion by promoting the differentiation of new adipocytes, and
the BMAd-Cre model used herein targets mature adipocytes. In
conclusion, our data suggest that BMAd-GR is not required for
BMAT expansion following CR.
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Background: The relationship between the intake of dietary fatty acids (FA) and
bone mineral density (BMD) has been the subject of prior investigations.
However, the outcomes of these studies remain contentious. The objective of
this research is to examine the link between dietary FA consumption among
adolescents and BMD.

Methods: This study utilized high-quality data from the National Health and
Nutrition Examination Survey database, spanning 2011 to 2018, to explore the
association between dietary fatty acids and bone health indicators in adolescents,
including BMD and bone mineral content (BMC). Analyses were performed using
weighted multivariate linear regression models, incorporating detailed
subgroup analysis.

Results: The study included 3440 participants. Analysis demonstrated that intake
of saturated fatty acids (SFA) was positively correlated with total BMD, left arm
BMD, total BMC, and left arm BMC. Monounsaturated fatty acid (MUFA) intake
was positively correlated with BMC across most body parts, though it showed no
correlation with BMD. Intake of polyunsaturated fatty acids (PUFA) was
significantly inversely correlated with both BMD and BMC in most body parts.
Additionally, subgroup analysis indicated that variables such as sex, age, standing
height, and race significantly influenced the correlation between FA intake
and BMD.

Conclusions: Our study indicates that dietary intake of SFA may benefit to BMD in
adolescents, in contrast to PUFA and MUFA. Therefore, we recommend that
adolescents maintain a balanced intake of SFA to promote optimal bone mass
development while preserving metabolic health.

KEYWORDS

bone mineral density, saturated fatty acids, monounsaturated fatty acids,
polyunsaturated fatty acids, adolescent, NHANES
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1 Introduction

Osteoporosis (OP), a systemic disease affecting the
musculoskeletal framework, is characterized by reduced bone
density, degeneration of bone tissue structure, increased
susceptibility to fractures, and enhanced fragility (1, 2). Given the
aging population and increased life expectancy, the World Health
Organization has recognized OP as one of the most pressing global
public health issues. In recent years, there has been noticeable
increase in the incidence of OP. A study by the International Society
for Clinical Densitometry and the International Osteoporosis
Foundation projects that by 2030, osteoporosis will affect over 70
million individuals in America, a condition marked by decreased
bone mineral density (BMD) (3). Statistics indicate that
osteoporosis-related fractures result in an estimated annual direct
economic loss of 17 billion US dollars worldwide, posing a
significant economic burden on healthcare systems across various
countries (4). Currently, the clinical diagnosis and assessment of OP
rely on BMD measurements, a method proven reliable and effective
in numerous studies (5-7). Consequently, the early detection,
intervention, and management of OP have attracted increasing
interest among researchers.

In recent years, adolescent dietary patterns in economically
developed countries have increasingly shifted towards processed
and calorie-dense foods (8). From 2009 to 2019, there was a
significant increase in the proportion of U.S. teenagers-across all
genders and racial demographics-consuming fruit or 100% juice less
than once daily (9). Similarly, the daily vegetable consumption
among teenagers has notably declined. Insufficient intake of fruits
and vegetables correlates with deficiencies in vital nutrients essential
for bone health and development. Specifically, essential nutrients for
bone health, such as calcium, vitamin D, and protein, are primarily
derived from dairy products, green leafy vegetables, and other
nutrient-rich sources. Inadequate intake of calcium and vitamin D
is linked to lower bone density and a heightened fracture risk among
adolescents (10). Furthermore, while protein supports bone growth,
excessive intake can adversely affect bone health, particularly if not
balanced with adequate calcium (10). Furthermore, a plethora of
other nutrients are integral to bone health. Essential trace elements
such as zinc, copper, manganese, and boron, in conjunction with
critical vitamins like vitamin K and vitamin C, significantly influence
bone structure and integrity (11, 12). Emerging research further
delineates dietary fat as an instrumental regulatory element in the
preservation of musculoskeletal structure and functionality (13-18).
Fatty acids (FA) have garnered increasing attention due to their
significant significance as a crucial constituent of dietary fat and their
potential regulatory role in metabolic disorders. FA are classified into
three distinct groups based on the saturation level of their
hydrocarbon chains: saturated fatty acids (SFA), which contain no
double bonds; monounsaturated fatty acids (MUFA), characterized
by the presence of a single double bond; and polyunsaturated fatty
acids (PUFA), which possess multiple double bonds (16). This
categorization reflects the structural differences and physiochemical
properties attributable to the degree of saturation within the
hydrocarbon chains of fatty acids.
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Recent research into dietary fatty acids’ influence on bone
mineral density presents varied and often contradictory outcomes
(19-23). Such discrepancies likely arise from small sample sizes,
varied survey methodologies, and inherent selection biases.
Alarmingly, few studies have assessed fatty acids’ effects on bone
health in adolescents. Given that adolescence is a crucial period for
bone development, ensuring optimal nutrition is imperative to
foster peak bone density and quality, which are essential for long-
term health. We hypothesize that dietary FA intake is associated
with BMD in adolescents; however, this association is likely non-
linear and modulated by variables including age, gender, and
ethnicity. Thus, it is vital to further investigate the link between
fatty acids and bone health during adolescence. This study utilizes
data from the National Health and Nutrition Examination Survey
(NHANES) to delve into how dietary fatty acids influence
adolescent bone health and to develop novel clinical
intervention strategies.

2 Methods
2.1 Data source and study population

NHANES is designed to assess the health and nutritional status
of the American population across a broad age spectrum. The study
stands out due to its distinctive integration of questionnaires and
physical evaluations. The survey is administered on an annual
schedule, utilizing a sample that is representative of the entire
nation and consisting of roughly 5,000 individuals. These
individuals are situated in various counties throughout the whole
country, performing visits to a total of 15 counties annually. The
NHANES interviews encompassed a range of inquiries about
demographics, socioeconomic status, dietary habits, and health-
related factors. Skilled medical professionals undertake a battery of
diagnostic tests, including physical, dental, and physiological
evaluations, as well as laboratory analysis. The primary purpose
of utilizing the data collected from this survey is to facilitate
epidemiological and health science research. The objective of
NHANES is to support the development of comprehensive public
health policies and promote health education across the broader
population (24).

Our cross-sectional study examined 39,156 NHENAS
participants from 2011 to 2018. This study examined the
correlation between dietary fatty acids and adolescent bone
health, focusing on BMD and BMC in individuals aged 12-19.
Recognizing that regional bone properties may be influenced by
distinct factors, we conducted a comprehensive analysis that
incorporated BMD and BMC measurements from various
anatomical sites and assessed multiple classes of FA.
Consequently, participants under 12 years of age (11,324
individuals) and those older than 19 years (22,617 individuals)
were excluded. Additionally, individuals lacking fatty acid intake
data (1,166 participants), total BMD measurements (531
participants), or other BMD data (78 participants) were also
excluded. Following the completion of this screening process, a
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cumulative total of 3440 people were deemed eligible for inclusion
in the study (Figure 1).

2.2 Ethics statement

Prior to their involvement in the survey, participants received
detailed explanations about the nature and specifics of the study,
following which they executed a consent agreement. This process of
informed consent received approval from the National Center for
Health Statistics’ Ethics Review Board. After the process of formal
anonymization is concluded, the entirety of the data is released to
the public to optimize the utilization of these resources. The
accessibility of these statistics is contingent upon adherence to the
NHANES database restrictions and a commitment to statistical
analysis. All experimental research conducted using this data must
adhere to the relevant laws and legislation.

2.3 Covariates

Daily FAs consumption was the independent variable in this
study. All participants in the NHANES underwent two 24-hour
food recall interviews, both of which were administered by
proficient dietary interviewers who were fluent in both Spanish
and English. The initial in-person interviews took place within
designated private rooms at the Mobile Examination Centre (MEC),
wherein a standardized collection of measuring guides was utilized.
The subsequent 24-hour dietary recall interview is conducted via
telephone, often within a time frame of 3 to 10 days following the
MEC diet assessment. Furthermore, this study used categorical
variables, including gender, ethnicity, and moderate physical
activity. Continuous variables include the ratio of family income
to poverty, body mass index (BMI), standing height, alkaline
phosphatase (ALP), serum calcium (Ca), serum phosphorus (P),
serum uric acid (UA), total cholesterol (TC), triglycerides (TG),
glycohemoglobin, blood urea nitrogen (BUN), serum creatinine
(Scr), urinary albumin-creatinine ratio (UACR), total protein (TP),
vitamin D (VitD) intake, alcohol intake, energy intake,
carbohydrate intake, protein intake, cholesterol intake, as well as
BMD (lumbar spine, left arm, left leg, head, trunk, thoracic, pelvis,

Total participants from NHANES
2011-2018
(n=39156)

Individuals age < 12
years (n=11324) orage > 19
years (n=22617)

12-19 years of age
(N=5215)

Missing data for other BMD
(n=78)

In the final analysis
(n=3440)

Missing data for fatty acids
intake (n=1166) or total
BMD (n=531)

FIGURE 1
Participant selection flow chart. NHANES, National Health and
Nutrition Examination Survey; BMD, bone mineral density.
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and left rib), and BMC (total, lumbar spine, left arm, left leg, head,
thoracic, trunk, pelvis, and left rib). At www.cdc.gov/nchs/nhanes/,
you can find out more about the collection of covariates and the 24-
hour dietary recall interview.

2.4 Outcome variable

Dual-energy X-ray absorptiometry (DXA) is a highly prevalent
technique for assessing body composition due to its rapidity, user-
friendliness, and minimal radiation exposure (25). DXA detection
results are often used for osteoporotic fractures, fracture risk
prediction, and drug efficacy evaluation. The Hologic Discovery A
is a bone densitometer that utilizes fan-beam X-ray technology.
Manufactured by Hologic, Inc. in Bedford, Massachusetts, this
device uses an energy tube to generate two distinct energy levels.
These energy levels are then used to determine BMC and BMD. All
DXA scans are performed by a certified radiographer. Additional
information regarding the operational mechanisms of the DXA
examination can be found on the official website of the NHANES,
which offers a comprehensive body composition manual.

2.5 Statistical analysis

Statistical analyses were conducted using EmpowerStats2
(http://www.empowerstats.com) and R software (version 3.4.4),
considering P-values below 0.05 as statistically significant. Sample
sizes were weighted. Continuous variables were described as mean +
standard deviation, and categorical variables as percentages for
baseline comparison. P-values for continuous and categorical
variables were derived using weighted linear regression and chi-
square tests, respectively. Furthermore, weighted multiple
regression models assessed the association between dietary FA
intake and BMD metrics (total, lumbar spine, and left arm), with
adjustments for covariates outlined in Table 1. Linear trend tests
were employed to analyze effect size trends. To enhance data
utilization, subgroup analyses were stratified by gender, age,
standing height, and race, enriching our insights into the
relationships between FA intake and BMD.

3 Results
3.1 Characteristics of participants

Table 1 displays the weighted sociodemographic and
physiological characteristics of the participants. Following
stratification of total BMD into quartiles, we observed significant
differences across multiple variables: age, gender, race, the ratio of
family income to poverty, BMI, standing height, and moderate
activity. Biochemical parameters such as ALP, Ca, P, UA, BUN, Scr,
UACR, TP also varied significantly. Additionally, intakes of VitD,
alcohol, energy, carbohydrate, protein, cholesterol, total SFA, total
MUFA, total PUFA were distinct among the quartiles. BMD at
various sites including lumbar spine, left arm, left leg, head, trunk,
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TABLE 1 Weighted characteristics of the study sample.

10.3389/fendo.2024.1402937

Quartiles of total bone mineral density (g/cm2) Lowest quartiles 2nd 3rd 4th P value
Age (years) 13.53 + 1.77 15.26 £ 2.13 16.12 + 1.96 17.11 £+ 1.60 < 0.001
Gender (%) < 0.001
male 53.14 43.53 44.74 66.67
female 46.86 56.47 55.26 33.33
Race/ethnicity (%) < 0.001
White people 55.47 57.85 53.54 43.13
Black people 6.27 10.08 14.57 24.44
Mexican American 17.96 13.75 15.29 18.05
Other race 20.3 18.33 16.59 14.38
Ratio of family income to poverty (%) 2.52 + 1.58 245 + 1.58 231 +1.57 2.29 + 1.60 0.006
Body mass index (kg/m2) 2129 + 494 2295 + 531 2524 +6.13 26.57 + 6.34 < 0.001
Standing height(cm) 158.67 + 8.33 164.62 + 8.23 167.38 + 8.79 171.52 + 8.39 < 0.001
Moderate activities (%) < 0.001
No 29.1 25.52 25.39 28.54
Yes 50.43 57.09 57.83 60.78
Don’t know 20.48 17.39 16.78 10.69
Alkaline phosphatase (u/L) 201.34 + 102.64 138.16 + 87.04 107.94 + 62.79 91.19 + 39.60 < 0.001
Serum calcium (mmol/L) 241 +0.08 2.40 +0.07 2.39 £ 0.07 2.40 +0.07 < 0.001
Serum phosphorus (mmol/L) 1.52 + 0.19 1.40 £ 0.21 1.36 + 0.18 1.32+0.16 < 0.001
Serum uric acid (umol/L) 283.70 + 61.65 294.17 + 67.50 303.01 + 71.78 322.51 +70.76 < 0.001
Total cholesterol (mmol/L) 4.07 £ 0.71 4.08 +0.71 4.04 £ 0.76 4.08 + 0.75 0.582
Triglycerides (mmol/L) 1.11 + 0.65 1.12 £ 0.72 1.16 + 0.76 1.12 £ 0.71 0.561
Glycohemoglobin (%) 527 £ 041 525+ 0.44 524 +0.31 523 +£0.31 0.093
Blood urea nitrogen (mmol/L) 399 +1.21 390 + 1.13 4.12 £ 1.20 422 +1.13 < 0.001
Serum creatinine (umol/L) 54.44 + 11.41 61.34 + 11.47 66.04 + 12.54 74.46 + 13.08 < 0.001
Urinary albumin creatinine ratio (mg/g) 35.13 + 124.55 24.06 £ 85.26 22.06 + 87.35 14.87 + 38.19 < 0.001
Total protein (g/L) 72.07 + 3.98 72.58 +3.83 72.68 + 3.87 72.69 + 4.06 0.003
Vitamin D intake (mcg/d) 539 + 4.67 4.50 + 3.60 4.62 + 4.12 518 £4.70 < 0.001
Alcohol intake (g/d) 0.07 + 1.05 0.49 + 3.75 0.63 = 5.56 1.28 + 6.58 < 0.001
—— T e T R L R
Carbohydrate intake (g/d) 248.87 + 91.16 243.11 + 88.67 242.51 + 95.98 274.64 = 110.90 < 0.001
Protein intake (g/d) 71.54 + 2798 69.57 + 34.39 74.46 + 40.84 86.33 + 41.35 < 0.001
Cholesterol intake (mg/d) 224.37 + 13931 222.59 + 167.22 246.20 + 201.71 285.22 + 186.41 < 0.001
Total saturated fatty acids intake (g/d) 25.67 + 11.83 23.72 £ 11.59 25.01 £ 12.61 29.10 + 14.04 < 0.001
Total monounsaturated fatty acids intake (g/d) 24.74 + 10.60 23.83 + 11.66 2494 + 1221 29.79 + 15.09 < 0.001
Total Polyunsaturated fatty acids intake (g/d) 16.26 + 7.80 16.70 + 9.04 16.85 + 9.17 19.36 + 9.94 < 0.001
Lumbar Spine Bone Mineral Density (g/cm2) 0.80 £ 0.11 0.94 + 0.09 1.03 + 0.10 1.12 + 0.12 < 0.001
Left Arm Bone Mineral Density (g/cm2) 0.61 + 0.05 0.68 + 0.04 0.73 + 0.05 0.81 + 0.07 < 0.001
(Continued)
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TABLE 1 Continued

10.3389/fendo.2024.1402937

Quartiles of total bone mineral density (g/cm2) Lowest quartiles 2nd 3rd 4th P value
Left Leg Bone Mineral Density (g/cm2) 0.94 + 0.08 1.05 + 0.06 1.14 + 0.06 1.27 £ 0.10 < 0.001
Head Bone Mineral Density (g/cm2) 1.48 + 0.19 1.75 £ 0.20 1.94 + 0.24 2.16 + 0.26 < 0.001
Trunk Bone Mineral Density (g/cm2) 0.71 + 0.06 0.82 + 0.04 0.90 + 0.05 1.01 + 0.08 < 0.001
Thoracic Bone Mineral Density (g/cm2) 0.62 + 0.07 0.72 £ 0.05 0.78 £ 0.06 0.86 + 0.08 < 0.001
Pelvis Bone Mineral Density (g/cm2) 0.99 £0.11 1.13 £ 0.09 1.24 £ 0.10 1.38 £ 0.14 <0.001
Left Rib Bone Mineral Density (g/cm2) 0.53 + 0.05 0.60 + 0.04 0.64 + 0.04 0.72 £ 0.07 < 0.001
Total Bone Mineral Content(g) 1507.12 + 233.25 ilszi]724255 i21273964681 i26313623230 < 0.001
Lumbar Spine Bone Mineral Content (g) 3552 +9.43 48.38 + 8.84 54.47 +9.20 63.56 + 11.37 < 0.001
Left Arm Bone Mineral Content (g) 99.08 + 21.40 130.23 + 22.98 153.10 + 27.52 189.37 + 35.78 < 0.001
Left Leg Bone Mineral Content (g) 295.04 + 55.00 360.79 + 56.08 413.12 + 65.78 500.52 + 83.86 < 0.001
Head Bone Mineral Content (g) 327.88 + 46.81 393.24 + 4831 442.50 + 56.81 509.54 + 69.27 < 0.001
Thoracic Bone Mineral Content (g) 69.77 + 17.62 91.58 + 16.45 105.66 + 18.52 119.29 + 20.12 < 0.001
Trunk Bone Mineral Content (g) 382.05 + 76.76 500.39 + 67.96 589.33 +79.43 709.34 + 107.80 < 0.001
Pelvis Bone Mineral Content (g) 163.23 + 38.08 220.72 + 38.06 270.03 + 45.82 340.38 + 68.99 < 0.001
Left Rib Bone Mineral Content (g) 57.59 + 12.30 70.86 + 11.31 80.58 + 13.52 94.72 £ 1593 < 0.001

Continuous variables are presented as Mean + SD, P-value was calculated by a weighted linear regression model. Categorical variables are presented as %, P-value was calculated by the chi-

square test.

thoracic, pelvis, left rib, along with bone mineral content (BMC) at
these locations, showed significant variances. In contrast, no
significant differences were observed in glycohemoglobin, TC, and
TG. These findings suggest that BMD is potentially influenced by
demographic characteristics, dietary habits, and physical
activity levels.

3.2 Association between total SFAs intake,
BMD, and BMC

Figure 2 illustrates the association between total SFA intake and
both BMD (Figure 2A) and BMC (Figure 2B). Positive correlations
were observed between the overall intake of SFA and both total and
left arm BMD, with P-values of 0.0197 and 0.0011, respectively.
Similarly, positive correlations persisted for both total and left arm
BMC, with P-values of 0.0270 and 0.0016, respectively. Three
weighted multivariate linear regression models of total SFA intake
versus total BMD, lumbar spine BMD, and left arm BMD are shown
in Table 2. Adjustments were made for all factors. The stratification
variable was not adjusted for in the subgroup analysis.

The lowest quartiles of total SFA were used as a control group in
the weighted multiple linear regression model of total BMD and
total SFA intake. In the highest quartile of total SFA, a positive
association with total BMD was identified, exhibiting statistical
significance (P < 0.05), with the trend’s P value also reaching a
notable level of significance (P = 0.007). In the process of
performing subgroup analysis based on gender, age, and race, it
was shown that in male and Mexican Americans, there existed a

Frontiers in Endocrinology

positive association between total SFA intake and total BMD (P <
0.05). We also stratified the standing height, with 132.9-160.2 cm as
Q1, 160.3-168.7 cm as Q2, and 168.8-190.9 cm as Q3, and only in
Q3, there was a positive association between total SFA intake and
total BMD. This phenomenon could be attributed to the generally
larger bone size and greater bone mass observed in men, with
testosterone significantly contributing to the preservation of bone
density. Moreover, taller individuals typically exhibit elevated levels
of growth and sex hormones, which are associated with enhanced
bone growth and density. These hormonal effects may be further
influenced by biomechanical stimulation, genetic factors, among
other determinants. Furthermore, dietary preferences among
Mexicans, which often include high-calcium foods, might also
play a role in influencing bone density.

In the model of lumbar spine BMD and total SFA intake, when
SFA intake was stratified by quartiles, with the lowest quartiles as the
reference, the 2nd quartile of total SFA was negatively correlated with
total BMD (P < 0.05). Nonetheless, the trend across quartiles did not
reach statistical significance (P = 0.172). Further subgroup analysis,
which was categorized by gender, age, standing height, and race,
revealed a significant positive correlation between dietary SFA and
lumbar spine BMD exclusively in adolescents aged 13 and in Mexican
American individuals (P < 0.01). After accounting for confounding
factors, the overall correlation between SFA intake and BMD may be
obscured (Figure 2). However, this correlation might become
significant when analyses are conducted separately for particular
subgroups, suggesting unique relationships within these populations.

The measurement of BMD in the left arm provides valuable
insights for the young population, particularly in evaluating overall
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FIGURE 2
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P value
0.0197
0.8305
0.0011
0.1126
0.4801

0.1478
0.0789

0.1675

0.0544

P value
0.0270
0.3938
0.0016
0.2387
0.0842
0.1091
0.1326

0.1277

0.2719

Forest plot of the relationship between total SFA intake and BMD and BMC for each body part. (A) Correlation between BMD and total SFA intake in
each body part. (B) Correlation between BMC and total SFA intake in each body part. SFA, saturated fatty acids intake; BMD, bone mineral density;

BMC, bone mineral content.

TABLE 2 Association between total saturated fatty acids intake (g/d) and bone mineral density (g/cm?).

Total BMD
Exposure

Lumbar Spine BMD

Left Arm BMD

B, 95%Cl, P value

Quartiles of total polyunsaturated fatty acids intake (g/d)

B, 95%Cl, P value

B, 95%Cl, P value

Lowest quartiles (2.00-16.29) reference

reference

reference

2nd (16.30-23.24) -0.0079 (-0.0163, 0.0004)

-0.0126 (-0.0242, -0.0011)*

-0.0101 (-0.0156, -0.0046)***

3rd (23.25-31.64) 0.0048 (-0.0048, 0.0145)

4th (31.65-116.23) 0.0170 (0.0035, 0.0305)*

P for trend 0.007

Stratified by gender

0.0043 (-0.0091, 0.0177)
0.0073 (-0.0114, 0.0260)

0.172

-0.0025 (-0.0088, 0.0038)
0.0031 (-0.0057, 0.0120)

0.341

Male 0.0009 (0.0002, 0.0016)*

0.0004 (-0.0005, 0.0014)

0.0007 (0.0002, 0.0012)**

Female 0.0003 (-0.0006, 0.0011)

Stratified by age (years old)

-0.0007 (-0.0019, 0.0006)

0.0002 (-0.0018, 0.0023)

0.0005 (-0.0000, 0.0009)

0.0007 (-0.0003, 0.0017)

0.0029 (0.0008, 0.0050) **

-0.0007 (-0.0026, 0.0012)

0.0008 (-0.0003, 0.0018)

0.0004 (-0.0005, 0.0013)

12 0.0013 (-0.0002, 0.0028)
13 0.0014 (-0.0002, 0.0029)
14 -0.0004 (-0.0019, 0.0011)
15

0.0014 (-0.0004, 0.0032)

0.0013 (-0.0012, 0.0037)

0.0005 (-0.0007, 0.0016)
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TABLE 2 Continued

Exposure

Stratified by age (years old)

Total BMD
B, 95%Cl, P value

Lumbar Spine BMD

B, 95%Cl, P value

10.3389/fendo.2024.1402937

Left Arm BMD
B, 95%ClL, P value

16 0.0007 (-0.0008, 0.0022) -0.0007 (-0.0028, 0.0015) 0.0002 (-0.0008, 0.0012)
17 0.0010 (-0.0006, 0.0026) 0.0010 (-0.0013, 0.0034) 0.0014 (0.0005, 0.0024) **
18 -0.0007 (-0.0024, 0.0009) -0.0007 (-0.0030, 0.0015) 0.0003 (-0.0008, 0.0013)
19 0.0011 (-0.0004, 0.0027) 0.0012 (-0.0010, 0.0034) 0.0008 (-0.0003, 0.0019)

Stratified by standing height (cm)

Q1 (132.9-160.2)

Q2 (160.3-168.7)

0.0004 (-0.0006, 0.0014)

0.0007 (-0.0003, 0.0017)

0.0002 (-0.0013, 0.0017)

-0.0001 (-0.0014, 0.0013)

0.0001 (-0.0005, 0.0008)

0.0007 (0.0001, 0.0013)*

Q3 (168.8-190.9)

0.0010 (0.0001, 0.0019)*

0.0004 (-0.0009, 0.0016)

0.0010 (0.0004, 0.0016)**

Stratified by race
White people

Black people

Mexican American

Other race

0.0009 (-0.0001, 0.0019)
0.0003 (-0.0010, 0.0015)
0.0016 (0.0002, 0.0029)*

-0.0010 (-0.0020, 0.0001)

-0.0003 (-0.0017, 0.0011)
-0.0001 (-0.0019, 0.0017)
0.0023 (0.0006, 0.0041)**

-0.0008 (-0.0023, 0.0006)

0.0008 (0.0002, 0.0015)*
0.0005 (-0.0003, 0.0012)
0.0006 (-0.0003, 0.0015)

-0.0002 (-0.0009, 0.0005)

All factors were adjusted. In the subgroup analysis, not adjusted for the stratification variable itself. *P < 0.05, **P < 0.01, ***P < 0.001.

bone health and estimating the risk of fractures. As illustrated in
Figure 2, a positive correlation exists between dietary SFA intake
and BMD. In the analysis concerning the relationship between left
arm BMD and overall SFA consumption, segmentation of SFA
intake into quartiles revealed a negative association between the
second quartile of SFA intake and left arm BMD (P < 0.001).
Nonetheless, the trend across quartiles did not achieve statistical
significance (P = 0.341). In the subgroup analysis stratified by
gender, age, and race, a significant positive association between
dietary SFA and BMD in the left arm was observed exclusively in
males, 17-year-olds, and white people. In subgroups stratified by
standing height, dietary SFA intake was positively related to left arm
BMD in Q2 and Q3, with significance levels of P < 0.05 and P <
0.01, respectively.

3.3 Association between total MUFA intake,
BMD, and BMC

Figure 3 illustrates the correlation between total MUFA and
both BMD and BMC. Figure 3B illustrates that BMC measurements
across multiple anatomical regions—including the total body,
lumbar spine, left leg, trunk, pelvis, and left ribs—demonstrate a
positive relationship with overall MUFA intake. However, the
association between MUFA intake and BMD across these regions
did not reach statistical significance (P > 0.05).

Table 3 outlines three models that examine the relationship
between MUFA consumption and BMD, with adjustments made
for all pertinent variables. The analysis of total BMD in relation to
MUFA intake, categorized by quartiles, reveals a negative
correlation in the 2nd quartile with total BMD (P < 0.01),

Frontiers in Endocrinology

without a significant trend across quartiles (P = 0.850).
Furthermore, when dissecting the data by gender, age, standing
height, and race, a significant negative relationship between total
MUFA intake and total BMD was observed exclusively in the “other
race” category (P < 0.05). In the model of lumbar spine BMD and
total dietary MUFA. When categorized by gender, age, standing
height, and race, positive correlations between dietary MUFA and
lumbar spine BMD and MUFA were found only in female, 16-year-
olds, and white people (P < 0.05); however, in 13-year-olds, lumbar
spine BMD was negatively correlated with total MUFA intake. In
the analysis of the left arm BMD model, stratification of MUFA
across quartiles revealed that MUFA levels within the second and
third quartiles exhibited a significant inverse relationship with
BMD, as evidenced by P-values of <0.001 and <0.01, respectively;
the P for trend was 0.034. When analyses were stratified by gender,
age, standing height, and race, total MUFA intake and left arm
BMD were negatively associated only in subgroups of 12 and 17
years, QI, and other race.

3.4 Association between total PUFA intake,
BMD, and BMC

Figure 4 presents the association between the intake of dietary
PUFA and each body part’s BMD as well as BMC. The analysis
reveals a consistent inverse relationship across various BMD
parameters, including total BMD, BMD of the left arm, left leg,
head, trunk, pelvis, thoracic region, and left rib, with the intake of
total PUFA. Similarly, this inverse association extends to BMC
measurements, encompassing total BMC, BMC of the left arm, left
leg, head, trunk, pelvis, and left rib, further supporting the negative
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Forest plot of the relationship between total MUFA intake and BMD and BMC for each body part. (A) Correlation between BMD and total SFA intake
in each body part. (B) Correlation between BMC and total SFA intake in each body part. MUFA, monounsaturated fatty acids intake; BMD, bone

mineral density; BMC, bone mineral content.

TABLE 3 Association between total monounsaturated fatty acids intake (g/d) and bone mineral density (g/cm?).

Total BMD

Exposure

B, 95%Cl, P value

Lumbar Spine BMD

Left Arm BMD

Quartiles of total monounsaturated fatty acids intake (g/d)

B, 95%Cl, P value

B, 95%Cl, P value

Lowest quartiles (2.44-16.79)

reference

reference

reference

2nd (16.80-23.49)
3rd (23.491-32.06)
4th (32.062-118.49)

P for trend

-0.0132 (-0.0217, -0.0047)**

-0.0065 (-0.0164, 0.0035)
0.0042 (-0.0104, 0.0187)

0.850

-0.0110 (-0.0228, 0.0008)
0.0021 (-0.0116, 0.0158)
0.0053 (-0.0149, 0.0254)

0.412

-0.0121 (-0.0176, -0.0065)***
-0.0100 (-0.0165, -0.0035)**
-0.0095 (-0.0190, 0.0000)

0.034

Stratified by gender

Male
Female

Stratified by age (years old)

0.0003 (-0.0007, 0.0012)

0.0010 (-0.0002, 0.0022)

0.0005 (-0.0008, 0.0018)

0.0019 (0.0001, 0.0037)*

-0.0003 (-0.0010, 0.0004)

-0.0006 (-0.0013, 0.0001)

12 -0.0014 (-0.0034, 0.0007) 0.0016 (-0.0012, 0.0045) -0.0014 (-0.0027, -0.0001)*
13 -0.0018 (-0.0038, 0.0003) -0.0035 (-0.0064, -0.0006)* -0.0010 (-0.0025, 0.0005)
14 0.0002 (-0.0022, 0.0026) -0.0001 (-0.0031, 0.0029) -0.0013 (-0.0027, 0.0001)
15 0.0011 (-0.0015, 0.0036)

0.0015 (-0.0020, 0.0050)

0.0008 (-0.0009, 0.0024)
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TABLE 3 Continued

Exposure

Total BMD

B, 95%Cl, P value

Lumbar Spine BMD
B, 95%Cl, P value

10.3389/fendo.2024.1402937

Left Arm BMD
B, 95%ClL, P value

Stratified by age (years old)

16 0.0006 (-0.0019, 0.0031) 0.0040 (0.0005, 0.0074)* 0.0003 (-0.0014, 0.0019)
17 -0.0005 (-0.0028, 0.0018) -0.0034 (-0.0068, 0.0000) -0.0019 (-0.0033, -0.0005)**
18 0.0007 (-0.0012, 0.0025) -0.0002 (-0.0028, 0.0023) -0.0004 (-0.0015, 0.0008)
19 0.0019 (-0.0009, 0.0048) 0.0014 (-0.0027, 0.0054) 0.0003 (-0.0016, 0.0023)

Stratified by standing height (cm)

Q1 (132.9-160.2)

Q2 (160.3-168.7)

-0.0010 (-0.0024, 0.0005)

0.0000 (-0.0015, 0.0015)

0.0008 (-0.0014, 0.0030)

-0.0003 (-0.0023, 0.0016)

-0.0015 (-0.0025, -0.0006)**

-0.0009 (-0.0018, 0.0000)

Q3 (168.8-190.9)

0.0004 (-0.0007, 0.0016)

0.0007 (-0.0009, 0.0023)

-0.0004 (-0.0012, 0.0004)

Stratified by race
White people

Black people

Mexican American

Other race

0.0011 (-0.0002, 0.0024)
-0.0016 (-0.0037, 0.0005)

0.0012 (-0.0008, 0.0031)

-0.0020 (-0.0035, -0.0005)*

0.0021 (0.0002, 0.0039)*
-0.0026 (-0.0056, 0.0003)
0.0010 (-0.0015, 0.0034)

-0.0020 (-0.0040, 0.0000)

-0.0001 (-0.0009, 0.0008)
-0.0012 (-0.0024, 0.0001)
0.0003 (-0.0009, 0.0015)

-0.0019 (-0.0029, -0.0009)***

All factors were adjusted. In the subgroup analysis, not adjusted for the stratification variable itself. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 4

Forest plot of the relationship between total PUFA intake and BMD and BMC for each body part. (A) Correlation between BMD and total SFA intake
in each body part. (B) Correlation between BMC and total SFA intake in each body part. PUFA, monounsaturated fatty acids intake; BMD, bone

mineral density; BMC, bone mineral content.
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association between dietary polyunsaturated fatty acid intake and
bone health.

In Table 4, we investigate the relationship between overall
PUFA consumption and BMD at various anatomical locations.
This analysis examines the link between PUFA consumption and
BMD, highlighting the influence of factors including gender, age,
height, and ethnicity. Specifically, in the context of PUFA
consumption and total BMD, a negative correlation is observed
among males aged 15 and 19, Q3, and within white people and
Mexican American cohorts. Conversely, a significant positive
correlation is noted across other ethnic groups. This nuanced
examination underscores the complex interplay between dietary
PUFA and bone health, contingent upon demographic factors. In

10.3389/fendo.2024.1402937

models of PUFA and lumbar spine BMD, when PUFA intake was
divided into quartiles, there was a positive correlation in the 2nd
quartile (P <0.05), and the P for trend was 0.376. In subgroup
analysis, PUFA was significantly inversely associated with lumbar
spine BMD only in males, 15-year-olds, and Mexican Americans
(P <0.05). In the analysis of total PUFA intake and left arm BMD,
dividing PUFA intake into quartiles did not reveal a statistically
significant trend (P = 0.426). Stratifying by gender, age, height,
and race, PUFA intake showed a negative correlation with left arm
BMD in male, 17-year-olds, Q3, and white people, whereas it
exhibited a positive correlation in individuals of other races. The
above findings indicate that PUFA could potentially influence
BMD negatively.

TABLE 4 Association between total polyunsaturated fatty acids intake (g/d) and bone mineral density (g/cm?).

Total BMD

Lumbar Spine BMD Left Arm BMD

Exposure

B, 95%Cl, P value

B, 95%Cl, P value

B, 95%Cl, P value

Quartiles of total polyunsaturated fatty acids intake (g/d)

Lowest quartiles (1.29-10.66)

reference

reference

reference

2nd (10.669-15.516)

0.0057 (-0.0024, 0.0139)

0.0135 (0.0023, 0.0247)*

0.0023 (-0.0030, 0.0076)

3rd (15.519-24.66)
4th (24.96-51.87)
P for trend

Stratified by gender

-0.0044 (-0.0134, 0.0046)
-0.0073 (-0.0189, 0.0043)

0.076

0.0090 (-0.0034, 0.0215)
0.0091 (-0.0069, 0.0252)

0.376

-0.0015 (-0.0074, 0.0044)
-0.0017 (-0.0093, 0.0059)

0.426

Male

-0.0012 (-0.0019, -0.0004)**

-0.0010 (-0.0019, -0.0000)*

-0.0005 (-0.0010, -0.0000)*

Female

Stratified by age (years old)

-0.0008 (-0.0017, 0.0000)

0.0001 (-0.0012, 0.0014)

-0.0003 (-0.0008, 0.0002)

12 -0.0013 (-0.0028, 0.0003) -0.0012 (-0.0034, 0.0010) -0.0003 (-0.0013, 0.0008)
13 0.0008 (-0.0007, 0.0024) 0.0006 (-0.0016, 0.0028) 0.0005 (-0.0006, 0.0016)
14 0.0001 (-0.0013, 0.0015) 0.0005 (-0.0012, 0.0023) -0.0000 (-0.0009, 0.0008)
15 -0.0022 (-0.0039, -0.0005)* -0.0029 (-0.0052, -0.0005)* -0.0010 (-0.0021, 0.0002)
16 -0.0012 (-0.0028, 0.0003) -0.0006 (-0.0028, 0.0015) -0.0004 (-0.0014, 0.0006)
17 -0.0014 (-0.0031, 0.0003) -0.0016 (-0.0041, 0.0008) -0.0010 (-0.0020, -0.0001)*
18 0.0005 (-0.0013, 0.0024) 0.0010 (-0.0015, 0.0035) 0.0005 (-0.0007, 0.0016)
19 -0.0022 (-0.0039, -0.0005)** -0.0020 (-0.0043, 0.0004) -0.0009 (-0.0020, 0.0003)

Stratified by standing height (cm)

Q1 (132.9-160.2)

-0.0003 (-0.0013, 0.0007)

-0.0001 (-0.0016, 0.0014)

0.0004 (-0.0002, 0.0011)

Q2 (160.3-168.7)
Q3 (168.8-190.9)

Stratified by race

-0.0009 (-0.0019, 0.0001)

-0.0013 (-0.0023, -0.0004)**

0.0004 (-0.0010, 0.0017)

-0.0012 (-0.0025, 0.0001)

-0.0003 (-0.0009, 0.0003)

-0.0009 (-0.0015, -0.0002)**

White people

-0.0017 (-0.0027, -0.0006)**

-0.0008 (-0.0023, 0.0007)

-0.0007 (-0.0014, -0.0000)*

Black people

-0.0003 (-0.0015, 0.0009)

0.0004 (-0.0013, 0.0021)

-0.0003 (-0.0010, 0.0004)

Mexican American

Other race

-0.0016 (-0.0030, -0.0002)*

0.0018 (0.0007, 0.0030)**

-0.0023 (-0.0040, -0.0005)*

0.0015 (-0.0000, 0.0030)

All factors were adjusted. In the subgroup analysis, not adjusted for the stratification variable itself. *P < 0.05, **P < 0.01.
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-0.0004 (-0.0013, 0.0005)
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4 Discussion

We investigated the association between dietary FA and BMD
using data from adolescents aged 12-19 in the NHANES dataset.
This study ultimately comprised 3440 participants for data analysis.
To assess the relationship between dietary FA and BMD at a deeper
level and to make full use of these data, we stratified the total BMD
according to quartiles. At the same time, we modeled the three FAs
(SFA, MUFA, and PUFA) and BMD separately and performed
subgroup analysis according to FA intake, age, gender, standing
height, and race stratification to better assess the correlation
between FA intake and BMD. Our analysis demonstrated that
SFA was positively correlated with total BMD, left arm BMD,
total BMC, and left arm BMC. Concurrently, MUFA intake was
positively associated with BMC in several body regions, though its
relationship with bone density did not achieve statistical
significance. Importantly, PUFA intake was inversely correlated
with BMD and BMC across most body areas. Subgroup analysis
further revealed that variables such as age, sex, height, and ethnicity
significantly impacted the relationship between dietary FA intake
and BMD. In adolescents, significant variations in hormone levels
influence bone growth and development. Families with higher
economic status often have access to a healthier and more
balanced diet, contributing to optimal nutritional status and
improved bone health. Additionally, genetic factors play a
significant role in bone development.

Short-chain fatty acids (SCFAs), which are saturated fatty acids
comprising 1 to 6 carbon atoms, are generally associated with
positive impacts on BMD. Lucas et al. (18) found that propionate
or butyrate can protect bone health by regulating whole-body bone
mass and preventing pathological bone loss. This phenomenon
could be attributed to the suppression of gene expression,
culminating in osteoclast differentiation and conferring protection
against bone loss. Additionally, studies have indicated that
adherence to the Mediterranean diet is linked to a reduced
likelihood of experiencing fractures and an increased overall
BMD. This association may be attributed, at least in part, to the
production of short- chain fatty acids resulting from the
fermentation of the diet’s abundant dietary fiber by intestinal
microorganisms (24, 25). In another study, Carvalho et al. (23)
found that diabetic mice fed a low-fat diet had a lower BMC than
C57BL/6 mice fed a high-fat diet high in medium-chain fatty acids.
These results support our research to some extent. In another study,
the researchers assessed the risk of fractures by constructing a COX
proportional hazards model combined with questionnaires, and the
results showed that proper intake of PUFA and MUFA is beneficial
to reduce the risk of total fractures (26). Macri et al. (27) studied the
effects of high-MUFA diets on the bones of growing
hypercholesterolemic rats and showed that replacing saturated fat
with a high-MUFA diet improved bone mass and BMD. In a study
from two-sample Mendelian Randomization, some MUFAs (such
as palmitoleic acid, oleic acid, etc.) were positively associated with
lower fracture risk, which seems to be the same conclusion as
previous studies (28). However, in our study, it seems that
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inconsistent results have been obtained. In a specific population,
the intake of MUFA has different effects on BMD in different parts.
The specific mechanism must be explored further in the future. It is
worth noting that there are generally positive effects between
MUFA intake and BMC in different parts of the body, which
appears to be consistent with previous research.

After reviewing a large amount of literature, it was found that
the association between PUFA and bone health has garnered
considerable attention among researchers, and the research
conclusions are inconsistent or controversial. In a cross-sectional
study from Spain, the results showed that serum Omega-3 levels
were positively correlated with spine BMD and femoral neck BMD
in postmenopausal women (29). Another Mendelian
randomization (MR) analysis also found that alpha-linolenic acid
and linoleic acid have a positive genetic causal relationship with
estimated BMD and a negative genetic causal relationship with
fracture risk (30). Nevertheless, the findings of a longitudinal study
conducted over a period of 5 years revealed a negative correlation
between increased intake of PUFA and BMD, specifically in the
femoral neck region (31). Furthermore, Wang et al. (19) recently
conducted a two-sample MR study, and the findings revealed a
negative correlation between omega-6 PUFA and total body BMD.
Notably, a systematic review and meta-analysis of randomized
controlled trials showed that omega-3 PUFA supplementation
may not significantly influence BMD and bone metabolism
markers (32). However, they might offer potential short-term
benefits for postmenopausal women’s health. It is evident that the
conclusions of these studies are conflicting and controversial, partly
because the researchers primarily investigated the association
between overall BMD and FA, and insufficient sample sizes.
Additionally, differences in race, sex, age, and other demographic
factors introduced variability. Consequently, we utilized large-scale
datasets to assess the correlation between PUFA and BMD, as well
as BMC, across different body regions, accounting for
potential confounders.

FA exhibits diverse roles in bone health. Research (33) indicates
that SCFAs not only influence bone metabolism directly but also
modulate immune and inflammatory responses, significantly
enhancing bone formation. Specifically, butyrate has been shown
to indirectly regulate Wnt10B, a key ligand in bone synthesis, via
modulation of regulatory T cells, which suppress immune responses
(34). Experimental studies reveal that butyrate, propionate, or
acetate supplementation in drinking water increases bone mass in
normal female mice and mitigates hormone-dependent bone loss in
estrogen-deficient mice (18). Conversely, omega-6 PUFA adversely
affects bone metabolism by inhibiting osteoblast genesis and
promoting adipogenesis through mesenchymal stem cells (MSCs),
mediated by alterations in the OPG/RANKL expression and PPARY
pathways (35, 36). Specifically, arachidonic acid and prostaglandin
E2 exacerbate this effect by enhancing COX-2 expression, which
leads to reduced osteogenesis (37). A lower Omega-6/Omega-3
PUFA ratio significantly improves bone density, highlighting the
complex interactions of fatty acids with BMD (38). Understanding
these intricate mechanisms of fatty acid metabolism and their
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impact on bone cell differentiation and homeostasis is essential for
osteoporosis prevention and bone health preservation.

To our knowledge, this is the initial investigation into the
association between fatty acid intake and BMD in adolescents.
We examined the relationship of three specific FA with BMD
using weighted multiple linear regression models. The analysis
was stratified by gender, age, race, among other factors.
Additionally, we explored the inherent correlations between FA
and BMD. Crucially, the adequate sample size supports the
development of strategic interventions for adolescent bone health.
However, we acknowledge several limitations inherent in this
research. Firstly, this is a cross-sectional study, which can only
provide objective clinical evidence and cannot explain the intrinsic
link between FA and BMD. Secondly, the investigation did not
account for the current or recent use of medications by the
participants, including but not limited to lipid-lowering agents
and glucocorticoids, which are known to influence bone
metabolism (39, 40). Finally, the NHANES database lacks data on
specific FA classifications, including Omega-3 and Omega-6,
precluding analysis of their individual relationships with BMD.
Future studies should prioritize prospective, large-scale randomized
controlled trials to establish robust, evidence-based conclusions
regarding the effects of fatty acids on BMD. Moreover, the role of
omega-3 PUFA in bone metabolism and health remains debated
and warrants further investigation as a potential focal point in
addressing clinical challenges.

In conclusion, our study reveals a significant positive
correlation between the consumption of SFA and both total BMD
as well as BMD in the left arm. In contrast, intake of PUFA
demonstrated a significant negative correlation with these BMD
indices. Notably, the association between MUFA consumption and
BMD appeared to be influenced by variables such as specific body
regions, age, gender, and ethnicity, yielding variable results. These
findings underscore the intricate nature of bone metabolism. Based
on our results, we recommend a balanced intake of dietary fatty
acids among adolescents to optimize bone mass and ensure
skeletal health.
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Effects of FGF21 overexpression
In osteoporosis and bone
mineral density: a two-sample,
mediating Mendelian analysis

Jingjing Liu*, Jun Jiang®, Yunijia Li*, Qiaojun Chen*, Ting Yang®,
Yanfa Lei', Zewei He', Xiaowei Wang®, Qiang Na?,

Changtao Lao?, Xinlei Luo ®*, Lirong Yang™

and Zhengchang Yang™

‘Department of Spinal Surgery, Southern Central Hospital of Yunnan Province, Honghe, China,
2Department of Spinal Surgery, The Sixth Affiliated Hospital of Kunming Medical University,
Yuxi, China, *Department of Oncology, Southern Central Hospital of Yunnan Province, Honghe, China

Objective: Fibroblast growth factor 21 (FGF21) is a secreted protein that regulates
body metabolism. In recent years, many observational studies have found that
FGF21is closely related to bone mineral density and osteoporosis, but the causal
relationship between them is still unclear. Therefore, this study used two-sample,
mediated Mendelian randomization (MR) analysis to explore the causal
relationship between FGF21 and osteoporosis and bone mineral density.

Methods: We conducted a two-sample, mediator MR Analysis using genetic data
from publicly available genome-wide association studies (GWAS) that included
genetic variants in the inflammatory cytokine FGF21, and Total body bone
mineral density, Heel bone mineral density, Forearm bone mineral density,
Femoral neck bone mineral density, osteoporosis. The main analysis method
used was inverse variance weighting (IVW) to investigate the causal relationship
between exposure and outcome. In addition, weighted median, simple median
method, weighted median method and MR-Egger regression were used to
supplement the explanation, and sensitivity analysis was performed to evaluate
the reliability of the results.

Results: MR Results showed that FGF21 overexpression reduced bone mineral
density: Total body bone mineral density (OR=0.920, 95%Cl: 0.876-0.966),
P=0.001), Heel bone mineral density (OR=0.971, 95%Cl (0.949-0.993); P=0.01),
Forearm bone mineral density (OR=0.882, 95%CI(0.799-0.973); P=0.012), Femoral
neck bone mineral density (OR=0.952, 95%CI(0.908-0.998), P=0.039); In addition,
italsoincreased the risk of osteoporosis (OR=1.003, 95%CI (1.001-1.005), P=0.004).
Sensitivity analysis supported the reliability of these results. The effect of FGF21
overexpression on osteoporosis may be mediated by type 2 diabetes mellitus and
basal metabolic rate, with mediating effects of 14.96% and 12.21%, respectively.

Conclusions: Our study suggests that the overexpression of FGF21 may lead to a
decrease in bone mineral density and increase the risk of osteoporosis, and the
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effect of FGF21 on osteoporosis may be mediated through type 2 diabetes and
basal metabolic rate. This study can provide a reference for analyzing the
potential mechanism of osteoporosis and is of great significance for the
prevention and treatment of osteoporosis.

KEYWORDS

fibroblast growth factor 21, osteoporosis, GWAS, Mendelian randomization, bone

mineral density

1 Introduction

Osteoporosis is a disease characterized by low bone mass,
deterioration of bone tissue and destruction of bone
microarchitecture, which can lead to impaired bone strength and
increased risk of fracture (1). As a chronic disease of bone metabolism,
itis the result of an imbalance between osteoblasts and osteoclasts (2, 3)
and is ranked as one of the most serious diseases affecting health, being
the second most common disease after heart disease. With the change
of diet and lifestyle, the incidence of osteoporosis is increasing year by
year, showing the characteristics of more and more young people.
According to surveys, the prevalence of osteoporosis in adults over the
age of 12 in the United States can reach 6.50%, which brings a huge
economic and health burden to the affected population (4). It is
expected that the related cost of osteoporosis will increase to 25.3
billion US dollars by 2025 (5). Fracture is an associated clinical
complication of osteoporosis. The most common fractures are
vertebrae (spine), proximal femur (hip), and distal forearm (wrist),
which are also one of the main factors contributing to the increased risk
of death in the affected population (6). The formation and
development of osteoporosis are related to many factors, such as
estrogen deficiency, age, and chemical agents. In addition,
inflammation, oxidative stress and other factors can also accelerate
the progression of osteoporosis (7, 8). Various signaling pathways,
such as RANK/RANKL/OPG, Wnt/B3-catenin, and estrogen signaling
pathways, are also critical for regulating osteoclast and osteoblast
activity (9). At present, osteoporosis has been highly valued and
extensively studied by the society, and its treatment is mainly carried
out for osteogenesis and osteoclast, such as vitamin D, diphosphonate,
and selective estrogen receptor modulators (SERMs) (10). Cutting off
the pathogenic factors and pathways of osteoporosis is also an effective
way to prevent and treat osteoporosis, and there are many studies to
explore this issue.

Fibroblast growth factor 21 is a secreted protein that regulates the
metabolism of the body, but does not have the activity of promoting
fibroblast growth and does not specifically bind to heparin (11). It can
play a role in various tissues and organs such as brain, heart, skeletal
muscle, kidney and intestine (12). FGF21 is upregulated in some
tissues when subjected to different stimuli. In different organs, FGF21
expression is mainly induced by fasting, ketogenic and high-
carbohydrate diets, free fatty acids, nuclear receptor agonists and

Frontiers in Endocrinology

other factors. In humans and animals, fasting strongly induces FGF21
expression. As an endocrine hormone, FGF21 acts on various organs
mainly through FGF receptors. In liver, the physiological effect of
FGF21 is mainly manifested in promoting fatty acid oxidation. In the
muscles and pancreas, it increases insulin sensitivity and promotes
glucose uptake. Its regulatory role in the brain increases energy
expenditure for appetite suppression. In WAT, FGF21 is an
effective inducer of mitochondrial brown fat uncoupling protein 1
(UCP1), which stimulates glucose uptake in WAT and BAT while
promoting lipolysis and reducing body weight. Recent studies have
confirmed that FGF21 may become one of the effective targets for the
prevention and rehabilitation of metabolic diseases, and is widely
used in the prevention and rehabilitation of metabolic diseases such
as liver lipid, glucose and lipid metabolism. With the deepening of the
research on FGF21, its role has been continuously excavated. Some
scholars have found that FGF21 is closely related to bone mineral
density and osteoporosis. Although observational studies have proved
this view, the causal relationship between them is still unclear.
Therefore, this study used two-sample, mediated Mendelian
randomization (MR) analysis to explore the causal relationship
between FGF21 and bone mineral density and osteoporosis, so as
to provide reference for the prevention and treatment of osteoporosis.

2 Methods
2.1 Study design

In this study, Total body bone mineral density, Heel bone
mineral density, Forearm bone mineral density, Femoral neck
bone mineral density, osteoporosis as outcome variable, Single
nucleotide polymorphisms (SNPs) significantly associated with
FGF21 were selected as instrumental variables, and the causal
relationship between exposure and outcome was analyzed by two-
sample, mediated Mendelian randomization analysis. In order to
verify the reliability of the results, heterogeneity test, pleiotropy
analysis and sensitivity analysis were used to exclude the bias of the
results. This study met the following three key assumptions: ©®
Strong correlations between instrumental variables and exposure
factors; @ The instrumental variables were not correlated with any
confounding factors associated with the outcome variables of
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exposure factors; @ Instrumental variables can only affect outcomes
through their association with exposure factors.

2.2 Data source

Analyses of MR Utilized publicly available GWAS summary
data.FGF21 genetic data from the study of Zhao, including 14743
samples, 12957980 SNPs (13). Genetic data on osteoporosis were
obtained from the UK Biobank with a sample size of 462,933
including 7547 cases and 455,386 controls. Through the IEU
database (https://gwas.mrciev.ac.uk/) to obtain the Total body bone
mineral density (56284 samples, 16162733 SNPs), Heel bone
mineral density (142,487 samples, 16,959,184 SNPs), Forearm
bone mineral density (8143 samples, 9,955,366 SNPs),Femoral
neck bone mineral density (32735 samples, 10586900 SNPs) four
bone mineral density data were used as outcome variables. In order
to avoid confounding factors due to racial differences, the genetic
background of the study population was selected as
European ethnicity.

2.3 Instrumental variable

We selected single nucleotide polymorphisms (SNPs) with strong
and independent associations with exposure as instrumental variables
(IV), and SNPs with P < 5x10°® as outcome variables. However, due
to the limited number of SNPs with FGF21 as exposure, We adopted
a less stringent threshold (5x10°) to capture more SNPs (14). The r
threshold was set as 0.001 and 10000 kb to exclude linkage
disequilibrium (LD), and the selected SNPs met F > 10. Studies
show that eating and physical activity levels, body weight, BMI,
gender is a risk factor for osteoporosis, in order to avoid confounding
factors influence on the result, we identify and eliminate the SNPS
associated with potential confounding factors.

2.4 Statistical analysis

Inverse variance weighting (IVW) was used as the main analysis
method to assess the causal relationship between exposure factors and
outcomes. weighted median, simple median method, weighted median
method and MR-Egger regression were used to evaluate the reliability
of IVW results, P<0. 05 was considered statistically significant. An F-
value of >10 means that there is no weak instrumental variable bias. In
this study, IVW method and MR-Egger method were used for

TABLE 1 Basic information on SNPs of FGF21.

10.3389/fendo.2024.1439255

heterogeneity test. When P>0. 05, there was no heterogeneity
between SNPs. Sensitivity analysis was performed by Leave-one-out
method and the results were visualized. Single SNP was excluded to
observe whether it had an impact on the final results. The analysis of
pleiotropy was performed by MR-PRESSO method. When P>0. 05, it
was indicated that there was no pleiotropy.

2.5 Mediation Mendelian analysis

A two-step MR Analysis was performed to determine the
mediating effect of type 2 diabetes and basal metabolic rate on the
relationship between FGF21 and osteoporosis. We obtained data on
type 2 diabetes (655,666 samples, 5030,727 SNPs) and basal
metabolic rate (454,874 samples, 9851867 SNPs) as mediators
through the IEU database. The proportion of type 2 diabetes and
basal metabolic rate in the total effect was estimated by dividing the
indirect effect by the total effect (B1 x 2/B3), where 1 represents
the effect of FGF21 on type 2 diabetes and basal metabolic rate, 32
represents the effect of type 2 diabetes and basal metabolic rate on
osteoporosis, and B3 represents the effect of FGF21 on osteoporosis.

3 Results
3.1 Instrumental variable

After removing IVs with linkage disequilibrium from FGF21
genetic data, a total of 24 SNPs were included in this study, and the
basic information of SNPs is shown in Table 1. The corresponding F
values of single SNP in this study were all >10, there was no weak
instrumental variable bias, and the results were reliable.

3.2 Results of Mendelian
randomization analysis

IVW method showed that there was a genetic causal relationship
between FGF21 and osteoporosis, and the overexpression of FGF21
increased the risk of osteoporosis (OR=1.003, 95%CI (1.001-1.005),
P=0.004). Meanwhile, FGF21 overexpression reduced bone mineral
density: Total body bone mineral density (OR=0.920, 95%CI: 0.876-
0.966), P=0.001), Heel bone mineral density (OR=0.971, 95%CI (0.949-
0.993); P=0.01), Forearm bone mineral density (OR=0.882, 95%CI
(0.799-0.973); P=0.012), Femoral neck bone mineral density
(OR=0.952, 95%CI(0.908-0.998), P=0.039), (Figure 1).

SNPs CHR Position EA OA B EAF P
15191790209 ‘ 1 40125467 T C 0.6298 0.0084 5.10E-07
15145127946 ‘ 1 203746507 A G -0.1747 0.037 1.22E-06

rs10495032 ‘ 1 216837226 T G -0.1557 0.0383 9.77E-07
(Continued)
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TABLE 1 Continued

SNPs CHR Position EA OA B EAF P
rs536853985 2 1715685 C G 1.0018 0.9979 8.85E-07
151260326 2 27730940 T C 0.1323 0.3977 1.03E-28
157610704 3 11689679 T [} -0.0568 0.4644 2.21E-06
rs185983693 3 80482685 T C 0.3206 0.9895 1.83E-06
r$139290229 4 68860848 A G 0.4402 0.9878 3.27E-06
r$146695032 5 16215858 A T -0.6864 0.9947 1.19E-06
rs4700382 5 55882435 T C -0.063 0.2698 3.62E-06
rs60277384 5 84356011 T C -0.0881 0.8922 3.54E-06
15116778481 6 14709576 T C -1.2617 0.0017 2.18E-06
rs13229619 7 73030175 A G -0.1609 0.1297 6.13E-20
rs7012637 8 9173209 A G -0.0605 0.4812 4.61E-07
rs80354499 8 60950348 T C -0.3503 0.0133 5.40E-07
rs188758663 10 127847758 A G -0.3801 0.0104 3.88E-07
rs12290350 11 76480255 T C -0.0689 0.2168 2.02E-06
152429473 12 47198899 A C -0.0812 0.795 3.32E-08
1rs535578156 17 43242054 A G 0.9528 0.0025 4.39E-06
1rs532049578 18 41779892 T C 0.5721 0.0098 4.33E-07
rs190083220 18 43914604 T G 0.7527 0.9953 2.66E-06
1$72965996 18 72826607 A G -0.2215 0.031 6.08E-07
rs838131 19 49260677 A C 0.1627 0.501 6.15E-36
15142603673 21 33860969 T C -0.2352 0.0232 2.35E-07

Position and CHR: Location of genes and chromosomal information; EA, effect_allele; OA, other_allele; B, Allele effect size; EAF, effect allele frequency.

Outcome Exposure Methods nSNP OR(95%Cl) P-value
MR Egger 0.892(0.803-0.990) . B 0.047
Weighted median 0.940(0.886-0.997) T 0.041

Total body bone mineral density Fibroblast growth factor 21 levels Inverse variance weighted 18 0.920(0.876-0.966) L : 0.001
Simple mode 0.977(0.885-1.078) . : 0.645
Weighted mode 0.943(0.867-1.026) * 0.192
MR Egger 0.994(0.955-1.034) o 0.771
Weighted median 0.962(0.934-0.991) . : 0.010

Heel bone mineral density Fibroblast growth factor 21 levels Inverse variance weighted 23 0.971(0.949-0.993) . : 0.010
Simple mode 1.019(0.959-1.083) re 0.546
Weighted mode 0.956(0.924-0.990) . 0.018
MR Egger 0.871(0.707-1.073) . : 0.214
Weighted median 0.887(0.777-1.012) . : 0.075

Forearm bone mineral density Fibroblast growth factor 21 levels Inverse variance weighted 17 0.882(0.799-0.973) ° 1 0.012
Simple mode 0.835(0.679-1.028) . : 0.109
Weighted mode 0.857(0.731-1.004) . : 0.075
MR Egger 0.960(0.871-1.059) . : 0.426
Weighted median 0.933(0.872-0.997) o 0.041

Femoral neck bone mineral density Fibroblast growth factor 21 levels Inverse variance weighted 17 0.952(0.908-0.998) L : 0.039
Simple mode 0.955(0.854-1.068) . : 0.431
Weighted mode 0.926(0.855-1.003) . . 0.079
MR Egger 1.005(0.999-1.010) . 0.122
Weighted median 1.003(1.000-1.006) ’ 0.047

osteoporosis Fibroblast growth factor 21 levels Inverse variance weighted 9 1.003(1.001-1.005) |. 0.004
Simple mode 0.999(0.994-1.003) . 0.638
Weighted mode 1.003(0.999-1.006) » 0.147

0}7 0.!8 0[9 1! 1 [1 1[2

FIGURE 1
Results of MR Analysis of FGF21 and osteoporosis.
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3.3 Sensitivity analysis

IVW and MR-Egger results showed no heterogeneity between
FGF21 and outcome variables (P >0.05), and MR-PRESSO results
showed no pleiotropy between FGF21 and outcome variables
(P>0.05) (Figures 2, 3). Leave-one-out results showed that
excluding each SNPs in turn had no significant effect on the
results, which further verified the robustness of the results of this
study (Figure 4).

3.4 Results of mediation analysis

Mediation analysis showed that FGF21 was associated with an
increased risk of osteoporosis (OR=1.003, 95%CI (1.001-1.005),
P=0.0037). Direct effects indicate that FGF21 has a causal
relationship with Type 2 diabetes (OR=0.787, 95%CI (0.646-
0.960), P=0.0179) and Basal metabolic rate (OR=0.962, 95%CI
(0.935-0.990), P=0.0091). Indirect effect indicated that Type 2
diabetes (OR=0.998, 95%CI(0.997-0.999), P=0.0025) and Basal
metabolic rate (OR=0.990, 95%CI(0.987-0.993), P=6.40E-11) also
had causal relationship with osteoporosis. In the causal relationship
between FGF21 and osteoporosis, the mediating effects of Type 2
diabetes and Basal metabolic rate were 14.96% and 12.21%,
respectively (Table 2).

MR Method
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4 Discussion

The aim of this study was to explore the causal relationship
between FGF21 and osteoporosis by two-sample, mediated
Mendelian randomization method. MR Analysis showed that
FGF21 was negatively correlated with Total body bone mineral
density, Heel bone mineral density, Forearm bone mineral density,
Femoral neck bone mineral density, and positively correlated with
osteoporosis (P<0.05). This suggests FGF21 can decrease the bone
mineral density, thus increasing the risk of osteoporosis, which is
consistent with the predecessors’ research results (15). Fibroblast
growth factor 21 (FGF21) is a protein mainly secreted by the liver
and regulated by a variety of physiological conditions and factors
(16). Prolonged starvation, overnutrition, and glucagon all
upregulated FGF21 expression (17-19), while insulin may inhibit
FGF21 expression in the liver (20). In recent years, the relationship
between FGF21 and osteoporosis has been continuously explored,
and studies have shown that FGF21 is closely related to bone
resorption and bone formation. Xu found a negative correlation
between serum FGF21 content and PINP in patients with diabetic
nephropathy through a cross-sectional study, suggesting that
FGF21 may have a certain negative regulatory effect on bone
formation (21). Hao collected and analyzed clinical data of more
than 700 subjects and found that plasma FGF21 levels were
negatively correlated with femoral neck BMD and hip Ward’s

MR Method
nce wegntes Inverse varance weigntea

MR Egger

1/SEn

02

MR Method
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MR Egger
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000
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Scatter plot (From left to right, FGF21 and osteoporosis, Total body bone mineral density, Forearm bone mineral density, Femoral neck bone mineral

density, Heel bone mineral density).
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triangle BMD (22). Interestingly, FGF21 variant (rs490942) was
significantly associated with increased hip Ward triangle BMD in
the total cohort and the female cohort, and increased neck BMD in
the female cohort. Zhou found that FGF21 levels in the liver and
plasma were significantly increased in the osteoporosis rat model
after ovariectomy (23). And Wei found FGF21 transgenic mice and
FGF21 knockout mice were characterized by low bone mass and
bone mass phenotypes (24). Some scholars believe that FGF21 can
mediate and enhance the activity of peroxisome proliferator-
activated receptory(PPAR-y), thereby inhibiting the formation of
osteoblasts and stimulating the adipogenesis of bone marrow
mesenchymal stem cells, leading to increased bone fragility (25).
Other studies have shown that FGF21 can promote the secretion of
hepatic hormone, which binds to osteoclast precursors and
promotes osteoclast differentiation, thereby aggravating
osteoporosis (26). In addition, Zhou suggested that FGF-21 may
mediate osteoclast bone resorption through RANKL/RANK/
NFATcl signaling pathway (23). Although previous studies have
proposed the mechanism of FGF21 regulating bone homeostasis
from both direct and indirect aspects, more studies are still needed
for further investigation.

The results of mediating MR Analysis showed that the causal
relationship between FGF21 and osteoporosis was mediated by
Type 2 diabetes and Basal metabolic rate, and the proportion of
mediating effect was 14.96% and 12.21%, respectively. As an

MR Test
SR S ——
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endocrine protein, FGF-21 can regulate liver secretion, glucose
and lipid metabolism and other processes. FGF-21 has the ability
to inhibit glucagon receptors and improve insulin resistance. It
plays an important role in the process of ketogenesis,
gluconeogenesis and insulin synthesis, and is a potential
therapeutic agent for metabolic diseases such as diabetes (27). In
addition, FGF21 also has a certain therapeutic effect on diabetic
neuropathy by reducing neuroinflammation and oxidative stress,
and enhancing the protection of neuronal mitochondria, thereby
alleviating diabetic neurodegeneration (28). Studies have shown
that FGF-21 can reduce cell death induced by oxidative stress and
autophagy, which is beneficial to remyelination and nerve
regeneration after peripheral nerve injury and plays an important
role in diabetes (29).Cheng’s study showed that type II diabetes had
a protective effect on osteoporosis, and for each additional case of
type 1I diabetes, the incidence of osteoporosis decreased by 0.15%
(30). This indicates that type 2 diabetes and osteoporosis are reverse
causation, consistent with my results. The relationship between
FGF21 and basal metabolic rate has not been reported at present,
which may be related to the reduced risk of type 2 diabetes caused
by overexpression of FGF21, and more studies are needed to clarify
it in the future.

Interestingly, Hao’s study showed that the correlation between
FGF21 levels and Neck-BMD was significant, but the relationship
was not significant when grouped by gender. At the same time, the
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Funnel plot (From left to right, FGF21 and osteoporosis, Total body bone mineral density, Forearm bone mineral density, Femoral neck bone mineral

density, Heel bone mineral density).
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TABLE 2 Results of mediation analysis.

Total effect

10.3389/fendo.2024.1439255

Direct effect a Mediation effect

Direct effect B

Exposure Mediator Outcome
Beta SE Beta SE P Beta SE P Beta Proportion
Type
. -0.2393  0.1011 = 0.0179 | -0.0019 = 0.0006 | 0.0025 & 0.0005 14.96%
2 diabetes
FGF21 Basal osteoporosis | 0.0031  0.0011 | 0.0037
6.40E-
metabolic -0.0385 ' 0.0148 = 0.0091 @ -0.0099  0.0015 0.0004 12.21%
rate
B R o e S - R T v
e P e e RN G2 rrvezn .
FIGURE 4
Leave-one-out analysis result (From left to right, FGF21 and osteoporosis, Total body bone mineral density, Forearm bone mineral density, Femoral
neck bone mineral density, Heel bone mineral density).

correlation between FGF21 and Ward’s BMD was significant in
women, while the P-value of men was close to the significance
threshold, indicating that men and women were equally prone to be
affected by FGF21, and there was no sex specificity (22).However,
Lee’s study showed no significant correlation between FGF21 and
total BMD and spinal BMD in men. But there was a significant
positive correlation in women (31). Whether the effects of FGF21
on bone mineral density and osteoporosis are influenced by gender
is still controversial, and more studies are needed to clarify.

Frontiers in Endocrinology

5 Conclusions

Our study suggests that the increased expression of FGF21 may
lead to the decrease of bone mineral density and increase the risk of
osteoporosis, while type 2 diabetes and basal metabolic rate may
play a mediating role in the relationship between FGF21 and
osteoporosis. This study can provide a reference for analyzing the
potential mechanism of osteoporosis and is of great significance for
the prevention and treatment of osteoporosis.
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The vascular and lymphatic systems are integral to maintaining skeletal
homeostasis and responding to pathological conditions in bone and joint
tissues. This review explores the interplay between blood vessels and
lymphatic vessels in bones and joints, focusing on their roles in homeostasis,
regeneration, and disease progression. Type H blood vessels, characterized by
high expression of CD31 and endomucin, are crucial for coupling angiogenesis
with osteogenesis, thus supporting bone homeostasis and repair. These vessels
facilitate nutrient delivery and waste removal, and their dysfunction can lead to
conditions such as ischemia and arthritis. Recent discoveries have highlighted the
presence and significance of lymphatic vessels within bone tissue, challenging
the traditional view that bones are devoid of lymphatics. Lymphatic vessels
contribute to interstitial fluid regulation, immune cell trafficking, and tissue
repair through lymphangiocrine signaling. The pathological alterations in these
networks are closely linked to inflammatory joint diseases, emphasizing the need
for further research into their co-regulatory mechanisms. This comprehensive
review summarizes the current understanding of the structural and functional
aspects of vascular and lymphatic networks in bone and joint tissues, their roles in
homeostasis, and the implications of their dysfunction in disease. By elucidating
the dynamic interactions between these systems, we aim to enhance the
understanding of their contributions to skeletal health and disease, potentially
informing the development of targeted therapeutic strategies.
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1 Introduction

Mammals possess two crucial vascular systems that support
essential life functions. The first is the blood vessel system,
responsible for delivering oxygen and nutrients to tissues and
cells while removing metabolic waste. The second is the
lymphatic vessel system, which manages the drainage of
interstitial fluid and immune regulation. Though these systems
develop independently, they are functionally and structurally
interrelated. Their coordinated interaction is vital for maintaining
the microcirculatory environment’s homeostasis. Recent studies
have highlighted that blood and lymphatic vessels in bones and
joints play multiple roles in maintaining the skeletal system’s
homeostasis under both physiological and pathological conditions
(1-5).

A specific subtype of blood vessels, known as type H blood
vessels, is crucial for bone homeostasis. Characterized by high
expression of CD31 and endomucin, these vessels support
osteoprogenitors by coupling angiogenesis and osteogenesis (6, 7).
Additionally, endothelial cells in type H blood vessels facilitate bone
tissue homeostasis and regeneration through paracrine signaling (8,
9). Conversely, interruptions in blood flow and ischemia in the
subchondral bone can impede nutrient diffusion to articular
cartilage, resulting in bone cell death, joint damage, and
conditions like arthritis (5, 10). Recent advancements have
elucidated the functional role of the lymphatic network in the
skeletal system. Studies have identified a lymphatic network in
bones and the role of lymphangiocrine signaling in repairing
radiation-induced bone injuries (2, 11, 12). Increasing evidence
also points to the critical role of lymphatic vessels in maintaining
joint homeostasis, with their pathological changes closely linked to
the onset and progression of inflammatory joint diseases (4, 13).
Consequently, the interest in the role of lymphatic vessels in tissue
injury has grown. As research continues to evolve, the significance
of the vascular-lymphatic network in bone tissue repair and joint
diseases is increasingly recognized. This network maintains tissue
homeostasis and controls disease progression by regulating local
inflammatory activity, facilitating material exchange, and releasing
paracrine signals from vascular and lymphatic secretions. Despite
their importance, review on the holistic role of these networks in
bone and joint homeostasis and related diseases remains limited.

In this review, we provide a comprehensive overview of the
current knowledge on the structural and functional aspects of blood
and lymphatic vessels in bone and joint. We summarize the
regulatory effects of angiogenesis and endothelial secretory signals,
as well as lymphogenesis and lymphatic secretory signals, on the
homeostasis of bone and joint tissues under specific conditions.
Additionally, we review the interactions and co-regulatory
mechanisms of the vascular and lymphatic networks in these
tissues. Finally, we examine the changes and potential regulatory
mechanisms of these networks under pathological conditions.
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2 Blood and lymphatic vessels in bone
and joint

2.1 Blood vessels in bone and joint

The skeleton contains a complex vascular network essential for
tissue oxygenation and metabolism. Blood vessels in bone play multiple
roles in maintaining bone homeostasis under both physiological and
pathological conditions. Studies have revealed diverse vascular
subtypes and a specialized vascular microenvironment within bone.

Bone tissue features a unique type of blood vessel known as type
H vessels. Predominant in the metaphysis and endosteum, these
capillaries are characterized by high expression of CD31 (platelet
and endothelial cell adhesion molecule 1) and endomucin (Emcn)
(6, 7). These columnar vessels are interconnected at their distal ends
near the growth plate in the metaphysis by structures termed loops
or arches (7, 14, 15). Within the bone marrow cavity, there is a
highly branched and relatively irregular sinusoidal vasculature with
low expression of CD31 and Emcn, referred to as type L vessels (7,
16, 17). The base of the type H capillary columns in the metaphysis
connects to the bone marrow vasculature at the metaphyseal-
diaphyseal interface, linking the metaphysis to the diaphysis (15,
18). Sinusoidal and columnar vessels are interconnected, forming a
single vascular network (Figure 1).

Type H vessels are less abundant than type L vessels due to their
limited distribution and the large area of the bone marrow cavity
(7). Fed directly by arterioles, type H vessels exhibit higher partial
pressure of oxygen and blood flow than type L vessels (15, 19, 20).
The lower permeability of type H vessels and nearby arterioles
creates an environment low in reactive oxygen species (ROS) (16,
21). Conversely, the lower blood flow in sinusoidal type L vessels
promotes the transendothelial migration of blood cells and the
trafficking of leukocytes (21-23). Type L vessels in the bone marrow
play crucial roles in hematopoietic cell trafficking and serve as
vascular niches for myelopoiesis.

The differing properties of type H and type L vessels have
significant functional consequences for tissue microenvironments.
Type H and type L vessels also have distinct gene expression profiles,
supporting different perivascular cell types and further impacting the
local microenvironment (7). At the protein and transcriptome levels,
in addition to CD31 and Emcn, type H vessels express various growth
factors, including fibroblast growth factor 1 (FGF1), platelet-derived
growth factor A (PDGF-A), and PDGEF-B (7, 24). Endothelial cell
transcripts that highly express CD31 and Emcn also express bone
morphogenetic protein (BMP) family members BMP1, BMP4, and
BMP6, known to promote bone formation (24). This may explain the
presence of osteoprogenitor cells around type H capillaries. Type H
vessels are closely associated with osteoprogenitor cells, contributing
significantly to bone remodeling and regeneration. The Notch ligand
DLL4, an important regulator of angiogenesis, is also highly
expressed in type H vessels adjacent to the growth plate (6). Given
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FIGURE 1

The schematic diagram illustrating the structure and distribution of blood vessels and lymphatic vessels in bones and joints. In bones, two distinct
types of blood vessels are identified: type H and type L. Type H vessels, characterized by high expression of endomucin (Emcn) and cluster of
differentiation 31 (CD31), are organized in a columnar manner with arterial connections and are primarily found in the metaphysis. Conversely, type L
vessels, with lower levels of Emcn and CD31, are sinusoidal and located in the diaphysis. The identification of these vascular subtypes enhances our
understanding of the heterogeneity of bone vasculature and its potential role in bone function in both health and disease. The lymphatic system in
bones and joints also displays a hierarchical structure. Lymphatic vessels are present in the cortical regions and bone marrow cavity, with a higher
concentration in the cortical areas. In joints, the lymphatic system begins with lymphatic capillaries, also known as initial lymphatic vessels. These
vessels collect lymph and direct it towards collecting lymphatics equipped with anti-flowback valves. The lymph is then transported to draining
lymph nodes before entering the venous system. Initial lymphatic vessels consist of a single layer of lymphatic endothelial cells (LECs) with a
discontinuous basal lamina. In contrast, collecting lymphatic vessels are composed of tightly connected LECs, forming zipper-like junctions, and are
surrounded by lymphatic muscle cells (LMCs) that facilitate lymph movement through contractions. Initial lymphatic vessels are marked by positive
expression of lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1), podoplanin (PDPN), prospero homeobox 1 (PROX1), and vascular
endothelial growth factor receptor 3 (VEGFR3), but do not contain a-smooth muscle actin (o.-SMA)-positive muscle cells. Collecting lymphatic
vessels, however, exhibit lower levels of LYVEL and positive expression of a-SMA, PDPN, PROX1, and VEGFR3. This differentiation between initial and
collecting lymphatic vessels highlights their distinct roles and structures within the lymphatic system of bones and joints. (This figure is supported

by Biorender).

their functional nature and gene expression profile, type H
endothelial cells likely contribute to the coupling of angiogenesis
and osteogenesis in bone development.

2.2 Lymphatic vessels in bone and joint

The lymphatic system plays a crucial role in regulating
interstitial fluid homeostasis, waste clearance, and immune cell
surveillance (25, 26). Through a network of initial lymphatic
capillaries and collecting lymphatic vessels, the system transports
interstitial fluid from peripheral tissues to lymph nodes, enters the
right lymphatic duct and thoracic duct, draining into the subclavian
veins and returning to the blood circulation (27-29).

Initial lymphatic capillaries are lined by a single layer of
lymphatic endothelial cells connected by specialized button-like
junctions, which are highly permeable to solutes and
macromolecules (30-32). When external compressive forces
exceed the interluminal fluid pressure, interstitial fluid is pushed

Frontiers in Endocrinology

into the initial lymphatic capillaries and becomes lymph. Lymphatic
endothelial cells overlap to form primary valves that prevent lymph
backflow. These initial lymphatics converge to form larger
collecting lymphatic vessels, which are connected by adjacent
lymphatic endothelial cells through tight zipper-like junctions,
making them less permeable than initial lymphatics (29, 31-34).
Collecting lymphatic vessels are surrounded by one or more layers
of lymphatic muscle cells (LMCs), which facilitate vessel
contraction to propel lymph forward (35). These vessels also
contain secondary bicuspid valves to prevent backflow (36). After
collection by the lymphatic vessels, lymph traverses the afferent
lymphatics to reach the draining lymph nodes (DLNs). The
lymphatic sinuses within DLNs are highly organized structures
containing immune cells, where adaptive immune responses are
generated (37). Finally, lymph exits the nodes via efferent lymphatic
vessels and reenters the circulatory system (Figure 1).

Lymphatic vessels are reported not to be present in several
tissues, including the brain and eye (38, 39). The presence of
lymphatics in bone has been a topic of considerable controversy.
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Traditionally, it was believed that bones and bone marrow lack
lymphatic vessels, and that the growth of lymphatic vessels in bone
could be detrimental, as observed in Gorham-Stout disease, a rare
bone disorder characterized by the abnormal growth of lymphatic
vessels in bones (40-42). Lymphatics in bone are not typically
visible on routine lymphangiograms in humans, possibly due to the
rare connections between deep and superficial lymphatics. Some
historical studies, however, suggest a different conclusion. Injection
of radio-opaque agents or macromolecular markers, such as ferritin
and horseradish peroxidase, into the bone marrow has been shown
to reach the periosteal surface of the bone (43-46). These findings
imply the potential presence of lymphatic channels in bone. These
results indicate that if macromolecules flow from the bone marrow
to the periosteal surface, as some fluid transport studies suggest, this
may occur through an alymphatic system or involve matrix
prelymphatics and perivascular prelymphatics lacking an
endothelial lining, similar to those described in the eye and brain
(45, 47). It could be argued that, due to the relatively large gaps
between the pseudopodial processes of endothelial cells in bone
sinusoids, the free movement of macromolecules and newly formed
blood cells between the extravascular and intravascular
compartments is possible, negating the need for a lymphatic
system for fluid transport in bone. However, recent research has
revealed the presence of lymphatic vessels in long bones, the dura
mater of the mouse brain, and the spinal vertebral column (12, 48,
49). Notably, Biswas et al., using high-resolution light-sheet imaging
and cell-specific mouse genetics, demonstrated the presence of
lymphatic vessels in mouse and human bones and further
validated the importance of lymphatic endothelial cell-derived
secretory proteins for bone regeneration (2). In addition, it has
been found that lymphatic vessels were identified within the
stratified connective tissues surrounding the fetal cartilaginous
knee joint tissues in the fetus and adult mice, but not detected in
cartilage tissues (50-52). Moreover, lymphatic vessels have been
identified within the periosteum of long bones (52). Therefore,
lymphatic vessels are extensively distributed throughout the various
tissues of the bone and joint, excluding articular cartilage (Figure 1).

3 The dynamic interplay of vascular
and lymphatic endothelial cells
in development

The vascular-lymphatic network is essential for maintaining
fluid homeostasis, supporting tissue repair, and facilitating immune
cell trafficking. Understanding the biology of endothelial cells (ECs),
which form the lining of blood and lymphatic vessels, is
fundamental to these interactions. EC populations are regulated
by a complex network of signaling pathways that govern their
spatial and temporal organization during critical events in
development, growth, and regeneration.

Both blood endothelial cells (BECs) and lymphatic endothelial
cells (LECs) originate from primitive vascular endothelial
progenitor cells derived from the mesoderm (53, 54). This
common origin gives rise to BECs through the process of
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vasculogenesis, driven by key factors such as ETS variant
transcription factor 2 (ETV2), fibroblast growth factor 2 (FGF2),
bone morphogenetic protein 4 (BMP4), and Indian hedgehog
signaling molecule (IHH) (55-59). Angioblasts formed through
these pathways further mature via vasculogenesis or angiogenesis,
with vascular endothelial growth factor A (VEGFA) playing a
significant role in promoting the sprouting of new vessels (60).

The differentiation of these progenitor cells into either BECs or
LECs is governed by distinct yet overlapping signaling mechanisms.
In the early stages of development, ECs undergo arterial-venous
specification, where arterial and venous fates are distinguished by
the expression of EFNB2 and EPH receptor B4 (EPHB4),
respectively (61). The VEGFA-VEGFR2 signaling pathway is
crucial for promoting arterial phenotypes while inhibiting venous
characteristics (62, 63). The Notch signaling pathway, activated by
VEGF, enhances arterial gene expression and suppresses venous
patterning, with Wnt signaling regulating arterial specification
upstream of Notch through B-catenin and Delta-like 4 (DLL4)
expression (64-69). Conversely, the acquisition of the venous
phenotype involves nuclear receptor subfamily 2 (NR2F2, also
known as COUP transcription factor 2, COUP-TFII), which
suppresses Notch signaling and, along with VEGFA-VEGFR2
interactions, supports venous specification (65, 70-72). The
mitogen-activated protein kinase (MAPK) pathway promotes
arterial specification under VEGFR2 activation, while VEGFR2
also activates phosphoinositide-3-kinase (PI3K)/AKT to facilitate
venous specification (73).

LECs primarily originate from venous ECs through
transdifferentiation, though non-venous ECs also contribute (27).
During embryonic development, venous ECs in the dorsolateral
region of the cardinal vein sprout to initiate lymphangiogenesis,
regulated by a network of signals including NR2F2. Deficiency in
NR2F2 disrupts lymphangiogenesis and leads to edema, indicating its
critical role in lymphatic specification (74, 75). Prospero homeobox
protein 1 (PROXI1), a classical marker for LECs, is essential for
initiating lymphatic specification. In venous ECs, NR2F2 maintains
the venous phenotype by suppressing Notch signaling, while in LECs,
the NR2F2-PROXI1 heterodimer reverses this suppression (76). SRY-
related HMG-box 18 (SOX18) also enhances PROXI transcription,
driving LEC specification through a positive feedback loop (77).
VEGFC, working alongside transcription factors such as SOX7 and
MAFB (musculoaponeurotic fibrosarcoma oncogene homolog B),
further promotes lymphatic specification by upregulating multiple
LEC markers, including PROX1 (78, 79).

During the life cycle, ECs exhibit phenotypic plasticity,
undergoing transdifferentiation under specific conditions. This
adaptability is exemplified in the development of capillaries and
the transdifferentiation of venous ECs into arterial ECs and LECs.
Such transitions are regulated by signaling pathways like VEGF,
Notch, and Wnt, which orchestrate the formation and
specialization of blood and lymphatic networks. Understanding
the dynamic interplay between these networks is crucial for
developing targeted therapies. While the blood and lymphatic
systems are relatively independent, they regulate and promote
each other’s development. Disruption in this mutual regulation
can lead to developmental abnormalities, underscoring the
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importance of their interdependent signaling mechanisms during
growth and regeneration.

4 Vascular-lymphatic network in
skeletal healing

4.1 Angiogenesis and angiocrine
modulation in skeletal healing

The significant changes in BECs during tissue repair closely
resemble those observed in development. Angiogenesis is the
primary mechanism for new blood vessel formation in response
to injury. Unlike the homeostatic state, repair in the context of
injury has distinct characteristics. This shift is linked to increased
local inflammation following injury, which activates angiogenesis to
aid in vascular network regeneration (80). In bone, a unique form of
angiogenesis, termed vessel bulging angiogenesis, is prominent,
with type H vessels playing a crucial role. These vessels facilitate
revascularization in hard tissue injuries, including spinal fusion
surgeries (81), tooth extraction wounds (82), and diabetic
osteoporosis (83). Type H vessels form by merging vascular buds
from opposite ends, and although typical tip cells are not observed
in bone angiogenesis, ECs display tip cell-like features such as
filopodia and directional migration along VEGF gradients (6, 84,
85). Notably, Notch signaling is strongly activated during bone
vascular regeneration, contrasting with its inhibitory role in vessel
sprouting in other tissues. The intensity of Notch signaling
correlates with blood flow rate and restoring blood flow in aging
individuals promotes bone healing (7, 15). The new vascular
network invades the injury site, restores blood supply, and
provides channels for osteoblast precursors, coupling angiogenesis
with osteogenesis (86).

BECs also release angiocrine factors, influencing vascular
modulation during injury (87). In the skeletal system, type H
vessels release factors like Noggin, which regulate skeletal
morphology and ossification (88). Additionally, type H ECs
release matrix metallopeptidases (MMPs) to remodel the
extracellular matrix (ECM), essential for cartilage resorption
during bone remodeling (89, 90). Various pro-angiogenic and
angiocrine factors, including VEGFA, FGF2, and FGF9, are
involved in inducing vascularization and bone growth during
repair. VEGFA promotes bone repair, while VEGFR1 negatively
regulates blood vessel growth and fracture repair (91, 92). Placental
growth factor (PIGF), a VEGFR1 ligand, facilitates bone healing
(81, 93). FGF signaling, particularly FGF2 and FGF9, stimulates
angiogenesis and osteogenesis during bone repair (6, 83, 84).
Transforming growth factor beta (TGF@), BMP-2, BMP-7, and
growth differentiation factor (GDF) also enhance angiogenesis and
osteogenesis during healing (86, 87). Angiocrine crosstalk via Notch
signaling promotes fracture repair, as evidenced by reduced
hematopoietic stem cell (HSC) regeneration following
endothelial-specific deletion of the Notch ligand Jagl (88, 90).
ECs also upregulate factors like FGF2, BMP4, Insulin-like growth
factor-binding protein 2 (IGFBP2), and Angiopoietinl, expanding
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hematopoietic stem progenitor cells (HSPCs) and contributing to
hematopoietic recovery and bone repair after acute bone marrow
injury, such as chemotherapy and irradiation (89, 94).

4.2 Lymphangiogenesis and
lymphangiocrine modulation in
skeletal healing

The lymphatic system is primarily responsible for transporting
body fluids and immune cells. Beyond these canonical functions,
lymphatic vessels are implicated in diverse physiological roles
across various organs and tissues. Recent research highlights the
correlation between the integrity of lymphatic vessels and several
metabolic phenotypes, including insulin resistance, cardiovascular
diseases, lipid absorption, and liver injuries (95-98). Notably, LECs
are now recognized for their role in regulating metabolic
homeostasis through the secretion of various proteins, referred to
as lymphangiocrine signals.

Lymphangiogenesis, or the formation of new lymphatic vessels
from existing ones, is especially important for bone and joint health.
Research shows that lymphangiocrine signals significantly impact
the aging process. Biswas et al. discovered lymphatic vessels within
bones, confirming their role in bone regeneration (2). Advanced
imaging revealed these vessels at a single-cell level, expanding in
response to stress in a manner dependent on the inflammatory
cytokine Interleukin 6 (IL-6). LECs were found to secrete C-X-C
motif chemokine 12 (CXCL12), a chemokine that regulates blood
cell production and bone healing. Remarkably, injecting LECs from
young mice into aged mice restored both bone and blood cell
regeneration, highlighting the crucial role of lymphangiocrine
signals in aging (2). The results of study highlight the importance
of lymphangiocrine signals for metabolic homeostasis.

The lymphatic system also plays a vital role in managing
inflammation, particularly in conditions like rheumatoid arthritis
(RA), which is marked by chronic joint inflammation and progressive
damage. In RA, inflammatory cytokines such as TNF-o, IL-1, and IL-
6 trigger synovial inflammation, leading to joint pain, swelling, and
functional impairment (99-101). Lymphatic vessels are crucial for
clearing these inflammatory cells and mediators from the inflamed
synovium. Studies using animal models of RA have shown that the
VEGF-C/VEGFR3 signaling pathway is vital for lymphangiogenesis
in arthritis. VEGF-C and its receptors, VEGFR3 and VEGFR2, are
highly expressed in arthritic synovial tissue, promoting the growth
and migration of LECs (102-104). Macrophages in the inflamed
environment also express VEGF-C and VEGFR3, further supporting
lymphangiogenesis (105).

4.3 Co-regulation of blood and lymphatic
endothelial cells: VEGF and BMP
signaling pathways

The co-regulation of BECs and LECs by shared signaling
pathways underscores their interdependence. This knowledge has

frontiersin.org


https://doi.org/10.3389/fendo.2024.1465816
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Huang et al.
VEGF and BMP Activity on
Blood Endothelial Cells
VEGFR-3 activation
Proliferation, chemotaxis,
context-dependent
angiogenesis, and fenestration
VEGFR-3
VEGF-C \
VEGFR-2 activation
(main receptor)
Proliferation, migration
stabilisation, differentiation,
and survival
VEGF-A mvscmz
VEGFR-1 activation
Decoy receptor for VEGF-A VEGFR-1
and fine-tuning of
angiogenesis
VEGF-B
BMP activation
BMP2 and BMP4 as a paracrine v
signaling promote angiogenesis
BMP9 maintains vascular BMP2
endothelial homeostasis and
quiescence BMPA &9
Blood endothelial cell BMP9
FIGURE 2

10.3389/fendo.2024.1465816

VEGF and BMP Activity on
Lymphatic Endothelial Cells

S,

VEGFR-3
/ VEGF-D

vecrR2 SSTS®

VEGFR—1\
BMP6
BMP9

VEGFR-3 activation
(main receptor)
Proliferation, migration,
stabilisation, differentiation,
and survival

VEGFR-2 activation
Some lymphangiogenic
activity, tube formation,

and migration

VEGFR-1 activation
Weak or unknown activity on
lymphatic endothelial cells

BMP activation
BMP6 involved in the regulation of
the LECs
BMP?9 restricts cell proliferation
and promotes transdifferentiation
into vascular endothelial cells

Lymphatic endothelial cell

The combined roles of VEGF and BMP pathways in regulating endothelial cells. In blood endothelial cells, VEGF-A binds to VEGFR-1 and VEGFR-2
receptors. VEGFR-1 modulates angiogenesis, while VEGFR-2 promotes cell growth, movement, stabilization, differentiation, and survival. BMP
signaling, through BMP2, BMP4, and BMP9, supports blood vessel formation and maintains vascular stability. In lymphatic endothelial cells, VEGF-C
and VEGF-D primarily activate VEGFR-3, leading to cell growth and movement, while VEGFR-2 also aids in lymphatic vessel formation. BMP6 and
BMP9 regulate lymphatic endothelial cells, with BMP9 encouraging their transformation into blood vessel cells. BMP signaling pathways interact with
VEGF pathways to maintain endothelial cell function and regulate angiogenesis. (This figure is supported by Biorender).

clinical potential, especially in precision medicine, where
manipulating these pathways could lead to novel treatments for
vascular and lymphatic disorders. VEGF and BMP are key
regulators of both blood and lymphatic vessels, orchestrating their
development, function, and homeostasis (106, 107) (Figure 2).
The VEGF family is central to the repair and regeneration of the
vascular-lymphatic network post-injury. VEGFA-VEGFR2 and
VEGFC-VEGFR3 are primary signals for BECs and LECs,
respectively, driving their migration, proliferation, and
participation in regeneration. However, VEGFR2 can also be
expressed in LECs, and VEGFC can bind to VEGFR2 in BECs,
indicating the complexity of VEGF signaling in this network.
VEGFC not only induces lymphangiogenesis but also stabilizes
blood and lymphatic capillaries by regulating PDGF-B expression,
which recruits pericytes and lymphatic smooth muscle cells to the
vessels (108, 109). Complementary mechanisms refine vascular-
lymphatic network regulation. For example, receptor activity-
modifying protein 1 (RAMP1) has been shown to promote both
angiogenesis and lymphangiogenesis in skin wounds, with its
absence leading to impaired wound healing due to reduced
VEGFA and VEGFC levels (110). Additionally, Ras homolog
family member B (RHOB) and vascular endothelial zinc finger 1
(VEZF1) have opposing roles in vessel growth. RHOB inhibits
blood vessel growth while promoting lymphatic vessel growth
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(111). VEGFRI, previously considered a decoy receptor, has been
found to promote angiogenesis and lymphangiogenesis by
modulating the secretome of pro-inflammatory macrophages in
diabetes-related delayed wound healing models (60, 112, 113).
Hemostasis also couples blood-lymphatic vessels post-injury by
releasing coagulation proteases that cleave VEGFC and VEGEFD,
promoting LEC proliferation. Activated platelets further facilitate
VEGFC-VEGFR3 binding by upregulating VEGFR3 expression in
LECs (114). Angiopoietins also play a role in co-regulation,
promoting angiogenesis and lymphangiogenesis at wound
margins and influencing vascular-lymphatic remodeling during
inflammation, though their effects can vary depending on the
context (115, 116).

BMPs are crucial regulators of both blood and lymphatic
vessels. In the blood vasculature, BMP2, BMP4, BMP9, and
BMP10 play crucial roles. BMP2 and BMP4 are produced locally
and act as paracrine signals, promoting angiogenesis. In contrast,
BMP9 and BMP10 circulate systemically and inhibit sprouting (117,
118). BMP9 and BMPI10 are particularly important for vessel
stabilization and quiescence, inhibiting excessive sprouting and
maintaining endothelial homeostasis (119, 120). In the lymphatic
system, BMP6 and BMPY, circulating in the systemic bloodstream,
signal to LECs. BMP9 is especially crucial for the maturation of
lymphatic vessels and the formation of lymphatic valves. BMP9
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knockout mice exhibit defects such as dilated lymphatic vessels and
a reduced number of valves. BMPY, through the ALKI1 receptor,
regulates key genes like Lyvel, Foxc2, Connexin37, Ephrin-b2, and
Neuropilinl, which are essential for lymphatic valve development
(121, 122). Moreover, BMP9 downregulates PROX1 in LECs,
leading to restricted cell proliferation and a trans-differentiation
of lymphatic endothelial cells to blood endothelial cells (123, 124).
BMP2 also plays a role in the lymphatic system by negatively
regulating lymphatic vessel development. It inhibits PROXI1
expression and induces miR-31 and miR-181a, which target
Prox1 and impede lymphatic endothelium specification (125).

5 Maladaptation of vascular-lymphatic
network in skeletal disease

5.1 Inflammation

Under inflammatory stress, the vasculature in the bone marrow
is crucial for supporting bone remodeling. ECs express BMP-2,
promoting bone formation, and release osteoprotegerin (OPG) to
reduce osteoclastogenesis during diabetes (126, 127). Additionally,
multiple cytokines such as IL-6, TNF-a, and IFN-y are produced by
ECs under inflammatory conditions. These cytokines activate
Nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) signaling, which regulates hematopoietic stem and
progenitor cell (HSPC) functions. Inhibiting the endothelial NF-
kB pathway improves HSPC proliferation and hematopoietic
recovery following myelosuppressive injury (128). IL-33, a pro-
inflammatory cytokine produced by CD105-expressing ECs,
promotes the differentiation of bone marrow-derived stromal cells
into osteoblasts and enhances calcium deposition (129).

Recent studies highlight the connection between lymphangiocrine
signaling and inflammation. Under inflammatory conditions,
lymphatic vessels within the bone undergo significant changes,
including increased lymphangiogenesis and elevated expression of
specific cytokines and growth factors that support this expansion and
associated immune responses (2). IL-6 drives lymphangiogenesis in
bones, and the secretion of CXCL12 from proliferating LECs is critical
for hematopoietic and bone regeneration. Moreover, lymphangiocrine
CXCL12 triggers the expansion of mature Myh11+ CXCR4+ pericytes,
which differentiate into bone cells and contribute to bone and
hematopoietic regeneration. In aged animals, this expansion of
lymphatic vessels and Myh11-positive cells in response to genotoxic
stress is impaired (2). The increased presence of lymphatic vessels and
activated LECs significantly impacts bone regeneration and
repair processes.

5.2 Osteoarthritis

OA is a common joint disorder characterized by the degeneration
of articular cartilage and inflammation of surrounding tissues due to
aging-related mechanical degradation and subchondral bone
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disorders (130, 131). Synovial cells play a crucial role in OA by
releasing inflammatory mediators that stimulate the production of
inflammatory cytokines and matrix-degrading enzymes like MMPs
and ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs) proteins in chondrocytes, leading to
cartilage destruction (132, 133). Immunohistochemical analysis of
synovial specimens from OA patients reveals increased lymphatic
vessels infiltrated by inflammatory cells, indicating their involvement
in OA pathogenesis (134). Transmission electron microscopy has
shown dysfunction in microcirculation and lymphatic drainage in
OA patients (135). Post-mortem analysis of knee synovium sections
from OA patients shows reduced lymphatic vessel density, negatively
correlated with synovial effusion, suggesting impaired lymphatic
drainage exacerbates joint inflammation (136). Dynamic changes in
lymphatic structure and function may significantly impact OA
progression, warranting further investigation. In a mice model of
meniscal-ligamentous injury (MLI)-induced OA, increased capillary
lymphatics and decreased collecting lymphatic vessels were observed
(50). Although lymphatic capillaries increased, their drainage
function declined due to a leaky phenotype. This led to impaired
lymphatic pumping and accumulation of pro-inflammatory factors
in OA-affected knees, supported by findings in human OA samples
(52, 137). These results indicate impaired synovial lymphatic
drainage during OA progression.

Macrophages also play a significant role in joint inflammation
and bone destruction in OA, potentially through interaction with
lymphatic vessels (138, 139). Macrophages can be categorized into
pro-inflammatory M1 and anti-inflammatory M2 phenotypes,
accumulating and polarizing within the synovium and articular
cavity during OA progression. Early-stage OA shows synovitis and
M1 macrophage accumulation near lymphatic vessels, with M1
macrophages promoting destructive processes by regulating
inflammatory mediators like TNF, IL-1, and iNOS (140). Itch, a
negative regulator of the NF-kB pathway, suppresses pro-
inflammatory macrophage polarization and IL-l1o. release (141,
142). Knockout of itch in mice results in severe OA phenotypes
and impaired lymphatic drainage due to M1 macrophage-induced
inflammation (143). Decreased FGFR3 expression in OA patient
monocytes, and conditional FGFR3 knockout in macrophages
exacerbates joint destruction through synovitis and macrophage
accumulation via CXCL12/CXCR7-dependent chemotaxis (144).
Since CXCL12 from LECs is crucial for tissue regeneration post-
injury, further research is needed on the interplay between synovial
macrophages and lymphatic vessels in OA.

5.3 Rheumatoid arthritis

RA is a chronic autoimmune disorder primarily affecting the
joints, leading to persistent inflammation and progressive damage.
This inflammation triggers the release of inflammatory mediators
and activates immune cells, further worsening the condition.
Inflamed joints in RA patients exhibit a significant increase in
activated and infiltrated immune cells, such as macrophages,
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lymphocytes, and plasma cells. These cells are crucial in the
progression of joint inflammation as they produce and release
various mediators, including cytokines, chemokines, and enzymes
(100, 101). Key cytokines involved in RA pathogenesis include tumor
necrosis factor TNF-o, IL-1, and IL-6. These cytokines induce
synovial inflammation and vasodilation, resulting in joint pain,
swelling, and functional impairment (99). RA is also characterized
by increased angiogenesis and vessel density in non-calcified articular
cartilage regions. Lymphocyte infiltration and active ECs are essential
for the trafficking of leukocytes into the joint during RA progression
(145). Intercellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion protein 1 (VCAM-1), and E-selectin expressed by ECs
promote the migration of leukocytes and fibroblasts into RA joints
(146). Specifically, endothelial Notch3 signaling drives the
differentiation of synovial fibroblasts, which acquire an invasive
phenotype during the disease (147). This invasive behavior of
synovial fibroblasts contributes to the overall joint damage and
functional decline observed in RA patients.

Clinical studies and animal models indicate that lymphatic
vessels likely play a crucial role in clearing inflammatory cells and
mediators from the inflamed synovium. The VEGF family
comprises key regulators in angiogenesis and lymphangiogenesis,
including VEGF-A, VEGF-B, VEGF-C, VEGE-D, VEGF-E, VEGF-
F, and placenta growth factor (PIGF) (104). These VEGF ligands
activate signaling pathways by binding to tyrosine kinase receptors
known as vascular endothelial growth factor receptors (VEGFRs),
which have three subtypes: VEGFR1, VEGFR2, and VEGFR3.
While VEGFRI and VEGFR2 primarily regulate angiogenesis,
VEGEFR3 signaling is central to lymphangiogenesis (102). The
downstream signaling pathways activated by VEGF-C/VEGFR3
include mitogen-activated protein kinase/extracellular signal-
related kinase (MAPK/ERK), phosphatidylinositol 3-kinase/
protein kinase B (PI3k/AKT), and Jun N-terminal kinasel/2
(JNK1/2) pathways (148, 149). Activation of these pathways leads
to the proliferation, survival, and migration of LECs and the
remodeling of lymphatic vessels. Previous studies have shown
high expression of VEGF-C and its receptors, VEGFR2 and
VEGEFR3, in the synovial tissues of arthritis patients compared to
healthy controls. Macrophages also exhibit high expression of
VEGEF-C and VEGFR3. Additionally, significantly elevated levels
of VEGEF-C have been observed in the synovial fluid of patients with
RA, showing a strong positive correlation with TNF-a. levels (150).

5.4 Bone metastasis

Bone metastasis is a frequent complication of several primary
tumors, where disseminated tumor cells (DTCs) can remain
dormant for extended periods before reactivation and metastatic
growth (151, 152). The process of reactivation and metastasis is
intricately linked to the vascular and lymphatic networks within the
bone microenvironment.

ECs in the bone marrow play crucial roles in both supporting and
regulating DTC behavior. They produce thrombospondin-1,
inducing DTC quiescence, and express molecules like Von
Willebrand factor (VWF) and vascular cell adhesion molecule 1
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(VCAM-1), which affect DTC interaction with the perivascular
niche and chemotherapy sensitivity (153, 154). Moreover,
ADAM17-regulated CX3CL1 expression by bone marrow ECs
promotes specific types of metastases, such as spinal metastasis
from hepatocellular carcinoma (155). The vascular structure within
bones also influences metastatic progression. Sinusoids and low blood
flow facilitate interactions between tumor cells and ECs, while type H
vessels with higher blood flow and oxygen supply support tumor cell
survival and resistance to therapies (154). Reduction in blood flow
diminishes type H vessels and inhibits pericyte expansion, thereby
rendering DTCs more susceptible to treatment (156).

Tumors undergo phenotypic changes through accumulated
genetic mutations, fostering polyclonal cell populations. Epithelial-
mesenchymal transition (EMT) enhances cancer cell motility and
invasiveness, mediated by cytokines like TGF-B, FGF, and others.
EMT also reduces E-cadherin expression and promotes
mesenchymal markers like vimentin and N-cadherin, enhancing
malignant traits and chemotherapy resistance (157, 158). In the
context of lymphatic involvement, tumor cells invade lymphatic
vessels primarily from the peritumoral regions rather than from
within the tumor itself due to high interstitial pressure (159). TGF-3
signaling and ALK5 inhibitors play significant roles in tumor
lymphangiogenesis in tumor xenografts (160, 161). Studies suggest
that TGF- influences tumor metastasis by regulating the structure
and function of newly formed tumor lymphatic vessels. Secondary
lymphedema, a common complication of cancer treatment, often
involves increased TGF-B1 levels. In mouse models, inhibition of
TGF-B1 has been demonstrated to mitigate the severity of
lymphedema (162). Thus, targeting TGEF-B could potentially
effectively inhibit lymphatic metastasis and reduce lymphedema.

Several studies emphasize the significant role of bone marrow
mesenchymal stem cells (BM-MSCs) in cancer progression, particularly
through their impact on lymphangiogenesis (163-165). Human BM-
MSCs contribute to tumor growth and metastasis by promoting both
neovascularization and the formation of lymphatic vessels (164).
Research shows that BM-MSCs and their conditioned medium not
only support tumor growth but also facilitate lymph vessel formation in
metastatic environments by increasing the expression of lymph-
associated markers and enhancing tube formation in lymphatic
endothelial cells and specific tumor cell lines (165). However, there
are concerns about the potential for these processes to awaken dormant
tumors through lymphangiogenesis. Additionally, both human and
murine BM-MSCs have demonstrated the ability to adopt a lymphatic
phenotype and stimulate lymphatic vessel formation by secreting
factors like VEGF-A (163). This factor activates the VEGFR-2
pathway in lymphatic endothelial cells (LECs), leading to increased
LEC proliferation, migration, and tube formation, which, in turn,
enhances lymphatic vessel density within tumors and promotes
metastasis (163). While these findings suggest promising therapeutic
applications of MSCs in regenerative medicine, they also highlight the
need to consider their role in cancer-related lymphangiogenesis when
developing cancer treatment strategies.

Overall, understanding the maladaptation of the vascular-
lymphatic network in bone metastasis involves deciphering
complex interactions between tumor cells, endothelial cells, and
the lymphatic system. Therapeutic strategies targeting these
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interactions hold promise for improving outcomes in patients with
metastatic bone disease, necessitating further research into the
precise molecular mechanisms driving vascular and lymphatic
dysregulation in this context.

6 Targeting the vascular-lymphatic
network as a potential
therapeutic strategy

The vascular and lymphatic networks play crucial roles in
maintaining tissue homeostasis and responding to pathological
conditions in bone and joint disorders. Given their involvement
in inflammation, tissue regeneration, and disease progression,
targeting these networks presents a promising therapeutic
approach. By modulating angiogenesis and lymphangiogenesis, it
is possible to address the underlying mechanisms of various bone
and joint diseases, potentially leading to more effective treatments
and improved patient outcomes.

Angiogenesis, the process of blood vessel formation, is essential
for bone tissue engineering and regeneration. Strategies to enhance
vascularization in engineered bone tissues have shown significant
promise, particularly through the delivery of angiogenic growth
factors such as VEGF, Angiogenin (ANG), and PDGF (166-169).
For instance, the incorporation of VEGF into bone scaffolds has been
demonstrated to promote neovascularization and bone healing, as
evidenced by advanced bone regeneration in animal models (167).
Additionally, the sustained release of these growth factors, facilitated
by sophisticated delivery systems, ensures prolonged therapeutic
effects, making them superior to bolus injections (166). Given the
coupling of angiogenesis and osteogenesis, these strategies hold great
potential for improving the success rates of bone tissue engineering
and addressing bone-related pathologies.

The lymphatic network, particularly lymphangiogenesis and
lymphatic drainage, also offers potential therapeutic targets, especially
in conditions like RA and OA. The VEGF-C/VEGFR3 signaling
pathway has emerged as a key regulator of lymphangiogenesis and
lymphatic function. In RA, enhancing lymphatic drainage through
intra-articular administration of VEGF-C has been shown to reduce
joint damage by promoting local lymphatic function (170). Similarly, in
OA, impaired lymphatic drainage has been linked to disease
progression, and targeting VEGF-C/VEGFR3 signaling has
demonstrated the potential to enhance lymphatic function and
mitigate tissue damage (137, 171). Despite these promising findings,
further research is necessary to fully understand the long-term effects
and safety of such treatments, particularly in chronic conditions
like arthritis.

VEGF serves as a crucial common regulator, linking both the
vascular and lymphatic networks. VEGF not only drives angiogenesis,
essential for blood vessel formation and bone regeneration, but also
plays a significant role in lymphangiogenesis through its interaction
with VEGF-C and the VEGFR3 signaling pathway (172-174). This
dual role of VEGF highlights its importance as a therapeutic target
that can simultaneously influence both blood and lymphatic vessel
dynamics. By modulating VEGF activity, it may be possible to achieve
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coordinated regulation of these two networks, offering a unified
approach to treating complex bone and joint disorders where both
vascular and lymphatic dysfunctions are involved.

7 Conclusion and perspective

The intricate interplay between blood and lymphatic networks is
vital for maintaining bone and joint homeostasis and responding to
pathological conditions. Type H blood vessels play a crucial role in
coupling angiogenesis with osteogenesis, while emerging evidence
highlights the significance of lymphatic vessels in bone support
regeneration after injury. These networks work synergistically to
regulate bone homeostasis and facilitate bone repair. Understanding
these interactions provides a comprehensive view of skeletal biology
and offers insights into the mechanisms underlying bone and joint
diseases. Future research should focus on elucidating the specific
molecular pathways and signaling mechanisms driving these
interactions, which could pave the way for novel therapeutic
strategies. Additionally, integrating recent advancements in vascular
and lymphatic biology will enhance our ability to develop targeted
treatments for bone and joint diseases, ultimately improving patient
outcomes. This evolving field holds promise for significant
breakthroughs in both basic science and clinical applications.

Research on lymphatic vessels in bone tissue lags behind the
more extensive studies on blood vessels in bones and joints. While
it’s known that lymphatic vessels are present in bones and play roles
in fluid transport and immune surveillance, their drainage pathways
within bones remain unexplored. Identifying these drainage routes
is crucial for a deeper understanding of bone physiology, the specific
functions of lymphatic vessels in bone, and potential drug
interventions. Further research using advanced techniques such as
single-cell sequencing and lineage tracing is necessary to identify
the key cell subsets and molecular characteristics of lymphatic
vessels, particularly in disease conditions. Understanding how
lymphatic vessels change and function during different stages of
diseases like RA, OA, and aging could help pinpoint the optimal
timing for clinical interventions. We anticipate that future research
will lead to better strategies for regulating lymphatic vessels in
joints, ultimately improving the treatment and outcomes of
inflammatory joint diseases.
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Department of Orthopedics, the Second Hospital of Shanxi Medical University, Taiyuan, Shanxi, China

Introduction: Previous studies have indicated that exposure to heavy metals
related to bone health is primarily limited to some common harmful metals, and
the impact of lead has not been fully understood. This study aims to explore the
relationship between urine lead exposure and bone density.

Methods: 1,310 adults were included from the NHANES database (2015-2018),
and through generalized linear regression analysis and constrained cubic spline
models, the association between lead levels and total bone density as well as
lumbar spine bone density was explored. The study also examined the impact of
combined exposure to lead and cadmium on bone density.

Results and conclusions: Urinary lead levels were significantly negatively
correlated with total bone mineral density (B: —0.015; 95%Cl: —0.024, —0.007)
and lumbar spine bone mineral density (B: —0.019; 95%Cl: —-0.031, —0.006).
Compared to the lowest three quartiles of lead levels, the adjusted odds ratios for
T3 changes in total bone mineral density and lumbar spine bone mineral density
were 0.974 (95%Cl: 0.959, 0.990) and 0.967 (95%Cl: 0.943, 0.991), indicating a
significant negative trend. Further analysis with constrained cubic spline models
revealed a non-linear decreasing relationship between urinary lead and total
bone mineral density as well as lumbar spine bone mineral density. Stratified
analyses suggested that the relationship between urinary lead levels and bone
mineral density might be significantly influenced by age, while gender showed no
significant impact on the relationship. Moreover, combined exposure to lead and
cadmium was found to be associated with decreased bone mineral density,
emphasizing the potential synergistic effects between lead and cadmium on
bone health. However, the specific mechanisms of lead and its effects on
different populations require further comprehensive research. This study
provides valuable insights for further exploration and development of relevant
public health policies.

KEYWORDS

bone mineral density, urinary lead, national health and nutrition examination survey
(NHANES), lead exposure, combined exposure
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1 Background

Osteoporosis is a metabolic bone disease characterized by
changes in bone microstructure and decreased bone mineral
density (BMD) (1). Bone density is an important indicator for
evaluating bone health, with the two most common sites for
measuring bone density being the whole body and the lumbar
spine (2). Factors leading to decreased bone density include genetics
(3), metabolism (4), and nutrition (5). According to recent
evidence, decreased bone density may be related to environmental
toxin exposure (6, 7), and heavy metals such as lead (Pb) may be
associated with osteoporosis and related fractures (8, 9).

As a typical heavy metal, lead has received much attention due
to its harmful effects on human health. The role of lead exposure in
human biology is intricate and far-reaching, impacting not only the
endocrine system by disrupting thyroid and sex hormone levels but
also exerting significant effects on the nervous, immune systems,
and reproductive health. As an endocrine-disrupting compound
(EDC), lead binds to estrogen and androgen receptors, mimicking
estrogenic effects and obstructing androgen actions, thus disturbing
hormonal balance (10). This action is not only linked to thyroid
dysfunction but also to reproductive health issues, particularly in
males, where the association between lead exposure and infertility is
increasingly evident. Lead exposure further damages reproductive
capabilities through the induction of reactive oxygen species (ROS),
cell apoptosis, local necrosis, immunosuppression, and mutagenic
stimulation, negatively impacting the male reproductive system and
potentially leading to azoospermia (11).

Moreover, lead exposure significantly impairs cognitive and
behavioral development in children, correlating with decreased 1Q,
alterations in neurotransmitter levels, and reduced cognitive and
behavioral scores (12-15). In terms of immune function, lead
exposure is associated with altered levels of pro-inflammatory
cytokines in children, potentially triggering a cascade of health
issues spanning neurological, respiratory, cardiovascular,
reproductive, and renal systems (16). More alarmingly, lead and
its compounds are classified by the International Agency for
Research on Cancer (IARC) as probable human carcinogens,
indicating a potential cancer risk associated with long-term lead
exposure (17). Although the organ toxicity of lead has been widely
studied, research on the impact of lead on human bone health
is limited.

More than 90% of lead in the human body is found in the bones
(18). Lead has strong cytotoxicity, affecting osteoblasts, osteoclasts,
and chondrocytes (19). An vitro studies have shown that lead can
replace calcium in hydroxyapatite crystals and has a higher affinity
for bone sialoprotein than calcium (20). Many animal studies have
reported that lead exposure is associated with pathological
processes in bone, resulting in decreased bone density and
strength (21). In the United States, studies on elderly individuals
have shown a significant negative correlation between blood lead
levels and osteoporosis, particularly among Caucasian subjects (22).
Furthermore, a study conducted in Taiwan found that adults,
especially females, with higher urinary lead levels may have an
increased risk of osteopenia and osteoporosis (23). Other studies
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have indicated that lead exposure is associated with femoral and
spinal bone density in premenopausal women in the United States
(24, 25), and lead and manganese exposure have been found to have
a synergistic effect on bone density (8). The toxic effects of lead on
bone density in different bone sites vary among children and
adolescents, and there are differences in various age groups,
genders, and levels of exposure (26). Overall, the research on the
effects of normal lead exposure on bone density in adults is still
limited, and further systematic studies are needed to obtain accurate
conclusions.Therefore, we utilized data from the 2015-2018
National Health and Nutrition Examination Survey (NHANES)
database to investigate the correlation between urinary lead levels
and bone density in a representative sample of adults aged 20 and
above in the United States.

2 Subjects and methods
2.1 Design

The research data is derived from the NHANES database and is
a cross-sectional study. All analyses were performed under
logarithmic transformation and statistical analysis was conducted
using multiplicative interaction models and generalized linear
regression models. For other continuous variables, differences
between groups were calculated using generalized linear
regression models. Weighted chi-square tests were used for
categorical variables.

2.2 Time and Location

The study selected information from the US NHANES database
from January 2015 to December 2018, and the samples were taken
from the general population of the United States.

2.3 Subjects

The data for the study was derived from the US NHANES
database. The NHANES database collects nutritional and health
information from the general population of the United States and is
a cross-sectional study. The NHANES database uses a large-scale,
multi-stage complex sampling method, with non-repetitive
sampling population, abundant sample size, and good
representativeness. The study was approved by the Ethics Review
Committee of the National Center for Health Statistics (NCHS),
with ethics protocol numbers Continuation of Protocol #2011-17
(2013-2016) and Protocol #2018-01 (2017-2020), and written
informed consent was obtained from each participant. The study
subjects were selected from data spanning four years, from 2015 to
2018. Among the participants who underwent urinary metal testing
from 2015 to 2018, a total of 6102 individuals were included. After
excluding individuals with missing data on urine lead, bone density,
renal insufficiency, or age less than 20 years (n=4565), 1537
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participants were selected. Further exclusions were made for
individuals with missing information on basic covariates
including poverty-income ratio, body mass index, serum cotinine,
and serum 25(OH)D (n=227), resulting in a final analytical sample
of 1310 participants, as shown in Figure 1.

2.4 Methods

The selection of covariates is based on previous literature (27). The
final covariates include age, gender (male and female), race/ethnicity
(Mexican American, Other Hispanic, Non-Hispanic White, Non-
Hispanic Black, Other), body mass index (kg/m2), poverty income
ratio (<1, 21), education level (less than high school, high school or
equivalent, higher than high school), serum cotinine (=10ng/mlL, 1-
9.9ng/mL, and <1ng/mL), physical activity (<10 minutes/week and >10
minutes/week), serum 25(OH)D, thyroid disease (yes or no), diabetes
(yes or no), and hypertension (yes or no).

Urine metal determination: Urine samples were collected and
stored at -70°C, then transported to the National Center for
Environmental Health for testing. Urine lead concentration was

Participants from NHANES
2015-2018
(N=6,102)

Missing data on urine lead tests, bone
density, renal insufficiency, or being under
the age of 20
(N=4,565)

y

Participants (aged > 20 years) had data on metals,

urine creatinine, and bone density
(N=1,537)

Missing key covariates, including the ratio of
household income to poverty, BMI and
serum cotinine
(N=227)

Participants finally included
(N=1,310)

FIGURE 1
Baseline characteristics of participants.
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measured using inductively coupled plasma mass spectrometry
(ICPMS). The laboratory procedures are described in detail on
the NHANES website. The metals included in this study were
detectable in over 99% of the participants. The metal levels in
urine were calibrated with urine creatinine and expressed as pug/g
creatinine.At a dedicated mobile examination center, total bone
density and lumbar spine bone density were measured using the
Hologic QDR 4500A fan-beam dual-energy X-ray absorptiometry
(Hologic, Inc., Bedford, Massachusetts). For more detailed
information on bone density assessment, please visit the
NHANES website.

2.5 Statistical analysis

Due to skewed distributions, both bone density and urine lead
concentration underwent natural logarithm (In) transformation.
Descriptive analysis was conducted on the participants’ basic
demographic characteristics and bone density. Continuous
variables were expressed as means and standard deviations (+ s)
or percentiles, while categorical variables were expressed as
frequencies (proportions).

Generalized linear regression was used to evaluate the
correlation between individual urine lead and bone density,
treating each metal as a continuous exposure variable. The
transformed regression coefficient represents the percentage
change in bone density with a doubling of urine metal levels,
using the following formula: (e(In2 x ) - 1) x 100%. To further
explore the relationship between urine lead and bone density, the
generalized linear regression model treated urine lead concentration
as tertiles. The percentage change in bone density associated with
urine metal tertiles was estimated as (eOR - 1) x 100%. Restricted
cubic splines (RCS) were used to assess the dose-response
relationship between urine lead and bone density. The RCS
model included three knots: the 25th, 50th, and 75th percentiles
of the transformed metal concentration.

Stratified analysis by gender and age was conducted, followed by
multiplicative interaction analysis. Generalized linear regression
was used to further evaluate the combined effect of urine lead and
urine cadmium exposure. Participants were divided into low
exposure and high exposure groups based on the median levels of
the metals. The group with low exposure to both metals was
considered as the reference group. The percentage change in bone
density for the exposed group was estimated as (eOR - 1) x 100%.

All analyses were performed using R (version 4.2.3), with
statistical significance set at P<0.05 (two-tailed). Generalized
linear regression analysis and RCS models were implemented
using the “ggplot2” and “rms” packages, respectively.

3 Results
3.1 Baseline characteristics

The study included a total of 1310 subjects, with mean ages and
body mass indexes of 39.5 + 11.2 years and 29.0 + 6.9 kg/m” ,
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respectively. Among the study population, 642 individuals (49.0%)
were male, 777 individuals (59.3%) had received higher education
(beyond high school), 388 individuals (29.6%) were non-Hispanic
white, 1069 individuals (81.6%) were at or above the poverty line,
915 individuals (69.8%) were non-smokers, 86 individuals (6.6%)
were informed of thyroid issues, 101 individuals (7.7%) had
diabetes, and 275 individuals (21.0%) had hypertension. The
median serum 25(OH)D, total bone density, and lumbar spine
bone density were 56.7 (42.0, 73.7) nmol/L, 1.11 (1.04, 1.18) g/cmz,
and 1.02 (0.93, 1.12) g/cm?, respectively. See Table 1 for details.

3.2 Distribution of urinary lead levels

The geometric mean of urine lead concentration corrected for
urinary creatinine was 3.918 lg/g creatinine. The median urine lead
concentration was 2.826 lg/g creatinine, with an interquartile range
(IQR) of 1.785-4.580 Mg/g creatinine, and the standard deviation of
urine lead was 4.0927 ug/g creatinine.

3.3 Correlation between urinary lead
exposure and bone density

In the fully adjusted model, a significant negative correlation
was observed between urinary lead levels and total bone density (3:
-0.015; 95%CI: -0.024, -0.007) as well as lumbar spine bone density
(B: -0.019; 95%ClI: -0.031, -0.006). Furthermore, in the multivariable
adjusted model, compared with the lowest tertile of lead level, the
odds ratios (ORs) (95%CI) of total bone density at T2 and T3 levels
were 0.997 (0.982, 1.011) and 0.974 (0.959, 0.990), respectively,
when introducing the tertiles of urinary lead concentration.
Similarly, compared with the lowest tertile of lead level, the ORs
(95%CI) of lumbar spine bone density at T2 and T3 levels were
0.999 (0.978, 1.021) and 0.967 (0.943, 0.991) (Table 2), respectively.
This indicates a significant negative correlation between total bone
density and lumbar spine bone density at the highest tertile of
urinary lead concentration. It is worth noting that the relationship
between these bone density indicators and moderate levels of
urinary lead concentration was not significant. This result
emphasizes the different effects of urinary lead concentrations on
bone density at different levels. A restricted cubic spline showed a
nonlinear relationship between urinary lead and total bone density
as well as lumbar spine bone density (Figure 2).

In a multivariable adjusted model, gender-stratified analysis
revealed that the [ values (95% CI) of urinary lead levels and total
bone density in men and women were —0.012 (-0.025, 0.0004) and
-0.021 (-0.033, —0.010), with corresponding P values of 0.059 and
<0.001, respectively. For women, there was a significant negative
correlation between urinary lead levels and total bone density, with
a P value of —0.021, a 95% CI not including zero, and P value
<0.001. However, in men, although the B value was negative, the P
value did not reach significance. As for the relationship between
urinary lead levels and lumbar bone density, the B values (95% CI)
in men and women were —0.021 (-0.033, —0.010) and -0.022
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TABLE 1 Characteristics of included participants from NHANES 2015-
2018 (N = 1310).

Characteristics Means + SDs/N (%)/median

(25th, 75th)

Age 39.5+ 11.2
Sex

Male 642 (49.0)

Female 668 (51.0)
Race/ethnicity

Mexican American 226(17.3)

Other Hispanic 156(11.9)

Non-Hispanic White 388(29.6)

Non-Hispanic Black 259(19.8)

Other Race 281(21.5)
BMI(kg/m?®) 29.0 + 6.9
Family PIR

<1 241(18.4)

>1 1069(81.6)
Education

Under high school 238(18.2)

High school or equivalent 295 (22.5)

Above high school 777(59.3)
Serum cotinine (ng/mL)

<1.0 ng/mL 915 (69.8)

1.0-9.9 ng/mL 43(3.3)

>10 ng/mL 352(26.9)
Physical activity (n/%)

<10 minutes/week 987 (75.3)

>10 minutes/week 323(24.7)
Thyroid disease (n/%)

Yes 86 (6.6)

No 1224 (93.4)
Hypertension (n/%)

Yes 275 (21.0)

No 1035(79.0)
Diabetes (n/%)

Yes 101 (7.7)

No 1209(92.3)
Serum 25(OH)D (M(Q5Qy5),nmol/L) = 56.7(42.0,73.7)

Total bone density (M(Q,5Q75),g/cm?)  1.11(1.04,1.18)

Lumbar bone density (M(Q,5Q7s),

1.02 (0.93, 1.12
g/cm?) ( )
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TABLE 2 Associations between urinary lead exposure and BMDs.

10.3389/fendo.2024.1412872

Percentage change (95% Cl) in BMDs

Urinary lead (ug/mg creatinine)

Total BMD Lumbar BMD
Per 100% increase ‘ -0.015 (-0.024, —0.007) ‘ <0.001 ‘ -0.019 (-0.031, —0.006) 0.004
Tertiles
T1(< 0.216) ‘ Reference ‘ ‘ Reference
T2(0.216-0.382) ‘ 0.997 (0.982, 1.011) ‘ 0.668 ‘ 0.999 (0.978, 1.021) 0.946
T3(= 0.382) 0.974 (0.959, 0.990) 0.002 0.967 (0.943, 0.991) 0.007

These models were adjusted for factors such as age, sex, body mass index, race, family income-to-poverty ratio, education, serum cotinine levels, physical activity, serum 25(OH)D, thyroid

disease, hypertension, and diabetes.

(~0.040, —0.004), with P values of 0.089 and 0.015, respectively.
Urinary lead levels were significantly negatively correlated with
lumbar bone density in both men and women. However, in men,
the P value was 0.089, which did not reach significance, while in
women, the P value was 0.015, indicating a higher level of
significance (Table 3).

Opverall, the relationship between urinary lead levels and total
bone density as well as lumbar bone density was significant in
women and tended towards a negative correlation in men but was
not significant. However, the overall bone P;,, for gender
stratification was 0.241, and the lumbar bone density P;, was
0.380, indicating no significant interactive effects, showing that
gender had no significant impact on the relationship between
urinary lead levels and bone density.

Similarly, in a multivariable adjusted model, stratified analysis
based on the median age (39 years) revealed that the B values (95%
CI) of urinary lead levels and total bone density in the low-age and
high-age groups were —0.009 (-0.021, 0.003) and -0.023 (-0.035,
-0.010), with corresponding P values of 0.138 and <0.001, respectively.
Regarding total bone density, the relationship between urinary lead
levels and bone density was not significant in the low-age group (P
value = 0.138), while in the high-age group, there was a significant
negative correlation between urinary lead levels and total bone density
(P value <0.001). As for the relationship between urinary lead levels and
lumbar bone density, the 3 values (95% CI) in the low-age and high-age
groups were —0.006 (—0.022, 0.011) and —-0.031 (-0.051, —0.012), with
P values of 0.509 and 0.001, respectively. In terms of lumbar bone
density, the relationship between urinary lead levels and bone density
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TABLE 3 Interaction of sex and age on the relationship between urinary lead levels and total BMD and lumbar BMD.

Percentage change (95% CI) in BMDs

Urinary lead

(ug/mg creatinine)

Total BMD Pint Lumbar BMD
Sex 0.241 0.380
Male ~0.012(~0.025, 0.0004) 0.059 ~0.016 (~0.034, 0.002) 0.089
Female ~0.021 (~0.033, —0.010) <0.001 ~0.022 (~0.040, —0.004) 0.015
Age 0.034 0.045
<39(Median) -0.009 (-0.021, 0.003) 0.138 ~0.006 (~0.022, 0.011) 0.509
>39(Median) -0.023(-0.035, -0.010) <0.001 ~0.031 (<0051, -0.012) 0.001

These models were adjusted for factors such as age, sex, body mass index, race, family income-to-poverty ratio, education, serum cotinine levels, physical activity, serum 25(OH)D, thyroid

disease, hypertension, and diabetes.

was similarly not significant in the low-age group (P value = 0.509),
whereas there was a significant negative correlation between urinary
lead levels and lumbar bone density in the high-age group (P value
= 0.001).

Furthermore, the overall bone P, for age stratification was
0.034, and the lumbar bone density P;,, was 0.045. These data
suggest that the relationship between urinary lead levels and bone
density may be significantly influenced by age, and in the high-age
group, there is a stronger correlation between increasing urinary
lead levels and decreasing bone density.

3.4 Joint effect analysis

Further evaluates the combined effects of lead and cadmium
exposure on total bone density and lumbar spine bone density. The
groups with low exposure levels to both metals were considered as
the reference group. The odds ratios (OR) for total bone density in
the low-cadmium high-lead exposure group, high-cadmium low-
lead exposure group, and high-cadmium high-lead exposure group
were 0.991 (0.976, 1.008), 1.002 (0.985, 1.020), and 0.984 (0.968,
1.001) respectively, with p-values of 0.337, 0.806, and 0.071. The
odds ratios (OR) for lumbar spine bone density in the low-cadmium
high-lead exposure group, high-cadmium low-lead exposure group,
and high-cadmium high-lead exposure group were 0.989 (0.966,
1.014), 1.000 (0.975, 1.026), and 0.968 (0.945, 0.993) respectively,
with p-values of 0.387, 0.999, and 0.012 (Table 4). Through the
high-cadmium high-lead exposure group, it is demonstrated that
the combined exposure to cadmium and lead has a negative impact
on bone density, and this effect is statistically significant.

4 Discussion

In this study, we investigated the relationship between urinary
lead exposure and bone density during the NHANES survey period
from 2015 to 2018. Overall, our study results showed that urinary
lead exposure was associated with reduced total bone density and
lumbar spine bone density. In stratified analysis, it was also found
that urinary lead levels were correlated with decreased bone density,
and the relationship between urinary lead levels and bone density
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may be significantly influenced by age with no significant gender
effect observed. The combined effect of lead and cadmium was
found to be related to decreased bone density.

The results of this study showed a negative correlation between
urinary lead exposure levels and bone density. To our knowledge,
this is the largest epidemiological research report on lead exposure
and bone density across a wide age range. Lead is highly toxic and
lead poisoning can cause damage to the nervous system and brain
function. There have been few studies on the impact of lead on bone
health. A report from Sweden found no association between adult
lead exposure and bone density (28). The potential mechanism by
which elevated lead levels cause bone disease is not clear. In vitro
studies have shown that lead can exchange calcium in
hydroxyapatite crystals, with higher affinity for osteocalcin than
calcium (20), and inhibit the activation of vitamin D and dietary
calcium absorption (29). However, more investigations are needed
to validate our research results and elucidate the specific
mechanisms behind the reduction of bone density with
lead exposure.

Plasma lead concentration is difficult to accurately measure
because of its low concentration and susceptibility to contamination
(30). Whole blood lead levels are usually used as a biological marker
of lead exposure because over 99% of lead is bound to red blood
cells. However, due to the saturation effect of lead-binding sites in
red blood cells, male blood lead levels are higher than female levels,
while urinary lead levels show no significant difference between
genders (24). Urinary lead is considered an alternative indicator
reflecting plasma lead levels, as lead is mainly filtered through the
glomerulus and excreted in urine. To accurately reflect urinary lead
excretion, adjustments for urine dilution need to be considered.
This study used urinary lead as a biological marker of lead exposure.

One finding in our study is the non-linear negative correlation
between urinary lead levels in adults and total bone density and
lumbar bone density. We found a stronger association between
increasing urinary lead levels and decreasing bone density in the
older age group (=39 years old). This differs from previous studies
in adults (8), but the reasons are still unclear. It could be due to
variations in hormone levels at different ages. Further research is
needed to investigate the differences in bone remodeling,
absorption, and formation capabilities in different bone sites
under various levels of lead exposure and in different age groups.
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TABLE 4 The impact of lead and cadmium combined exposure on BMDs.

Metals Total BMD

Percent change (95% ClI)

10.3389/fendo.2024.1412872

Lumbar BMD
Percent change (95% ClI)

cadmium - lead

Low Cd + low Pb 427 Reference

Low Cd + high Pd 228 0.991(0.976,1.008)
High Cd + low Pb 228 1.002(0.985,1.020)
High Cd + high Pd 427 0.984(0.968,1.001)

Reference ‘
0.337 0.989(0.966,1.014) ‘ 0.387
0.806 1.000(0.975,1.026) ‘ 0.999
0.071 0.968(0.945,0.993) ‘ 0.012

These models have been adjusted for factors such as age, gender, body mass index, race, family income to poverty ratio, education, serum cotinine levels, physical activity, serum 25(OH)D,

thyroid disorders, hypertension, and diabetes.

We found that urinary lead concentration has different effects on
bone density at different levels, and as urinary lead concentration
increases, the decrease in bone density shows an initial rapid decline
followed by a slower decline. The differences in lead’s impact on
bone density may be attributed to the complex mechanisms of lead
metabolism in bone at different levels. Previous studies have found
that long-term lead exposure at low levels (blood levels <10ug/dL)
inhibits the Wnt signaling pathway and leads to decreased bone
density in adult rats, while increased bone mass has been observed
in mice exposed to high levels of lead, which inhibits the ability of
osteoclasts to reabsorb bone mass (31). This may suggest the need
for greater attention to the effects of lead exposure on bone health in
older age groups.

In our study, there was a significant relationship between
urinary lead levels and total bone density and lumbar bone
density in females, while in males, the correlation tended to be
negative but not significant. In gender-stratified analyses, the P
interaction values were 0.241 for total bone density and 0.380 for
lumbar bone density, indicating that gender does not significantly
affect the relationship between urinary lead levels and bone density.
The negative association between lead exposure levels and bone
density in adult women is consistent with previous studies, which
found an association between lead exposure and decreased bone
density in premenopausal women (32). However, another study of
50-70-year-old women also found a non-significant correlation
(33). Even at low levels, lead can affect follicles in mice (34),
which are the primary source of endogenous estrogen. Due to the
decrease in estrogen, women experience rapid bone loss in the first
5-10 years after menopause (35). Therefore, we speculate that lead
exposure induces a decrease in bone density by suddenly lowering
estrogen levels. No association between lead concentration and
bone density was observed in postmenopausal women because their
ovaries no longer produce endogenous estrogen. The lack of
significant correlation in males may be due to the fact that males
have higher peak bone mass than females in early adulthood.

In this study, the combined exposure of cadmium and lead has a
negative impact on bone density, and this impact is statistically
significant, emphasizing a potential synergistic effect of these two
metals on bone density. The production of reactive oxygen species
induced oxidative stress is an important mechanism of lead and
cadmium toxicity, which may be crucial for bone metabolism (36).
In the real world, humans are simultaneously exposed to multiple
heavy metals, which interact with each other. Further research is
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needed to validate this finding and explore its potential mechanisms
in the future.

The relationship between urinary lead exposure and bone density
is intricate, encompassing interactions with bone metabolism,
endocrine regulation, oxidative stress, and interplays with age,
gender, and metabolic status. When evaluating bone density risk, a
holistic consideration of multiple risk factors, including urinary lead
levels, elements of metabolic syndrome (e.g., abdominal obesity,
hypertension, glucose abnormalities), and demographic factors, is
essential. The potential interplay between urinary lead exposure and
components of metabolic syndrome deserves attention (37). For
example, certain aspects of metabolic syndrome may influence the
body’s lead handling, affecting lead’s absorption, distribution, and
excretion, and thus altering the lead burden in the body, which can
have implications for bone density. Concurrently, lead exposure
could exacerbate metabolic syndrome risks through its impacts on
metabolic functions, such as insulin resistance and lipid metabolism,
indirectly affecting bone health (38).

This study has several key strengths. First, it reports an
epidemiological study of the maximum range of age groups with a
negative correlation between lead exposure and bone density.
Additionally, objectively measured urinary lead levels were used as a
biomarker reflecting lead status. Furthermore, this study also
conducted stratified analyses, yielding more stable results. However,
the study also has some limitations. First, our study is a cross-sectional
study, and further longitudinal research is needed to investigate more
accurate causal relationships. Second, potential residual confounding
factors such as genetics, diet, and other environmental chemicals were
not fully considered. Lastly, during the continuous physiological
process of bone remodeling, nearly 10% of bone is rebuilt each year
(39), which this study cannot reflect in long-term bone health.

Our study has unveiled a nonlinear negative correlation
between urinary lead exposure and bone density, along with
variations in this association across different age and gender
groups. This finding holds significant implications for clinical
practice and public health interventions. At the clinical level,
healthcare professionals should recognize lead exposure as a
potential risk factor for osteoporosis, particularly in older women.
Public health strategies should encompass educating the public on
measures to reduce lead exposure, such as abstaining from lead-
containing products, ensuring the safety of drinking water, and
enforcing stricter regulations on industrial emissions, all aimed at
safeguarding public bone health.
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Background: Sarcopenia and rotator cuff tears are common among elderly
patients. However, the role of sarcopenia in the management of rotator cuff
tears has been often overlooked. This study aimed to elucidate the effects of
sarcopenia-related traits on rotator cuff tears.

Methods: Two-sample Mendelian randomization (MR) analyses based on
genome-wide association study data were used to evaluate the causal
relationships among appendicular lean mass (ALM), usual walking pace, low
hand grip strength, and rotator cuff tears. Multivariate Mendelian randomization
(MVMR) analyses were used to evaluate the direct effects of each muscle trait on
the causal relationship.

Results: Univariate MR analysis showed that ALM and usual walking pace were
causally related to rotator cuff tears (odds ratio (OR) = 0.895; 95% confidence
interval (Cl), 0.758-0.966, P<0.001 and OR = 0.458, 95% Cl, 0.276-0.762, P =
0.003, respectively), and there was no evidence of causality between low hand
grip strength and rotator cuff tears (OR = 1.132, 95% CI, 0.913-1.404, P = 0.26).
MVMR analysis confirmed the causal effects of ALM and walking pace on rotator
cuff tears (OR = 0.918, 95% ClI, 0.851-0.990, P = 0.03 and OR = 0.476, 95% ClI,
0.304-0.746, P = 0.001, respectively).

Conclusion: A causal genetic relationship exists between sarcopenia and rotator
cuff tears. Sarcopenia-related traits including low muscle mass and physical
function, increase the risk of rotator cuff tears. These findings provide new
clinical insights and evidence-based medicine to optimize management of
rotator cuff tears.
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1 Introduction

The rotator cuff is an important dynamic anatomical complex
that maintains shoulder stability and provides precise spatial
positional control to achieve shoulder torque balance. Therefore,
it is prone to injury during daily activities and upper limb
movements, resulting in varying degrees of pain and functional
impairment, which seriously affect patients’ quality of life. Rotator
cuff tears account for 13-41% of shoulder disorders (1, 2) and have
a linear correlation with ageing, with a morbidity rate of 13% in
people aged >50 years and 20% for those aged >60 years (3, 4). With
an increasingly ageing population worldwide, rotator cuff diseases
have become a progressively serious social health problem with
enormous medical expenses (5). Early identification of related risk
factors and timely interventions have an important clinical value for
the management of rotator cuft tears. Previous studies have shown
that the occurrence of rotator cuft disease is accompanied by tendon
cell atrophy and fat infiltration, with some genetic susceptibility (6).

Sarcopenia is a geriatric syndrome characterized by age-related
loss of skeletal muscle mass, muscle strength, or physical function
(7). Tt is estimated that approximately 50 million people worldwide
suffer from this condition, with a prevalence rate of 10-27% in
patients aged >60 years (8). With the increasing global aging
population, the number of sarcopenia cases is expected to reach
500 million by 2050 (9). The European Working Group on
Sarcopenia in Older People 2(EWGSOP2) has identified muscle
strength, muscle mass, and physical function as the main criteria for
diagnosing sarcopenia (10). Despite being formally incorporated
into the World Health Organization’s International Classification of
Diseases (ICD) in 2016, sarcopenia may be underdiagnosed due to
its insidious onset (11).

Sarcopenia increases the risk of falls, fractures, motor
dysfunction, physical disability, and mortality. An observational
study (12) showed no significant difference in the incidence of
sarcopenia between the rotator cuff tears and normal control
groups, indicating that sarcopenia cannot be used as a risk factor
for rotator cuff tears. However, Kara et al. (13) obtained the
opposite results and found that probable sarcopenia was a risk
prediction factor for rotator cuff tears, which occurred in 18.6% of
1448 postmenopausal women. A relevant animal study has
confirmed a correlation between sarcopenia and rotator cuff tears,
which can occur before the onset of rotator cuff disease (14).
However, due to the lack of consistency in the conclusions of
existing studies, the causal relationship between sarcopenia and
rotator cuff diseases is not clear. At the same time, based on case-
control and cross-sectional observational studies, and considering
the limitations of small sample size and insufficient follow-up, more
powerful research designs are needed to further verify the causal
relationship between sarcopenia and rotator cuff tears (15).

Mendelian randomization (MR) is a genetic analysis method
(16) that uses single nucleotide polymorphisms (SNPs) as
instrumental variables (IVs) to evaluate the causal relationships
between exposure to relevant phenotypic characteristics and
outcome factors. Due to the random allocation of individual
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genes at conception, resulting in the inheritance of a trait being
independent of other traits and exhibiting randomness. Therefore,
it is unlikely for the genotype of offspring to be influenced by
lifestyle or environmental confounders (17). In comparison to
observational studies, MR can more effectively mitigate
confounding variables and reverse causality (18). With
advancements in biological genetics, genome-wide association
studies (GWAS) utilizing large sample sizes have identified
multiple gene loci represented by SNPs that are closely associated
with sarcopenia-related muscle characteristics, providing a valuable
basis for causal investigation (19).

As a recently proposed disease concept, it is challenging to
locate GWAS summary data for sarcopenia. According to the
EWGSOP2 consensus, low muscle mass and strength (specifically
grip strength and physical function) serve as primary indicators for
measuring sarcopenia. Therefore, we have selected appendicular
lean mass (ALM), low grip strength, and walking speed as exposure
phenotypes (19). Utilizing validated SNPs and publicly available
GWAS datasets, MR analysis was employed to investigate the causal
relationship between traits related to sarcopenia and the
development of rotator cuff tears. This study aims to provide
clinical evidence-based support for managing sarcopenia in
individuals with rotator cuff tears.

2 Materials and methods

2.1 Study design

MR requires three major assumptions (17): association,
independence, and exclusion restriction, meaning that the SNPs
used as IVs should have a robust association with the exposure
factor and be independent of confounding factors, and that the
outcome factor can only be influenced by the exposure factor.
Multivariate MR (MVMR) analysis was used to evaluate the direct
effects of various muscle characteristics on the causal relationship
(20). The study flowchart is shown in Figure 1.

2.2 Data sources

To ensure the rigor and validity of the findings, we adhered to
the following criteria in selecting the sarcopenia and rotator cuff
tear datasets. Firstly, we selected the datasets covering disease
phenotypes. Secondly, we screened statistics datasets from large-
scale genetic biobanks and public summary data to ensure data
undergo rigorous quality control and collation. Thirdly, we utilized
the most up-to-date datasets to maintain the cutting-edge nature of
our research. At the same time, datasets with a large sample size
were preferable chosen to ensure the power of the statistical analysis
and to reduce the potential for weak instrument bias.

All exposure and outcome genetic tools were obtained from
different public gene datasets. The relevant characteristics of
sarcopenia were obtained from the public gene database TEU
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XI

The framework flowchart of the Mendelian randomization study. Dotted arrow: Instrumental variables are not associated with any known or
unknown confounding factors and influence rotator cuff tears not through any direct causal pathway. Black arrow: Instrumental variables reliably
associated with the sarcopenia- related traits. Red arrow: Instrumental variables affect the rotator cuff tears only through appendicular lean mass,
usual walking pace and low hand grip strength by using Mendelian randomization and Multivariate Mendelian randomization. MR, Mendelian

randomization; MVMR, Multivariate Mendelian randomization.

GWAS’ (https://gwas.mrcieu.ac.uk/datasets/), while the data on
rotator cuff tears were obtained from the FinnGen database
(https://www.finngen.fi). Detailed information for obtaining the
exposure and outcome factors from GWAS is listed in Table 1.
All data used were open to the public and did not require separate
ethical reviews or informed consent.

Low skeletal muscle mass and strength (hand grip strength and
physical function) are the primary indicators of sarcopenia, code ICD-
10(M62.84) (11). The GWAS data for ALM were obtained from a
pooled dataset of 450 243 participants aged 48-73 years (21). ALM was
measured using bioelectrical impedance analysis. The low hand grip
strength GWAS data were obtained from a pooled dataset of 256 523
participants (48 596 with low grip strength and 207 927 with normal
grip strength) aged =60 years from the EWGSOP alliance (22). The
maximum grip strength was recorded in kg, and low grip strength was
defined as a grip strength of <30 kg in males and <20 kg in females. The

TABLE 1 Data sources and description.

GWAS data for walking speeds were obtained from the UK Biobank
and included 459 915 participants of European ancestry with walking
speed classified into three levels: slow, steady, or brisk (23).

We obtained summary data on SNPs related to rotator cuff tears
as outcome factors from the FinnGen consortium database (26 376
cases and 299 606 non-cases), code ICD-10(M75.1). The FinnGen
study is a large-scale genomics initiative that has analyzed over
500,000 Finnish biobank samples and correlated genetic variation
with health data to understand disease mechanisms and
predispositions (24). The FinnGen data used in this study were
obtained from the whole-genome analysis results released in
FinnGen R10, with participants having an average age of 55.57
years and an observation period spanning 1985 to 2022. Individuals
with unclear sex and high missing/heterozygosity rates (>5%) were
also excluded. To avoid population-specific bias, all participants
were of European ancestry.

Phenotype Consortium Participants Ancestry GWAS ID Year of publication
ALM* UKB 450 243 European ebi-a-GCST90000025 2020
48 596 d 207
Low hand grip strength EWGSOP cases an European ebi-a-GCST90007526 2021
927 controls
Usual walking pace UKB 459 915 European ukb-b-4711 2018
26 376 d 299
Rotator cuff tears Finngen cases an European finn-b-M13_ROTATORCUFF 2023
606 controls

*ALM, Appendicular lean mass.
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2.3 IV selection

To ensure the robustness and replicability of MR results, we
selected SNPs that were significantly associated with the exposure
factor from the pooled GWAS data as IVs (P <5x10%). Removal of
linkage disequilibrium (LD) reduced the non-random bias of IVs,
and strict criteria were used to evaluate the independence of the SNPs
(r2, 0.001; clump, 10 000kb) in order to select independent SNPs as
IVs (25). The F-values of the selected IVs were calculated through
univariate regression analysis for each IV and exposure phenotype
(sarcopenia-related traits). The formula of calculating the IV’s F-
statistic is as follows. IVs with an F-value < 10 were eliminated to
ensure sufficient explanatory power, thereby reducing the risk of weak
instrumental variable bias (26).

R2 = 2*(1 - MAF)*MAF* 32,

2F=(N-Kk-1/x)"(R2/1 - R2)

2.4 Data analysis

All MR data analyses were conducted using the “TwoSampleMR’
(v.0.5.7), ‘MendelianRandomization (27) (v.0.9.0), ‘MRPRESSO’
(v.1.0), MVMR (28)’ (v.0.4), and ‘forestplot’ (v.3.1.3) packages in R
software (version 4.3.1; R Foundation for Statistical Computing,
Vienna, Austria).

In MR, the inverse-variance weighted (IVW) method is the
main statistical analysis and can merge the Wald ratio estimates for
each IV in the causal estimate (29). Both MR-Egger regression and
the weighted median estimator (WME) were utilized for sensitivity
analysis, to verify the reliability of the results (30, 31). The
advantage of the weighted median method is that it can provide
effective results, even if the number of effective IVs is reduced by at
least half during the analysis. MR-Egger regression has the
advantage of providing an effective causal effect evaluation, even
when all SNPs are ineffective. We considered the consistent
direction of the results from these three methods to indicate a
relatively stable causal association. We used a forest plot to visualize
the causal effect values of each IV and of the overall exposure on the
outcome effect size.

We used the Cochran’s Q test to evaluate heterogeneity; P <0.05
indicated the presence of heterogeneity, and the IVW random-
effects model was applied (32). Conversely, P >0.05 indicated no
heterogeneity, and the IVW fixed-effects model was used. Funnel
plots were used to visualize the results.

We used the MR-Egger regression intercept to conduct
pleiotropy testing, ensuring that the selected IVs did not affect the
outcomes through confounding factors (33). P >0.05 for the
intercept indicated the absence of horizontal pleiotropy, while
P<0.05 indicated that the causal relationship between the
exposure and outcome did not hold. The MR pleiotropy residual
sum and outlier (MR-PRESSO) test was used to detect outliers and
correct the pleiotropy. Outliers were removed, and the remaining
gene IVs were reanalyzed (34). We conducted a leave-one-out
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analysis of each SNP by gradually removing IVs to observe their
direct impact on the results. We also used a function to graphically
visualize the results.

Univariate MR was used to evaluate the “total effect” of
sarcopenia-related traits on the causal relationship of rotator cuff
tears. Then, the MVMR evaluated the “direct effect” of each trait on
rotator cuff tears. P<0.05 indicated a statistically significant
difference (20).

3 Results
3.11Vs

Based on the selection criteria for IVs, we selected 690 SNPs
with genome-wide significance as IVs for ALM, 16 for low hand
grip strength, and 57 for usual walking pace. After removing
palindromic sequences in the MR analysis, 536 SNPs were finally
included for ALM, 14 for low hand grip strength, and 50 for usual
walking pace. All F-values of the instrumental variables for the
evaluation indicators of sarcopenia were >10, indicating that all
three sets of IVs were strong indicators. The results are shown in
Supplementary Tables 1-3.

3.2 MR analysis

MR analysis based on the IVW method showed that genetically
determined sarcopenia-related traits were causally associated with
rotator cuff tears, as demonstrated in Figure 2. Scatter plots
(Figure 3) were used to visualize the causal effect. ALM and usual
walking pace were significantly associated with rotator cuff tears
(odds ratio (OR) = 0.895, 95% confidence interval (CI), 0.758-0.966,
P<0.001 and OR = 0.458, 95% CI, 0.276-0.762, P = 0.003,
respectively), while there was no evidence to support a
relationship between low hand grip strength and rotator cuff tears
(OR = 1.132, 95% CI, 0.913-1.404, P = 0.26).

In the analysis of WME and MR-Egger, the beta value of
sarcopenia muscle traits and rotator cuff tear was consistent with
the IVW results. Moreover, the MR-Egger intercept term test of
each trait was P>0.05, there was no horizontal pleiotropy, and the
results were reliable (Supplementary Table 4).

Cochran’s Q heterogeneity test showed the presence of
heterogeneity among the sarcopenia-related traits, which may be
influenced by differences in the sample population or sequencing
methods. Nevertheless, the results of the random-effects IVW
method were reliable. The funnel plot exhibits a symmetric
distribution (Supplementary Figure 1). Using the MR-PRESSO
method, we found one outlier for ALM and low hand grip
strength and two outliers for usual walking pace. After removing
potential outliers, the random-effects IVW method remained stable
(Supplementary Table 4).

The leave-one-out method was used to explore whether each
SNP had a significant impact on the final result. Removing each
SNP demonstrated that SNPs that did not introduce excessive bias
to the results (Supplementary Figure 2).
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Forest plot of MR analysis estimates for the association between sarcopenia-related muscle traits and rotator cuff tears. OR, odds ratio; 95%Cl, 95%
confidence interval; IVW, inverse variance weighted random; RCTs, rotator cuff tears.

In the MVMR analysis, genetic predictions of skeletal muscle
mass and gait speed were found to have a causal effect on rotator
cuff tears after excluding the influence of other exposure factors
(OR = 0.918, 95% CI, 0.851-0.990, P = 0.03 and OR = 0.476, 95%
CI, 0.304-0.746, P = 0.001, respectively) (Figure 2). However, the
direct causal effect of the adjusted ALM on rotator cuff tears was
reduced. Moreover, horizontal pleiotropy was not found in the
multivariate analysis results (P = 0.10), which was consistent with
the univariate analysis results (Table 2).

4 Discussion

Research on the genetic causal association between sarcopenia
and rotator cuff tears is lacking. In this study, we used MR analysis
to analyze GWAS data, including single and joint effects, and found
a causal relationship between sarcopenia and rotator cuff tears. The
results showed that ALM and usual walking pace had a negative
linear correlation with rotator cuff tears, which were protective
factors for the latter. However, no evidence supported a genetic
causal relationship between muscle strength and rotator cuff tears.

As a newly recognized muscle disease, sarcopenia was proposed
in 2010. Initially, only skeletal muscle mass was used as the sole
diagnostic criterion due to the lack of specific manifestations. With

MR Test MR Test

weightea  Weightaa mecian

SNP effect on Rotator cufftears
SNP effect on Rotator cuf tears

SNP effect on Rotator cuf tears

further clinical exploration, research on the correlation between
sarcopenia and other musculoskeletal diseases has become more
comprehensive. Han et al. (35) discovered that patients with
sarcopenia exhibited a higher prevalence of shoulder pain,
mucoid degeneration, and disordered muscle bundles in the
supraspinatus tendon through musculoskeletal ultrasound
comparison. Histopathological examination demonstrated varying
degrees of fat infiltration and loss of muscle fibers, resulting in
secondary strength loss and limb dysfunction (36). Chung et al. (37)
compared the prevalence of sarcopenia between patients with
rotator cuff injury and healthy individuals; they found that those
with injuries had a higher likelihood of low muscle mass and
strength which correlated with tendon tear size. The present
study’s findings align with those results, suggesting a causal
association between sarcopenia and rotator cuff tears where low
muscle mass or physical function increases susceptibility to such
injuries. Surprisingly though, this study did not establish a causal
relationship between low grip strength and rotator cuff injuries. A
prospective study examining grip strength before and after rotator
cuff repair reached similar conclusions (38). Their founding
indicated that grip strength was not related to shoulder dysfunction.

As key regulators of muscle homeostasis, fibro-adipogenic
progenitors (FAPs) are widely distributed in skeletal muscle and
tendinous tissues with bipotency (39). They play a crucial role in

omies  Waigned median

o0z 0
SNP effect on Usual walking pace

005 00
SNP effect on Appendicular lean mass

FIGURE 3

o0
strength (60

Scatter plots of univariate MR analysis. The horizontal coordinate is the effect of SNP on exposure, and the vertical coordinate is the effect of SNP on
outcome. The horizontal and vertical lines on the dots are the confidence intervals of SNP for exposure effect and SNP for outcome effect,
respectively. The colored lines correspond to the output of the MR analytical methods. (A) The causal association appendicular lean mass on rotator
cuff tears. (B) The causal association of low hand grip strength on rotator cuff tears. (C) The causal association of usual walking pace on rotator

cuff tears.
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TABLE 2 Causal effects of sarcopenia-related traits on rotator cuff tears using MVMR*,

Exposure nSNP!! MVMR Methods beta se** P value OR'(95%CI)'* MR Egger p-intercept
497 MVMR IVW* -0.085 0.038 0.03 0.92 (0.85-0.99)
ALM*
497 MVMR MR-Egger -0.177 0.068 0.01 0.84 (0.73-0.96) 0.104
497 MVMR IVW* -0.029 0.056 0.61 0.97 (0.87-1.08)
Low hand grip strength
497 MVMR MR-Egger -0.037 0.057 0.51 0.96 (0.86-1.08) 0.104
497 MVMR IVW** -0.743 0.229 0.001 0.48 (0.3-0.75)
Usual walking pace
497 MVMR MR-Egger -0.805 0.232 0.001 0.45 (0.28-0.7) 0.104

“MVMR, Multivariate Mendelian randomization; || SNP, single nucleotide polymorphisms; **SE, standard error; "OR, odds ratio; " '95%CI, 95% confidence interval; *ALM, Appendicular lean

## N . .
mass; " IVW, inverse-variance weighted random.

promoting the proliferation and differentiation of satellite cells,
which are specific muscle stem cells, thereby enhancing skeletal
muscle regeneration capacity and compensating for muscle fiber
atrophy and functional decline (40). Additionally, FAPs exhibit
inherent adipogenic and fibrogenic potential, leading to
pathological aggregation. The expression of fibrogenic/adipogenic
markers in FAPs was significantly elevated in the massive rotator
cuff tear group, indicating an irreversible trend. Low muscle mass
serves as the initial factor contributing to sarcopenia, characterized
by varying degrees of fat infiltration and loss of type IT muscle fibers
(41). Studies have confirmed that mitochondrial dysfunction and
immune response can induce skeletal muscle mass loss and disrupt
muscular homeostasis. Mitochondria function as cellular energy
communicators, regulating intracellular calcium concentration and
cell proliferation, thereby playing a crucial role in muscle health,
function, and homeostasis (42). In chronic muscle injury diseases,
mitochondria can activate nuclear factor kappa B to trigger the
NLRP3 inflammasome, which leads to the expression of tumor
necrosis factor-o, interleukin (IL)-1B, and other inflammatory
factors. This process enhances both local and systemic
inflammatory responses and immune reactions while promoting
ectopic fat accumulation (43). Consequently, it results in a decline
in muscle function. IL-1f induces fibroblast activation along with
the extracellular matrix of tendinous tissue. This chronic
inflammatory response causes structural changes and
disarrangement in tendons. Moreover, IL-1f interferes with the
proliferation and adipogenic differentiation of FAPs (44). In
addition to the effects of inflammatory factors on myofibers,
mechanical stimulation also influences the number of FAPs.
Exercise training has been shown to reduce muscle fiber loss (45).

Sarcopenia and rotator cuff tears are prevalent conditions
among the elderly population. By investigating the causal
association between sarcopenia and rotator cuff tears, have shown
that sarcopenia-related muscle characteristics increasing the risk of
rotator cuff tears. This study emphasizes the public health
significance of restoring skeletal muscle mass and physical
function in the prevention and acceleration of rehabilitation after
rotator cuff tears. The functional repair of tendon and tendon-bone
interface healing poses significant challenges in the treatment of
rotator cuff tears. Although surgical or nonsurgical treatments (such
as physical therapy and local or systemic pharmacotherapy) can

Frontiers in Endocrinology

restore normal anatomy and alleviate symptoms (46), 20%-25% of
patients still experience tendon nonunion or progressive muscle
atrophy, which significantly impacts their quality of life (47).
Currently, there are numerous drug studies on sarcopenia;
however, direct evidence supporting clinical efficacy and safety is
lacking (48, 49). The primary treatment involves nutritional
support combined with exercise intervention. For instance, elderly
patients treated with whey protein supplements along with leucine
and vitamin D have shown improvements in physical function (50).
In addition to nutritional support, moderate intensity resistance
exercise has been found to effectively enhance body composition
and physical function (51). Relevant studies have also demonstrated
that progressive resistance exercise or trunk block chain training for
patients with rotator cuff tears can better alleviate pain caused by
non-traumatic rotator cuff tears while influencing clinical outcomes
positively (52, 53). However, no systematic study has reported on
the effect of nutritional support on rotator cuff tears.

To our knowledge, this is the first MR study to investigate the
association between sarcopenia and the risk of rotator cuff tears.
Compared with the traditional observational studies, it has the
advantages of reducing the risk of residual confounding and
artificial bias. Our study highlights the predictive role of
sarcopenia in the risk of rotator cuff tears and provides further
insights and research directions to improve clinical recovery rates
and optimize clinical disease management for rotator cuff tears. In
addition, through sensitivity analysis and causal estimation, this
study eliminated the biological effects of related risk factors such as
lifestyle, age, and comorbidities on rotator cuff tears, verifying the
robustness of the results. In the future, further exploration of the
pathophysiological mechanisms involving bone, tendon-bone
interface, and muscle tissue associated with sarcopenia and
rotator cuff tears can be conducted, along with exploring
therapeutic strategies for rotator cuff tears at a cellular or
molecular level from the perspective of restoring skeletal muscle
homeostasis. Additionally, increasing research on the combined
intervention effects of exercise and nutritional support on outcomes
of rotator cuff tear is warranted.

However, this study had some limitations. First, despite
employing multiple analyses to ensure the robustness of the
results, there may still exist unknown or unmeasured
environmental and biological factors associated with sarcopenia
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or rotator cuff tears that could introduce confounding bias, such as
exercise habits, external trauma factors and occupational exposure.
Second, due to the utilization of the public gene datasets with the
lack of sex- or age-stratified in this study, thereby failing to account
for sex or age differences in the causal association between exposure
and outcome. Nevertheless, as more GWAS studies are conducted
with larger sample sizes, it becomes feasible to perform subgroup
analyses based on age or sex. Third, The data of all associated
exposure SNPs in the resulting GWAS were exclusively collected
from European populations, thereby limiting their applicability in
explaining the causal association of disease in Asian or other ethnic
populations. Consequently, the causal association between
sarcopenia and rotator cuff injury remains unknown in these
non-European populations. Furthermore, selection bias may
occur if those with a higher genetic liability to rotator cuft tears
and a specific trait (e.g., higher upper extremity movements or the
porter of physical activity) are more likely to participate in the
study. This could induce an association between genetic liability for
rotator cuff tears and the traits in our study. Finally, MR estimates
lifelong rather than acute effects. Compared to short-term exposure,
lifelong exposure usually has a greater impact on outcomes. This is
because most exposures have a cumulative effect on the outcome
over time; therefore, they cannot be extrapolated to study potential
therapeutic effects in clinical settings. Our understanding of this
topic remains limited, particularly regarding the age-related
differences in disease development.

5 Conclusion

This MR study provides evidence of a genetic causal
relationship between sarcopenia and rotator cuff tears. The
evidence supports a negative correlation between ALM, usual
walking pace, and the occurrence of rotator cuff tears. This
confirms that sarcopenia-related muscle characteristics, including
low skeletal muscle mass and physical function, may increase the
risk of rotator cuff tears. However, no association was found
between genetically predicted low hand grip strength and rotator
cuff tears.
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Surgery, Shanghai East Hospital, School of Medicine, Tongji University, Shanghai, China

Objective: This study seeks to elucidate the dynamic alterations in the multifidus,
erector spinae, and psoas major muscles, along with their fatty infiltration, in
patients diagnosed with lumbar disc herniation treated through acupuncture.
Concurrently, the Visual Analogue Scale (VAS) and Japanese Orthopedic
Association (JOA) scores are employed to evaluate modifications in lumbar
and leg pain and the enhancement in lumbar functionality.

Methods: A retrospective multi-center cohort study enrolled 332 adult LDH
patients. Participants were divided into acupuncture and rehabilitation therapy
groups. The acupuncture cohort received targeted treatments at specific
acupuncture points, while the rehabilitation group received traditional
rehabilitative therapy. Magnetic Resonance Imaging (MRI) gauged muscle
cross-sectional areas (Sm, Se, Sp) and their ratios to vertebral area (Sm/Sv, Se/
Sv, Sp/Sv), and fatty infiltration areas (Sfm, Sfe, Sfp) and their ratios (Sfm/Sv, Sfe/Sv,
Sfp/Sv). Pain and function were assessed using Visual Analogue Scale (VAS) and
Japanese Orthopedic Association (JOA) scores pre-treatment, 2-weeks, and 3-
months post-intervention.

Results: A total of 332 patients were enrolled for analysis. Post-treatment, the
acupuncture group exhibited increased Sm, Se, Sp and their ratios and reduced fatty
infiltration areas and their ratios (P<0.05) compared to rehabilitation. Both
treatments decreased VAS scores and enhanced JOA scores at both intervals
(P<0.05). Intriguingly, no significant disparities were observed between the
acupuncture and rehabilitation groups concerning pain and JOA scores at the 2-
week follow-up (p>0.05); however, 3 months post-treatment, the acupuncture
group significantly outperformed the rehabilitation group in both pain and JOA
scores (p<0.05).

Conclusion: This study demonstrates that acupuncture treatment is significantly
more effective than traditional rehabilitation therapy in improving paraspinal
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muscle function, reducing muscle fat infiltration, and alleviating lumbar and leg
pain in patients with lumbar disc herniation (LDH). Specifically, acupuncture
significantly increases the cross-sectional areas (Sm, Se, Sp) of the paraspinal
muscles and reduces muscle fat infiltration, showing superior long-term results
in pain relief and functional improvement. Future research should further explore
the long-term effects of acupuncture on the function and structure of paraspinal
muscles, assess its potential in preventing the recurrence of LDH, and delve
deeper into how acupuncture affects paraspinal muscles at the molecular level,
to better understand its therapeutic mechanisms and enhance its
clinical application.

acupuncture, lumbar disc herniation, paraspinal muscles, fat infiltration, VAS Score

Introduction

Lumbar disc herniation (LDH) is a prevalent degenerative
disorder characterized by lower back pain, radiating pain in the
lower extremities, and cauda equina syndrome. It stands as a
common etiology for lower back discomfort, neurological
dysfunction, and pain in the buttock/leg region (1), Consequently,
LDH can significantly compromise the quality of life of affected
individuals, posing a considerable economic strain on both families
and the broader healthcare system (2). Epidemiological studies
suggest that globally, around 80% of individuals will experience
low back pain at least once in their lifetimes, with a significant
portion attributed to disc herniation (3-5). Owing to shifts in
lifestyle and work patterns, such as prolonged sitting and
overweight issues, the prevalence of this ailment has been
escalating among younger populations (6).

In clinical settings, it is often observed that radiological findings
do not consistently align with the clinical presentation of patients.
Notably, certain patients with MRI/CT scans indicating disc
protrusion or extrusion may only exhibit mild symptoms, while
others with minimal herniation present with pronounced
manifestations (5). This suggests that symptoms stemming from
LDH aren’t solely associated with spinal canal compression and
inflammation. A comprehensive prospective study illuminated
various determinants of early disc herniation resorption, identifying
that nearly a quarter of LDH patients experienced early absorption
(7). In recent years, the role of paraspinal muscles in maintaining
spinal stability has garnered increasing attention. As one of the most
vital muscles surrounding the spine, paraspinal muscles are essential
for preserving spinal stability and dynamic function (8).
The paraspinal group includes the multifidus and the erector
spinae muscles, the latter of which is further divided into the
spinalis, longissimus, and iliocostalis (9). The quantity and quality
of these muscles directly impact lumbar health. The quantity of
paraspinal muscles is typically quantified by measuring the cross-
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sectional area (CSA) of the multifidus, erector spinae, and iliocostalis
via MR, which helps assess the extent of muscle atrophy (10). The
quality of paraspinal muscles involves evaluating muscle
composition, particularly the proportion of fatty tissue within the
muscles assessed through MRI imaging, reflecting the health and
functional status of the muscles (11). Changes in the quality and
quantity of paraspinal muscles have significant clinical implications
for lumbar health (8, 12): Specifically, the atrophy of muscles,
particularly the multifidus, is associated with spinal instability,
potentially leading to or exacerbating lower back pain and spinal
functional impairments (12). Moreover, the degeneration of
paraspinal muscles, such as fat infiltration and muscle atrophy, is
often linked to symptoms of lower back pain (11, 13). The ability to
predict and treat these symptoms is crucial clinically, as strengthening
paraspinal muscles can effectively alleviate pain and enhance
functionality. Therefore, a deeper understanding of changes in
paraspinal muscles can assist physicians in developing more
effective rehabilitation plans, including targeted physical therapy
and exercises to restore or improve muscle function. In young
LDH patients with unilateral neurological symptoms, bilateral MF
atrophy is more likely to induce lower back pain (14). When
paraspinal muscles undergo atrophy, stiffness, or dysregulation,
lumbar stability is compromised, leading to uneven stress
distribution on the intervertebral discs and disruption of the
intervertebral cushioning system, subsequently impacting the disc’s
workload. A meta-analysis focusing on muscle fiber size, distribution,
and overall muscle lateral differences highlighted that LDH patients
had more pronounced fat infiltration and atrophy in the MF
compared to a control group. These alterations could further
influence post-treatment pain and recovery outcomes (15). Another
prospective study using MRI assessed isokinetic back muscle strength
and both the quantity and quality of paraspinal muscles. The findings
indicated that degeneration of paraspinal muscles might expedite
lumbar deterioration (16). Factors such as prolonged sitting, excessive
loading, and poor posture contribute to lumbar muscle strain, leading
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to functional imbalances and a reduction in spinal stability. In
summary, assessing the quality and quantity of paraspinal muscles
is vital for diagnosing and treating muscle functional degradation in
patients with lumbar disc herniation (15). Hence, the health status of
lumbar paraspinal muscles, such as asymmetry in muscle area,
atrophy, fat infiltration, and functional imbalances, could be pivotal
factors influencing the symptoms of LDH.

While ultrasonography and CT scans have traditionally been
employed to assess the morphology of paraspinal muscles (17-19),
these modalities exhibit reduced capacity to differentiate muscle
tissues and are prone to larger errors. In contrast, MRI emerges as a
superior diagnostic tool due to its non-invasive nature,
repeatability, and high-resolution imaging capabilities. MRI not
only enables precise determination of vertebral segment levels and
identification of intraspinal pathological conditions but also enables
accurate measurement of the density and area of paraspinal muscles
and the extent of intermuscular fat infiltration (20), Clinically, MRI
is extensively utilized for the observation and diagnosis of
neurological and musculoskeletal soft tissues.

While the majority of current treatments for LDH remain non-
surgical, studies indicate that appropriate non-operative
interventions can alleviate symptoms in 85%-90% of patients.
These approaches primarily aim to enhance paraspinal muscle
function and regulate spinal biomechanical balance. Prevalent
clinical treatments encompass conservative therapies, minimally
invasive interventions, and surgical procedures (21). Among these,
conservative therapies like acupuncture, physical therapy, and
exercise rehabilitation have been widely adopted in clinical
practice. Notably, acupuncture has been demonstrated to
effectively treat musculoskeletal soft tissue injuries (22-24), By
stimulating structures such as myofascia, tendons, and muscles, it
can enhance local micro-circulation and blood supply, and has been
established as a safe procedure (25, 26). Compared to other
conservative treatments, acupuncture has shown unique
advantages in improving the quality of paravertebral muscles and
alleviating pain (27). The choice of acupuncture as the treatment
modality in our study is based on the traditional applications of
Traditional Chinese Medicine (TCM) theory, as well as the effects
demonstrated in modern research (28-30). Specific acupuncture
points have been shown to directly improve lower back and leg pain
by regulating the natural healing processes of lumbar disc
herniation and pain perception (31). Furthermore, rehabilitation
therapy, diverse in methods and easy to administer, has been widely
utilized in the clinic, with satisfactory short-term results (32, 33),
Thus, in this study, we chose rehabilitation therapy as the
comparative treatment.

While acupuncture has shown significant efficacy in treating
lumbar disc herniation, scant research has employed MRI to assess
the specific impacts of acupuncture on paraspinal muscles and fat
infiltration. In this vein, our study aims to delve into the eftects of
acupuncture on the structural changes of paraspinal muscles and fat
infiltration in patients with LDH using MRI. Concurrently, we will
evaluate the influence of acupuncture on patients’ VAS and JOA
scores, comparing these outcomes to those undergoing
rehabilitation therapy. In this study, we hypothesize that
acupuncture treatment can significantly improve the cross-

Frontiers in Endocrinology

10.3389/fendo.2024.1467769

sectional area of paraspinal muscles (Sm, Se, Sp) and reduce
muscle fat infiltration in patients with lumbar disc herniation
(LDH). Through these improvements, acupuncture is expected to
alleviate lumbar and leg pain, thereby enhancing overall quality of
life. Compared to conventional rehabilitation therapy, we predict
that acupuncture will show significant increases in the cross-
sectional area of paraspinal muscles, significant reductions in
muscle fat infiltration, and significant improvements in Visual
Analogue Scale (VAS) and Japanese Orthopaedic Association
(JOA) scores at 2 weeks and 3 months post-treatment.
Specifically, acupuncture is expected to exhibit superior long-term
effects in pain relief and functional improvement. Through this
research, we aspire to gain a more comprehensive understanding of
the underlying mechanisms of acupuncture in the context of LDH.

Materials and methods

We conducted a multi-center retrospective cohort study across 6
hospitals in China, in strict adherence to the principles of the
Declaration of Helsinki. The research protocol received thorough
review and approved by the ethics committees of several respected
institutions: Shanghai East Hospital, Ganzhou Hospital of Traditional
Chinese Medicine in Jiangxi Province, Ganzhou Hospital of
Guangdong Provincial People’s Hospital, Xingguo Hospital
affiliated with Gannan Medical College, The Third Hospital of
Nanchang, and Ganxian District Hospital of Traditional Chinese
Medicine, Jiangxi Province. All participants, after receiving
comprehensive education regarding the study, provided their
informed consent in writing. They were also informed of their
right to withdraw from the study at any time without repercussion.
From June 2020 to June 2023, we gathered 332 patients diagnosed
with Lumbar Disc Herniation (LDH) from acupuncture outpatient
rehabilitation departments and rehabilitation medicine center wards.
The cohort was divided into two groups: 166 patients received
acupuncture treatment and 166 underwent rehabilitation therapy.
The study collected data on age, gender, Body Mass Index (BMI),
medical history, clinical diagnosis, affected areas, and side of pain.
Additionally, Japanese Orthopaedic Association (JOA) scores, Visual
Analogue Scale (VAS) scores for back pain and leg pain were
recorded both before and after the treatment to assess the
therapeutic effects. The diagnostic criteria for LDH are based on
the expert consensus and related literature of the 2014 revised
Guidelines of the North American Spine Association (8, 14, 15, 34,
35). Inclusion Criteria: 1.Patients diagnosed with Lumbar Disc
Herniation (LDH) without indications for surgical intervention. 2.
Duration of the condition not exceeding three months, with no
recurrent symptoms. 3. Age between 18 to 70 years, irrespective of
gender. 4. Radiological findings consistent with the symptoms and
signs of the corresponding spinal segment. 5. Patients who refuse
pharmacological treatment and opt for acupuncture or rehabilitation
therapy. Exclusion Criteria: 1. Patients exhibiting progressive
symptoms of neurological damage. 2. Patients diagnosed with
cauda equina syndrome. 3. Presence of lumbar instability, lumbar
injury, or spinal tumors. 4. Symptoms and signs involving more than
two vertebral segments. 5. Patients with systemic infectious diseases

frontiersin.org


https://doi.org/10.3389/fendo.2024.1467769
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Yan et al.

(such as osteomyelitis, systemic lupus erythematosus, ankylosing
spondylitis, rheumatoid arthritis), severe hematologic diseases,
infectious diseases, skin lesions, allergic constitution, or mental
disorders. 6. Patients with severe heart disease, severe diabetes, or
Parkinson’s disease, or other serious chronic conditions. 7. Patients
non-compliant with treatment or follow-up procedures. We
established strict screening criteria for participants, explicitly
excluding those with chronic conditions such as heart disease,
severe diabetes, or Parkinson’s disease that might affect the study
outcomes. Throughout the study, we regularly monitored the
patients’ blood pressure, blood sugar, and other relevant health
indicators to ensure they remained within acceptable limits. By
ensuring comparability in baseline characteristics such as age,
gender, Body Mass Index (BMI), and duration of illness, we
enhanced the scientific rigor and fairness of the research (36, 37).
The work used the CONSORT reporting guidelines (38).

Treatment method

In the acupuncture group, acupoints such as Shen Shu (BL 23),
Yao Yang Guan (GV 3), Da Chang Shu (BL 25), Zhi Bian (BL 54),
Wei Zhong (BL 40), Cheng Shan (BL 57), Yang Ling Quan (GB 34),
and Kun Lun (BL 60) were selected for treatment. Prior to each
needle insertion, the skin was thoroughly disinfected with alcohol.
We employed fine needles of dimensions0.3 x 40mm(Ring handle
needle 0197, Suzhou Hualun Medical Supplies Co., LTD, China),
inserting them vertically into the skin until a sensation of ‘De Qi or
the arrival of qi was achieved. Once the needles were accurately
positioned into the designated acupoints, they were retained for 20
minutes (Figure 1). Treatments were administered daily for a
continuous period of 20 days. Conversely, Patients in the
rehabilitation treatment group underwent lumbar rehabilitation
therapy (Figure 2), which included plank exercises, low frequency
electron pulse therapy(G6805-2B,Shanghai Huayi Medical
Instrument Co., LTD,China), and iliolumbar muscle stretching
exercises. The intensity of the rehabilitation regimen was adjusted
based on patient tolerance. Each session lasted 20 minutes,
conducted once daily for a duration of 20 days. All lumbar MRI
evaluations were performed using a 3.0T magnetic resonance
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imaging system(Siemens, Germany). The study involved T1-
weighted and T2-weighted scans, with each type of scan
calibrated for specific diagnostic requirements(PACS System,
Fujifilm (China) Investment Co., LTD). Lumbar MRI
examinations were conducted prior to treatment to establish
baseline data, and then repeated three months after treatment to
assess therapeutic outcomes.

Outcome measurements and
data collection

In our study, we employed a comprehensive approach to
meticulously evaluate the therapeutic outcomes of lumbar spine
disorders. Our holistic assessment encompassed the cross-sectional
areas (CSA) of MF, ES, and PM(Sm, Se, and Sp respectively), and
their relative proportions to the vertebral area (Sv), given by ratios
Sm/Sv, Se/Sv, and Sp/Sv. Additionally, we evaluated the fat
infiltration areas (Sfin, Sfe, Sfp) and their respective ratios to the
vertebral CSA (Sfm/Sv, Sfe/Sv, Sfp/Sv). Specifically, we chose T2-
weighted images (T2WI) of the L3/4, L4/5, and L5/S1 vertebrae
(Figure 3A) and utilized ImageJ software to measure the CSA of the
aforementioned muscles and the vertebral body (Figure 3B). By
configuring an appropriate threshold within the software, fatty
tissue within the muscles was delineated in red (Figure 3C),
facilitating the computation of its area. The area of each muscle
and its fatty infiltration was calculated based on the average values
obtained from both the left and right sides. Subsequently, we
discerned the ratios of these muscle areas and fatty infiltration
areas to the vertebral CSA, shedding light on the degree of
paraspinal muscle atrophy and the extent of fatty infiltration. A
smaller muscle ratio indicated pronounced muscle atrophy, whereas
a higher fatty ratio denoted a substantial fatty infiltration within the
muscles. Additionally, the study employed the Visual Analog Scale
(VAS) and Japanese Orthopaedic Association (JOA) scores to assess
pain and functional outcomes pre-treatment, at two weeks post-
treatment, and after three months. The VAS scoring system was
employed to gauge the effectiveness of the treatment, with a score of
0 representing an absence of pain and a score of 10 signifying the
most intense pain. To provide a comprehensive overview of the

FIGURE 1
Acupuncture treatment diagram for patients with lumbar disc herniation.
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FIGURE 2
Rehabilitation Diagram: Plank, Bridge Exercise, and Iliopsoas Stretch.

L3/4

L4/5

L5/81

FIGURE 3

lllustrative Depiction of Lumbar MRl Measurement Techniques: (A) Sagittal T2 weighted MRI Imaging of the lumbar spine, depicting measurement
planes for L3/4, L4/5, and L5/S1; (B) Cross-sectional Analysis using Imaged software to delineate the multifidus muscle (MF), erector spinae (ES),
psoas major muscle (PM), and vertebral contours. (C) Using ImageJ software and based on set thresholds, the fatty tissues within the muscles are
marked in red, and the area of the fat is calculated.
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patients’ quality of life, we also utilized the JOA scoring
questionnaire. This tool examines the effects on various aspects
such as pain intensity, daily care activities, weight lifting,
ambulation, postural transitions between sitting and standing,
and sleep patterns. A heightened JOA score denotes a more
severe medical condition and evident functional limitations.

Statistical analysis

Data analysis was performed using SPSS 20.0 statistical
software. Quantitative data were expressed as mean + standard
deviation (X + SD). For data conforming to normal distribution and
homogeneity of variance, paired sample t-tests were used for
within-group comparisons, and independent sample t-tests for
between-group comparisons. For data with unequal variances, t
tests were utilized. Count data were represented as counts and
percentages (%), analyzed using the %2 test. In chi-square tests, if
the total sample size was n>40 but the expected frequency in any
cell 1<T<5, a continuity correction chi-square test was applied; if
T<1 or total sample size was n<40, Fisher’s exact test was used. All
statistical tests were two-tailed, with a significance level set
at P<0.05.

Results
Baseline data characteristics

In this study, we included a total of 332 patients with single-
segment LDH. Table 1 offers a comprehensive overview of the
baseline characteristics of the patients. Participants were divided
into the acupuncture group (n=166) and the rehabilitation
treatment group (n=166). Out of the entire cohort, there were 160
males and 172 females. The average age for patients in the
acupuncture group was 46.67 + 15.29 years, while it was 45.61 +
16.14 years for the rehabilitation group. The acupuncture group had a
mean BMI of 28.84 + 2.47kg/m’ while the rehabilitation group

TABLE 1 Baseline characteristics of lumbar disc herniation patients.

10.3389/fendo.2024.1467769

presented with a mean BMI of 23.41 + 2.62kg/m”. The duration of the
disease for the acupuncture and rehabilitation groups was 4.85 + 2.51
months and 4.49 + 2.16 months, respectively. Concerning the lumbar
disc herniation segments, the acupuncture group comprised 20, 86,
and 60 patients with L3/4, L4/5, and L5/S1 LDH, respectively. In
contrast, the rehabilitation group had 27, 89, and 50 patients with L3/
4, 14/5, and L5/S1 LDH, respectively. The distribution of left and
right-sided pain in the acupuncture group was 84 and 82 cases,
respectively, while in the rehabilitation group, it was 77 and 89 cases,
respectively. Pre-treatment assessment scores for the acupuncture
group were: lumbar VAS pain score of 4.18 + 0.90, leg VAS pain score
of 4.16 + 0.98, and a JOA score of 19.01 * 1.54. For the rehabilitation
group, the scores were: lumbar VAS pain score of 4.10 + 0.94, leg VAS
pain score of 4.17 + 1.05, and a JOA score of 18.86 + 1.61. The two
patient groups showed no statistically significant differences in terms
of age, gender, Body Mass Index (BMI), affected segments, side of
pain, pre-treatment JOA scores, and pre-treatment VAS scores for
back and leg pain (all P values >0.05). This ensures the comparability
of baseline data between the two groups prior to treatment.

Analysis of paraspinal muscle CSA ratios
before and after treatment

In this study, Multifidus (MF), Erector Spinae (ES), and Psoas
Major (PM) were selected as research subjects, with vertebral body
cross-sectional area (CSA) as a reference. T2-weighted imaging
(T2WI) muscle CSA measurements at the lower edges of the L3,
L4, and L5 vertebrae were conducted pre- and post-treatment, as
shown in Table 2. The ratios of MF CSA to vertebral CSA (Sm/Sv)
were calculated. Pre-treatment ratios at L3/4, L4/5, L5/S1 for
acupuncture and rehabilitation groups were (0.74 + 0.22, 0.71 +
0.28, p=0.279), (0.82 + 0.17, 0.80 + 0.18, p=0.499), and (0.87 + 0.17,
0.85 + 0.18, p=0.551) respectively, showing no significant differences
(P>0.05), ensuring comparability of baseline data. Post-treatment, the
Sm/Sv ratios showed significant improvements in both groups: (0.80
+0.23,0.73 + 0.29, p=0.028), (0.87 £ 0.17, 0.83 + 0.19, p=0.041), and
(091 £ 0.16, 0.87 £ 0.19, p=0.041), with the acupuncture group

Parameter Acupuncture Group leehabilitation Statistical value
erapy Group

Age (years) 46.67 + 15.29 45,61 + 16.14 0.618 0537
Gender (M/F) 86/80 74/92 1.737 0.187
BMI (kg/m?) 2352 +227 2341 + 2.64 0417 0.677
Duration (months) 4.85 +2.51 449 +2.16 1.408 0.160
Side (Left/Right) 84/82 77/89 0.591 0.442
Level (L3/4, L4/5, L5/S1) 20/86/60 27/89/50 2.003 0.367
JOA Score 19.01 + 1.54 18.86 + 1.61 0.871 0.385
Lumbar Pain VAS Score 4.18 £ 0.90 4.10 £ 0.94 0.836 0.404
Leg Pain VAS Score 4.16 + 0.98 4.17 + 1.05 0.108 0914

M/F, Male/Female; VAS, Visual Analog Scale; JOA, Japanese Orthopedic Association.
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TABLE 2 Primary outcomes for the acupuncture group and the rehabilitation therapy group (SpA/Sv).

L3 L4 L5
Variables Pre- Post- Pre- Post- Pre- Post-
treatment treatment treatment treatment treatment treatment

SillSy
Acupuncture 0.74 +0.22 0.80 + 0.23 46.76*%* 0.82 +0.17 0.87 +0.17 141.50%* 0.87 +0.17 0.91 + 0.16 60.26*+*
Rehabilitation

0.71 +0.28 0.73 +0.29 31.23 0.80 + 0.18 0.83 +0.19 96.23*+% 0.85 + 0.18 0.87 +0.19 36.45°4%
Therapy
T 1.085 2213* 0.677 2.051* 0.597 2.055*
P 0.279 0.028 0.499 0.041 0.551 0.041 .
Se/Sv
Acupuncture 1.09 + 0.16 1.14 + 0.15 118.20%* 1.10 + 0.19 1.18 + 0.20 331.00%%¢ 0.82 + 0.22 0.89 + 0.21 110.63%*
Rehabilitation

1.06 + 0.15 1.08 + 0.15 43.42%% 1.11 + 020 1.14 + 0.21 43.20%%% 0.82 +0.23 0.84 + 0.24 73.0504¢
Therapy
T 1.511 3.149%* 0.117 2.028* 0.067 2.218*
P 0.132 0.002 0.907 0.043 0.947 0.034
Sp/Sv
Acupuncture 0.78 + 0.18 0.82 +0.19 63.11+%* 1.13 +0.18 1.14 + 0.19 117.84%% 0.88 +0.18 0.90 + 0.20 3.74%
Rehabilitation

0.77 + 0.19 0.79 +0.18 72740+ 1.14 + 0.22 1.15 + 0.21 143.01%* 0.85 + 0.23 0.88 + 0.24 4.08*
Therapy
t 0.584 1.413 0.396 0.471 1.412 0.475
P 0.56 0.159 0.693 0.638 0.159 0.635

Sv, Vertebral Area; SpA, Paraspinal Muscle Cross-Sectional Area; Sm, Multifidus Cross-Sectional Area; Se, Erector Spinae Cross-Sectional Area; Sp, Psoas Major Cross-Sectional Area; SpA/Sv,
Paraspinal Muscle Cross-Sectional Area to vertebral area ratio; Sm/Sv, Multifidus muscle cross-sectional Area to vertebral area ratio; Se/Sv, Erector spinae muscle cross-sectional Area to vertebral
area ratio; Sp/Sv, Psoas major muscle cross-sectional Area to vertebral area ratio. ***p<0.001, **p<0.01, *p<0.05.

exhibiting notably greater enhancements(P<0.05).Within-group
analyses further revealed significant improvements post-treatment
in both groups (P<0.001).For the ES CSA to vertebral CSA ratio (Se/
Sv), pre-treatment ratios at L3/4, L4/5, L5/S1 for acupuncture and
rehabilitation groups were (1.09 + 0.16, 1.06 + 0.15, p=0.132), (1.10 +
0.19, 1.11 + 0.20, p=0.907), and (0.82 + 0.22, 0.82 + 0.23, p=0.947)
respectively, indicating no significant differences (P>0.05) and similar
baselines. Post-treatment ratios were (1.14 + 0.15, 1.08 + 0.15,
p=0.002), (1.18 + 0.20, 1.14 + 0.21, p=0.043), and (0.89 + 0.21, 0.84
+ 0.24, p=0.034), showing significant increases in both groups
(P<0.05), with more pronounced elevation in the acupuncture
group (P<0.05). Furthermore, within-group comparisons revealed
that both the acupuncture and rehabilitation groups demonstrated
significant improvements compared to their pre-treatment
statuses (P<0.001).

For the PM CSA to vertebral CSA ratio (Sp/Sv), pre-treatment
ratios at L3/4, L4/5, L5/S1 in the acupuncture and rehabilitation
groups were (0.78 + 0.18, 0.77 £ 0.19, p=0.56), (1.13 + 0.18, 1.14 +
0.22, p=0.693), and (0.88 + 0.18, 0.85 + 0.23, p=0.159) respectively,
showing no significant differences between groups (P>0.05) and
indicating similar baselines. Post-treatment ratios at L3/4, L4/5, L5/
S1 were (0.82 +0.19, 0.79 £ 0.18, p=0.159), (1.14 £ 0.19, 1.15 £ 0.21,
p=0.638), and (0.90 + 0.20, 0.88 + 0.24, p=0.635) respectively; there
were no significant differences between groups post-treatment
(P>0.05). However, within-group comparisons showed significant
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improvement in both groups compared to pre-treatment (P<0.05).
In summary, acupuncture treatment showed superior results in
improving the ratios of these three muscle CSA to the vertebral CSA
compared to rehabilitation treatment. While both treatments
notably ameliorated muscle atrophy in LDH patients,
acupuncture therapy proved more effective in augmenting
paravertebral muscle CSA, subsequently enhancing patients’
symptoms and quality of life.

Analysis of fat infiltration in paraspinal
muscles before and after treatment

In this study, we measured the fat tissue area and vertebral CSA
of the ES, MF, and PM on the lumbar magnetic resonance T2WI
images at the lower edges of the L3, L4, and L5 vertebrae. The ratios of
each muscle’s fatty tissue area to vertebral CSA (Sfm/Sv, Sfe/Sv, Sfp/
Sv) were computed. Pre-treatment, the acupuncture and
rehabilitation groups at L3/4, L4/5, L5/S1 showed the following
ratios for Sfm/Sv: (0.057 + 0.021, 0.056 + 0.018, p=0.739), (0.071 *
0.026, 0.066 + 0.023, p=0.07), (0.119 + 0.032, 0.112 + 0.033, p=0.058),
for Sfe/Sv: (0.075 £ 0.020, 0.076 + 0.019, p=0.765), (0.049 + 0.025,
0.047 £ 0.018, p=0.506), (0.122 + 0.031, 0.120 + 0.026, p=0.725), and
for Sfp/Sv: (0.029 + 0.008, 0.030 + 0.005, p=0.614), (0.026 + 0.005,
0.025 + 0.004, p=0.114), (0.029 + 0.010, 0.030 = 0.007, p=0.400),
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respectively, all with no statistical significance (P>0.05) (Table 3),
ensuring baseline comparability. Post-treatment, the acupuncture
and rehabilitation groups at 13/4, 14/5, L5/S1 showed the following
ratios for Sfm/Sv: (0.047 + 0.021, 0.053 + 0.017, p=0.012), (0.049 +
0.027, 0.055 + 0.022, p=0.044), (0.089 + 0.033, 0.104 + 0.032,
p<0.001); for Sfe/Sv: (0.040 + 0.022, 0.063 + 0.018, p<0.001), (0.035
+ 0.024, 0.041 + 0.019, p=0.017), (0.095 + 0.032, 0.102 + 0.025,
p=0.033); and for Sfp/Sv: (0.024 + 0.008, 0.026 + 0.004, p=0.016),
(0.021 £ 0.005, 0.022 + 0.004, p=0.013), (0.025 + 0.010, 0.027 + 0.006,
p=0.011). The Sfin/Sv, Sfe/Sv, and Sfp/Sv for MF, ES, and PM at L3/4,
L4/5, and L5/S1 decreased significantly compared to pre-treatment
(P<0.05). This indicates that acupuncture treatment demonstrates
evident efficacy in reducing muscular fat infiltration. In contrast, the
ratio changes in the rehabilitation group were not as pronounced as
those in the acupuncture group, indicating that the therapeutic effects
of rehabilitation were not as significant as those of acupuncture
(P<0.05).Within-group comparisons showed significant
improvements in both groups compared to pre-treatment (P<0.001).

Analysis of VAS and JOA scores before and
after treatment

This study utilized the Visual Analogue Scale (VAS) to assess
pain levels and the Japanese Orthopaedic Association (JOA) score

10.3389/fendo.2024.1467769

to evaluate the quality of life in patients (Table 4). Pre-treatment,
the VAS scores for back pain in the acupuncture and rehabilitation
groups were (4.18 + 0.90, 4.10 + 0.94, p=0.404) and for leg pain were
(4.16 + 098, 4.17 + 1.05, p=0.914). The JOA scores for the
acupuncture and rehabilitation groups were (19.01 + 1.54, 18.86 +
1.61, p=0.385). There were no significant differences in VAS scores
for back and leg pain or JOA scores between the groups (P>0.05),
indicating comparable baselines for pain and quality of life. Two
weeks post-treatment, the VAS scores for back pain in the
acupuncture and rehabilitation groups decreased to (0.27 + 0.44,
0.32 + 0.47, p=0.278), and for leg pain to (0.41 + 0.49, 0.46 + 0.62,
p=0.433). The JOA scores were (25.39 + 1.14, 25.18 + 1.21,
p=0.113). At this stage, inter-group comparisons revealed no
significant differences in VAS and JOA scores (P>0.05), indicating
a comparable level of therapeutic effectiveness between the groups
during the initial treatment phase. However, there was a significant
improvement in these scores compared to pre-treatment (P<0.05),
reflecting a considerable decrease in pain and enhancement in
quality of life post-treatment. Three months post-treatment, the
acupuncture and rehabilitation groups reported VAS scores for
back pain as (0.15 + 0.36, 0.28 + 0.45, p=0.003) and for leg pain as
(0.11 +£0.32,0.32 + 0.47, p<0.001) respectively. The JOA scores were
(26.75 + 0.88, 26.55 + 0.92, p=0.045). The acupuncture group
showed more significant improvements in both VAS scores for
back and leg pain and JOA scores compared to the rehabilitation

TABLE 3 Primary outcomes for the acupuncture group and the rehabilitation therapy group (Sf/Sv).

L3 L4 L5

Variables Pre- Post- Pre- Post- Pre- Post-

treatment treatment treatment treatment treatment treatment
Sfm/S,
Acupuncture 0.057 + 0.021 0.047 + 0.021 102.130* 0.071 + 0.026 0.049 + 0.027 58.804*** 0.119 + 0.032 0.089 + 0.033 249.86%**
Rehabilitation 0.056 + 0.018 0.053 + 0.017 38.13*** 0.066 + 0.023 0.055 + 0.022 150.07** 0.112 + 0.033 0.104 + 0.032 50.49***
Therapy
t 0.333 2.534* 1.820 2.026* 1.904 3.955%%*
P 0.739 0.012 0.070 0.044 0.058 <0.001
Sfe/Sv
Acupuncture 0.075 + 0.020 0.040 + 0.022 46.399* 0,049 + 0.025 0.035 + 0.024 67.228%%* 0.122 + 0.031 0.095 + 0.032 75.114%*
Rehabilitation 0.076 + 0.019 0.063 + 0.018 49.210** 0.047 + 0.018 0.041 + 0.019 65.576%** 0.120 + 0.026 0.102 + 0.025 63.508***
Therapy
t 0.300 10.132°0* 0.666 2.396* 0.352 2.147*
P 0.765 <0.001 0.506 0.017 0.725 0.033
Sfp/S,
Acupuncture 0.029 + 0.008 0.024 + 0.008 17.095** 0.026 + 0.005 0.021 + 0.005 124.8187** 0.029 + 0.010 0.025 + 0.010 38.704***
Rehabilitation 0.030 + 0.005 0.026 + 0.004 34.902%%* 0.025 + 0.004 0.022 + 0.004 47.7557* 0.030 + 0.007 0.027 + 0.006 23.051%*
Therapy
t 0.504 2.412* 1.583 2.503* 0.842 2.588*
P 0.614 0.016 0.114 0.013 0.400 0.011

Sv, Vertebral Area; Sfin, Multifidus Fat Infiltration Area; Sfe, Erector Spinae Fat Infiltration Area; Sfp, Psoas Major Fat Infiltration Area; Sf/Sv, Paravertebral muscle fat infiltration Area to
vertebral area ratio; Sfim/Sv, Multifidus muscle fat infiltration Area to vertebral area ratio; Sfe/Sv, Erector spinae muscle fat infiltration Area to vertebral area ratio; Sfp/Sv, Psoas major muscle fat
infiltration Area to vertebral area ratio. ***p<0.001, *p<0.05.
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TABLE 4 Secondary outcome comparisons between the acupuncture group and the rehabilitation therapy group (lumbar pain, leg pain VAS, and
JOA scores).

Lumbar Pain VAS Score Leg Pain VAS Score JOA Score
Pre- 2w 3m Pre- 2w 3m 2w 3m
treat post- post- treat post- post- post- post-treat
treat treat treat treat treat

Acupuncture 418090 | 027 +044%  015+0364 | 416+098 041 +049"  0.11+0324  1901+154 2539+ 1.14° | 2675+ 0.884
Rehabilitation Therapy | 4.10 £ 0.94 | 0.32 0477 028 +0.45* = 417+1.05 046 + 0627 = 0.32%047* | 1886+ 161 25181217 | 2655+ 0.92*
T 0.836 1.085 2959 0.108 0.785 4.660 0.871 1.588 2.010
P 0.404 0.278 0.003 0914 0433 <0.001 0.385 0.113 0.045

AQA % compared to baseline, p<0.05, the difference is statistically significant.

group, with statistical significance (P<0.05), indicating a more
pronounced effect of acupuncture treatment on pain reduction
and quality of life enhancement. This suggests that acupuncture
therapy was more efficacious in mitigating pain and elevating
patients’ quality of life than the rehabilitation treatment. While
the therapeutic outcomes appeared similar in the initial phase of
treatment, long-term observations highlighted that acupuncture
treatment yielded more significant improvements in both lumbar
and leg pain, as well as in the overall quality of life.

Discussion

In the present study, we embarked on an in-depth investigation
of the therapeutic efficacy of acupuncture and rehabilitation
treatments for LDH, as well as their impact on paravertebral
muscles and fatty infiltration. Unlike many studies that focus solely
on acupuncture (27), Our findings underscored that both treatments
notably enhanced patients” quality of life and ameliorated conditions
of paravertebral muscles and fatty infiltration within a span of two
weeks and three months post-treatment. While both treatments are
effective, acupuncture shows statistically significant advantages in
improving muscle indicators and pain relief over a longer term,. The
association between lumbar disc protrusion and paravertebral
muscles represents a nascent yet profoundly clinically relevant
domain of research. Paravertebral muscles play a pivotal role in
preserving spinal stability, being integral in both static and dynamic
states. A well-functioning state of these muscles is imperative for
maintaining spinal stability (39, 40). Muscle degeneration,
manifesting as atrophy, fatty infiltration, alterations in muscle fiber
types, and changes in muscle activity, can impair the biomechanics
and motion of spinal units in patients with lumbar pain. Paraspinal
muscles may be influenced by confounding factors such as age,
gender, duration of illness, obesity, and smoking, which are
prevalent in patients with Lumbar Disc Herniation (LDH). We
adjusted for age, gender, ethnicity, and BMI in our model to
exclude potential confounders. Recent studies suggest that muscles
and bones share common genetic, nutritional, lifestyle, and hormonal
determinants (41), with low muscle mass and strength depending on
BMI (42), A lower BMI is associated with muscle loss, whereas a
higher BMI is not (43). Exercise interventions have been shown to
beneficially impact muscle quality, strength, and physical
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performance (44). Literature reports that hypertension, cognitive
impairments, hyperlipidemia, heart disease, stroke, cancer, pain,
anemia, and liver disease are not associated with an increased risk
of muscle loss (43). Similarly, geographical differences relate to many
important human health factors such as latitude, dietary variations,
and hours of sunlight exposure. All these factors could directly or
indirectly contribute to variations in muscle loss. Moreover,
modifications in the structure and function of these muscles might
be linked to the recurrence or chronicity of lumbar pain (45).
Numerous studies have elucidated this association, with Denis’s
1983 proposition of the “Three-column theory of the spine” laying
the foundational theoretical framework for understanding the
integral role of paravertebral muscles in spinal stability. Lumbar
pain induced by LDH frequently coincides with atrophy or functional
impairments in paravertebral muscles. The anterior lumbar large
muscle and the posterior extensor muscle group, encompassing the
ES and MF, are paramount in ensuring lumbar stability (46).
However, despite evidence pointing to marked atrophy in
paravertebral muscles of patients with LDH, a comprehensive
understanding of its etiology and implications remains in its
infancy (47).

LDH is a common degenerative spinal disease in clinical practice,
primarily manifesting as lumbar pain and radiating pain in the lower
extremities. These symptoms not only severely impact patients” daily
activities but can occasionally lead to neurological dysfunctions,
imposing significant economic burdens on families and the
healthcare system (2). Recent global prevalence data indicate that
the incidence of LDH is on the rise worldwide, particularly among
younger populations (48-50). This trend is largely attributed to
changes in modern lifestyles and work environments (51), such as
prolonged sitting and lack of physical exercise. Studies suggest that
approximately 80% of adults will experience at least one episode of
lower back pain during their lifetime, with lower back pain being one
of the most common symptoms of LDH (3, 34, 52). The
socioeconomic impact of LDH is profound. Direct medical costs
include surgery, medication, and physical therapy (1), but more
significant are the indirect costs related to pain and functional
impairments that lead to unemployment and decreased
productivity (53). Chronic disability may result in long-term
dependency on pain management and rehabilitation services, thus
increasing the societal burden. It has been reported that lower back
pain, including that caused by LDH, is one of the leading causes of
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work disability, placing immense pressure on the economy (54).
Acupuncture, an ancient therapeutic technique, has been empirically
shown to modulate endogenous pain regulatory networks, thereby
offering analgesic benefits to LDH patients with lumbar and leg pain
(55). Compared to other conservative treatment modalities,
acupuncture has demonstrated superior efficacy in managing LDH
(56), Although rooted in traditional practices, recent research
underscores its significant therapeutic impact on LDH patients,
mitigating lumbar pain, leg pain, enhancing lumbar mobility, and
improving overall quality of life (57). Our study corroborates these
findings, underscoring the remarkable efficacy of acupuncture in
LDH management. We observed a tangible reduction in pain and
localized tenderness among LDH patients subjected to acupuncture.
Further accentuating our results, we noted a marked alleviation in
lumbar pain post-treatment, irrespective of whether patients
underwent acupuncture or rehabilitative therapy. This not only
emphasizes the efficacy of both modalities but also suggests the
potential synergistic effects when combined, warranting further
exploration in future research endeavors.

A significant correlation exists between LDH and the
degeneration and fatty infiltration of paraspinal muscles. Research
indicates that severe fatty infiltration is associated with neural root
compression, and the severity of this infiltration can escalate in the
presence of such compression (58). Moreover, there are indications
that patients with advanced disc degeneration exhibit increased
chances of fatty infiltration in the MF and ES (59). In younger
patients with lumbar disc herniation, an increased thickness of
subcutaneous fat tissue at the L1-L2 level, prolonged extended
symptom duration, and more pronounced atrophy in the normal
side of the MF are reported to correlate with elevated occurrences of
lumbar pain (14). Lee et al. discovered through MRI assessments that
patients with lumbar flatback deformity demonstrated evident
atrophy of the lumbar paraspinal muscles, characterized
predominantly by reduced muscle volume and conspicuous
intermuscular fat infiltration (60). In our study, we evaluated the
fatty tissue area’s variations in the ES, MF, and PM relative to
vertebral CSA pre- and post-treatment. Notably, our results
indicated that the acupuncture treatment group exhibited a more
pronounced reduction in muscle fat deposition compared to the
rehabilitative therapy group. Acupuncture, a non-surgical
intervention, involves needle insertion into muscle tissues followed
by manipulative rotations. It has been substantiated to effectively
ameliorate pain intensity and range of motion in LDH patients (61).
Consistent with previous research, our results show significant pain
relief and functional improvement three months post-treatment.
Similar findings were reported by Zhong et al (26). The literature
documents greater improvements with electroacupuncture and spinal
manipulation in terms of pain in the lower back, buttocks, and legs, as
well as associated disabilities (28, 62). However, our study further
explores the timeline of these improvements, noting no significant
differences at two weeks, but substantial improvements at three
months, providing a more nuanced understanding of the temporal
dynamics of acupuncture effects. Clinical trials have demonstrated
that post-acupuncture, there’s an augmentation in local blood
circulation and a rise in soft tissue temperature. This facilitates
inflammation resolution, alleviates muscle spasms, fosters an
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increase in the volume of paraspinal muscles, and diminishes the
proportion of fatty infiltration between them.

Acupuncture, a traditional Chinese medicinal technique, aims to
modulate the body’s internal flow of Qi and blood by stimulating
specific acupoints, thereby achieving therapeutic effects. The primary
mechanisms underlying the localized pain of LDH originate from
atrophy and excessive tension in the paraspinal muscles, combined
with the occurrence of aseptic inflammation and spasms (63). These
pathological changes are principally related to the diminished
interaction between muscle and fascial structures, reductions in
muscle quality, strength, and regenerative capacity, and the increase
in fascial rigidity coupled with decreased elasticity. Furthermore, the
atrophy of the motor cortex, stemming from aging, reduces its
excitability and plasticity, thus accelerating the accumulation of
denervated muscle fibers (64). Contemporary research has
validated the efficacy of acupuncture in alleviating pain, enhancing
sleep quality, and elevating overall life quality. Our study highlights
the advantages of acupuncture in treating LDH and uncovers its
significant role in mitigating paraspinal muscle atrophy among LDH
patients. Our findings indicate an increase in the area ratio of
multifidus (MF), erector spinae (ES), and psoas major (PM)
relative to the vertebral body after acupuncture treatment, along
with a reduction in fatty infiltration. This is consistent with literature
studies (65-67), which emphasize the efficacy of electroacupuncture
in enhancing muscle strength of LDH patients and reducing fat
infiltration. However, our study provides additional insights into the
differential responses of various muscle groups, which have not been
extensively reported in earlier literature. It's noteworthy that the
improvements in the PM were not as pronounced as those in the ES
and MF. This discrepancy might stem from the acupuncture
treatment primarily targeting the latter two muscles, bypassing
direct intervention on the psoas major. Nevertheless, with
enhancements in the ES and MF, we anticipate improvements in
the condition of the psoas major over time. Given our study’s short
follow-up duration, noticeable improvements in the psoas major were
not evident. Thus, our findings underscore acupuncture’s potential in
notably ameliorating the atrophy in the ES and MF.

Acupuncture, an age-old therapeutic modality, has demonstrated
potential in addressing LDH and the associated paravertebral muscle
atrophy through multiple mechanisms. Primarily, HA-19, a derivative
of oleanolic acid, has demonstrated significant potential in mitigating
muscle atrophy by activating the mTORCI1/p70 S6K pathway to
enhance protein synthesis. It also upregulates myogenic transcription
factors such as Pax7 and MyoD, which are critical for the proliferation
and differentiation of myoblasts, thus effectively counteracting muscle
atrophy (68). Additionally, acupuncture increases the expression of
neurotrophic factors, including brain-derived and glial cell-derived
neurotrophic factors, which are essential for nourishing peripheral
nerves. Moreover, acupuncture elevates levels of IGF-1, a potent agent
for muscle regeneration, offering further resistance against muscle
atrophy. It also reduces neuronal excitability within muscles, easing
muscle and fibrous tissue tension. The increased localized temperature
and enhanced blood flow induced by acupuncture contribute
significantly to its therapeutic effects on paravertebral muscle
atrophy. The selection of an optimal internal reference gene for
muscle tissue continues to be a debated issue in the field. Toklowicz
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et al (69) embarked on an evaluation of 90 tissue samples from deep
and superficial paravertebral muscles of the convex and concave sides
of spinal curvatures. In their quest to assess the stability of 12 miRNAs,
they discovered three with reference potential, while the remaining
nine exhibited tissue-specific properties. While our findings bear
significant clinical implications, this realm necessitates more in-depth
exploration. It’s pivotal to unearth the precise roles of these
mechanisms and fully realize their potential in therapeutic contexts.

This study introduces a novel perspective in understanding the
etiology of LDH, emphasizing the pivotal role of paravertebral muscle
function. Notably, if targeted interventions for these muscles were
initiated prior to the diagnosis of LDH, or even before its onset, it
might present an opportunity to prevent or at least delay the
progression of the condition. Consequently, future investigations
should delve deeper into the causative relationship between
paravertebral muscle atrophy and LDH, offering fresh avenues and
evidence for preventive strategies. However, our research is not
without limitations. The relatively small sample size necessitates
larger and more rigorous prospective studies to ensure objectivity
and accuracy. Additionally, while our participants primarily came
from several hospitals in China and the acupuncture techniques and
specific points used in our study are standardized, making them
highly reproducible and applicable across different regions or
countries, variations in the practice of acupuncture points and
techniques in other regions or countries might affect our results.
Moreover, the follow-up period of our study was three months,
primarily to observe the short-term effects post-treatment. This brief
follow-up period only allows for the assessment of short-term
therapeutic effects, overlooking potential long-term treatment
outcomes. Considering these factors, although our findings are
useful, they underscore the need for extensive long-term studies to
further validate and establish these preliminary insights. Future
studies should further explore the long-term effects of acupuncture
on the morphology and fat infiltration of paravertebral muscles and
evaluate its effectiveness in preventing the recurrence of lumbar disc
herniation (LDH). Additionally, it is advisable to conduct more
randomized controlled trials to verify the effects of acupuncture
across different LDH patient groups, thereby optimizing and
personalizing acupuncture treatment strategies to enhance
treatment efficacy and patient satisfaction. Prospective studies are
also recommended to validate our findings, investigate the long-term
effects of acupuncture on muscle health, and compare different
acupuncture techniques. Finally, molecular mechanism studies at
the cellular and molecular levels should be conducted to deeply
understand how acupuncture affects paravertebral muscles at the
biological level.

Conclusions

Acupuncture treatment for LDH has been shown to effectively
increase the CSA of the MF, ES, and PM. Additionally, it
ameliorates paravertebral muscle atrophy and reduces fat
infiltration in these muscles. Concurrently, patients experience
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notable relief in pain across the lumbar and leg regions and
exhibit a marked improvement in their overall quality of life.
These findings robustly advocate for the inclusion of acupuncture
in clinical practices treating such conditions.
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Type 1 diabetes (T1D) represents a significant health burden worldwide, with
associated complications including bone fragility. Current clinical methods and
biomarkers for assessing bone health and predicting fracture risk in T1D are
limited and lack accuracy. MicroRNAs (miRNAs) have emerged as potential
biomarkers for predicting T1D-induced bone loss, although comprehensive
profiling studies are lacking. Previous investigations have indicated a link
between dysregulated miRNA expression levels and impaired bone health in
T1D. Therefore, in this study, we explored differential miRNA expression levels in
serum and bone tissue of mice with T1D-induced bone loss using Next
Generation Sequencing (NGS). T1D was induced using streptozotocin in male
wild-type mice. Serum and bone tissues were analyzed at 14 weeks of age,
following the prior characterization of bone loss in this mouse model. MiRNA
profiling was conducted using two-independent NGS analyses and validated
through quantitative RT-PCR. NGS profiling identified differential expression of
mMiRNAs in serum and bone tissue of T1D mice compared to controls. The first
NGS analysis revealed 24 differentially expressed miRNAs in serum and 13 in bone
tissue. Especially, miR-136-3p was consistently downregulated in both serum
and bone tissue. However, the second NGS analysis presented a distinct set of
dysregulated miRNAs, with miR-206-3p overlapping in both tissues but
exhibiting differential expression patterns. Surprisingly, miR-144-5p, miR-19a-
3p, and miR-21a-5p displayed contrasting regulatory patterns between NGS and
gPCR analyses. Finally, gene network analysis identified associations between
dysregulated miRNAs and pathways involved in bone physiology, including TGF-
beta, PI3-Akt signaling, and osteoclast differentiation in humans. In conclusion,
our study offers initial insights into dysregulated miRNAs associated with T1D-
induced bone loss, but also highlights the lack of consistency in the results
obtained from miRNA sequencing in different cohorts. Thus, further investigation
is needed to better understand the complexities of miRNA analyses before they
can be established as reproducible biomarkers for predicting bone health in T1D.
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1 Introduction

Type 1 diabetes (T1D) is a chronic condition triggered by an
autoimmune response that hinders the body’s natural regulation of
blood glucose levels. While this disease is frequently diagnosed in
childhood, with 80% of beta cells typically already destroyed by that
time (1, 2), the International Diabetes Federation reported in 2022
that 64% of individuals with T1D fall within the 20-59 age group.
Thus, not only the incidence of T1D is increasing worldwide, but
also the proportion of older individuals suffering from T1D. Due to
the chronic nature of the disease, long-term T1D is associated with
several complications that impact human health, including
cardiomyopathy (3, 4), nephropathy (5, 6), and bone fragility
(7, 8). Individuals with T1D have a six-fold higher risk of hip
fractures compared to the general population, highlighting the need
for a better understanding of the underlying pathomechanisms of
bone fragility as well as the development of better prediction tools to
assess patients at risk for fracture (9, 10).

Current clinical methods employed to assess bone fragility in T1D,
such as bone turnover markers (BTMs), dual-energy X-ray
absorptiometry (DXA), the fracture risk assessment tool (FRAX),
and trabecular bone score (TBS) fall short in predicting fracture risk
and present various limitations. Given the global burden of T1D and
diabetic osteoporosis, there is an urgent need for affordable and
innovative methods to overcome current limitations and more
accurately predict fracture risk in TID. Recent investigations have
provided promising insights into the potential use of miRNAs.
MiRNAs, small non-coding RNAs with a length of 19-22
nucleotides, play a crucial role as post-transcriptional gene regulators
(11, 12). While limited studies have explored the role of miRNAs in
bone diseases associated with TID (13), evidence of dysregulated
miRNAs, such as miR-148a-3p and miR-21-5p has been reported,
showing a negative correlation with bone mineral density (BMD) in the
serum of 15 patients with T1D compared to 14 matched non-diabetic
subjects (14). In another study, miRNA expression patterns were
assessed in 58 diabetic rats and 58 non-diabetic rats during the
fracture healing process on days 5 and 11 within femurs. This study
observed the dysregulation of five miRNAs (miR-140-3p, miR-140-5p,
miR-181a-1-3p, miR-210-3p, and miR-222-3p), which were previously
reported as dysregulated in the context of impaired fracture healing in
diabetic rats (15). These findings provide evidence that specific
miRNAs are dysregulated in T1D and highlight miRNAs as potential
biomarkers for bone fragility in T1D. To date, only pre-defined panels
of miRNAs have been studied in the context of T1D bone disease.
However, untargeted approaches to assess the regulation of miRNAs in
total in T1D are warranted and may be beneficial to identify novel
miRNA targets or miRNA signatures that may serve as novel
biomarkers to enhance fracture risk assessment in T1D.

The aim of this study was to perform an unbiased miRNA
profiling approach from bone tissue and serum of mice with T1D-
induced bone loss to assess local vs. systemic miRNA regulations
using Next Generation Sequencing (NGS). A second aim was to
assess the reproducibility of these findings in two independent
mouse cohorts. To achieve this, we conducted two independent
miRNA profiling analyses on bone and serum samples, employing
two independent mouse cohorts and two different library
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preparation methods. Our investigations revealed first, minor
overlap between miRNAs regulated in bone tissue vs. serum and
second, variability in dysregulated miRNAs between both NGS
profiling experiments. Thus, when evaluating miRNAs or miRNA
signatures resulting from NGS experiments as potential biomarkers
for disease prediction or monitoring, validation procedures are
clearly needed before they can be applied as biomarkers.

2 Materials and methods

2.1 STZ-induced T1D mouse model

In order to establish the T1D mouse model, we administered
streptozotocin (STZ) via intra-peritoneal injections at a dose of 45
mg/kg to 10-week-old male C57BL/6] mice. This treatment was
repeated for five consecutive days. The control group received
injections with citrate buffer (CB) (16). One week after the STZ
or CB injections, we assessed blood glucose levels obtained from the
tail vein. The onset of diabetes was defined with blood glucose levels
reaching 250 mg/dl. Over the course of the study, we monitored
blood glucose levels and body weight on a weekly basis, up to week
14, at which point all the mice were euthanized. To ensure uniform
conditions, all mice were given standard diets and had continuous
access to water. They were housed in groups of four or five per cage,
maintained at room temperature, and adhered to a 12-hour light/
dark cycle. Ethical approval for all procedures involving mice was
obtained from the Landesdirektion Sachsen (TVV 18/2020) and the
institutional animal care committee.

2.2 Glucose tolerance test

To assess the glycemic state of T1D mice, a glucose tolerance
test (GTT) was carried out following an overnight fasting period.
Blood glucose levels were assessed at intervals of 15, 30, 60, 90, and
180 minutes after intraperitoneal administration of a 2 g/l glucose
solution, utilizing a glucometer (ACCU CHEK Aviva III; Roche
Diabetes Care, Mannheim, Germany).

2.3 Bone microarchitecture analysis

We employed micro-computed tomography (microCT) to
assess the bone mass and microarchitecture of the distal femur.
The microCT scans were conducted ex vivo using a vivaCT 40
scanner manufactured by Scanco Medical in Briittisellen,
Switzerland. These scans were performed with an energy level of
70 kVp with a resolution of 10.5 pm isotropic voxel size (utilizing
114 mA and an integration time of 200 msec). A total of one
hundred slices from the distal femur were subjected to analysis
using Scanco Medical’s standard protocols. This analysis was
carried out to assess trabecular bone parameters, which include
bone trabecular thickness (Tb.Th) and trabecular bone mineral
density (Tb. BMD). Additional MicroCT parameters were assessed
in our previous study (17).
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2.4 MiRNA isolation, cDNA synthesis and
quantitative RT-PCR

The extraction of total RNA from bone tissue was carried out
using TRIzol reagent (Invitrogen, Darmstadt, Germany) in
accordance with the provided manufacturer’s guidelines.
Subsequently, the RNA concentration was assessed using a
Nanodrop ND-1000 spectrophotometer (Thermo Scientific/
PEQLAB, Erlangen, Germany). Post-mortem, the bones were
collected and flushed out with PBS before the RNA extraction
process. For miRNA reverse transcription, 5 nanograms of total
RNA were employed and reverse-transcribed using the miRCURY
LNA RT Kit (#339340; Qiagen, Hilden, Germany). Following this
step, the resulting cDNA samples were diluted at a 1:40 ratio.
Quantitative real-time PCR was performed using miRCURY LNA
SYBR Green (#339345; Qiagen, Hilden, Germany). The PCR
conditions consisted of an initial denaturation at 95°C for 2
minutes, followed by denaturation at 95°C for 10 seconds, and
annealing/extension at 56°C for 60 seconds, repeated for 40 cycles.
To normalize the data, the miRNA expression levels were compared
to those of the 5S housekeeping gene, employing the AACT method,
and the results are presented as fold changes (x-fold). All
procedures adhered to the manufacturer’s instructions.

2.5 NGS miRNA profiling using
Illumina sequencing

We performed total RNA extraction from bone tissue of T1D
and control mice and subsequently employed the RealSeq-Biofluids
Plasma/Serum miRNA Library kit for Illumina sequencing (RealSeq
Biosciences) in accordance with the manufacturer’s protocol (17).
In this study, two independent NGS analyses were conducted on
bone and serum samples from both T1D and non-diabetic mice.
The purpose was to evaluate the reproducibility of the findings.

Prior to library preparation, we assessed RNA quality using the
Agilent Bioanalyzer DNA 1000 kit and associated reagents (Agilent
Technologies, Waldbronn, Germany). Only samples with a RIN
over 6 were taken for further analyses. The NGS Illumina
sequencing process is based on the “sequencing by synthesis”
method, which aims to produce sequence reads of approximately
32-40 base pairs by simultaneously sequencing tens of millions of
surface-amplified DNA fragments (18). The library preparation
involves a sequence of six consecutive steps: adapter ligation,
surface attachment, bridge amplification, denaturation, clustering,
and single base extension.

In our study, two library preparation protocols were employed
as per institutional methods. Serum and bone samples RNA
underwent library preparations using RealSeq Biosciences and
QIAseq miRNA Library Kit following manufacturer protocols,
with 8.5 ul and 4 ul RNA input, respectively. Amplification steps
comprised 18-23 cycles. Initial library quality control utilized the
Agilent DNA 1000 kit to evaluate fragment distribution.
Subsequently, libraries were equimolarly pooled and subjected to
size-selection using the BluePippin system with a 3% agarose
cassette (100-250 kb) to eliminate DNA fragments outside the
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desired range. A second library quality check was performed
using the Agilent high sensitivity DNA kit. Finally, libraries were
sequenced on an Illumina NextSeq550, following
manufacturer instructions.

2.6 Statistical analysis

Data are given as mean + SD. A two-sided, unpaired Student’s t
test was used in statistical analyses to compare two groups. Graphs
were generated using GraphPad Prism 9.0 (GraphPad, La Jolla, CA,
USA). Statistical significance was defined as a P value of less than
0.05. The analysis of RNA-Seq data was conducted using MiND, a
software package for data analysis that produces comprehensive QC
data, unsupervised clustering analysis, normalized miRNA count
matrices, and differential expression analysis from raw NGS data
(19, 20). Assessment of the overall quality of next-generation
sequencing data involved both automatic and manual evaluations
using fastQC v0.11.9 and multiQC v1.10.

To increase robustness of the false discovery rate (FDR)
correction and eliminate low-abundance miRNAs, the
independent filtering method of DESeq2 was modified for
compatibility with edgeR. Volcano plots were employed to
visually represent the relationship between logFC and the
statistical significance of observed miRNA level changes.
Consequently, miRNAs displaying significant differential
expression with an FDR below 0.05 are highlighted in green.

3 Results

3.1 MiRNA profile in serum and bone tissue
of T1D mice with bone loss

3.1.1 Characterization of STZ-induced T1D and
bone loss in male mice

We used the well-established STZ-induced T1D mouse model
and characterized its metabolic and bone phenotype at 14 weeks of
age, 4 weeks after T1D induction. The results were reported
elsewhere (17). Briefly, and consistent with previous studies (21,
22), we observed a significant decrease in the body weight, impaired
glucose tolerance, and bone loss with low bone formation and high
bone resorption in T1D compared to non-diabetic mice in both
cohorts. Thus, this TID mouse model exhibited a consistent and
validated profile for further investigations. To provide additional
characterization, we assessed several metabolic and bone
parameters at the end of the experiment (14 weeks of age). A
detailed summary of these findings is presented in our previous
manuscript (17). These results highlight the significant metabolic
and skeletal alterations induced by T1D, supporting the robustness
of this model.

3.1.2 NGS volcano plots of serum and bone

We next performed an exploratory miRNA profiling from
serum and femoral bone samples collected from TI1D versus
control mice. Therefore, we conducted two separate NGS
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analyses, each using three samples per tissue type (serum and
femur) from T1D and non-diabetic mice.

In the first NGS analysis, we identified 24 differentially
expressed miRNAs in serum samples, in contrast to 13 in bone
tissue. Specifically, in bone tissue, we observed 3 upregulated
miRNAs (miR-144-3p, miR-144-5p and miR-451a) and 10
downregulated miRNAs (miR-133a-5p, miR-133b-3p, miR-133a-
3p, miR-378d, miR-378b, miR-378a-5p, miR-181a-2-3p, miR-434-
3p, miR-22-3p and miR-136-3p) (Figure 1A NGS-1 from bone). In
serum samples, we found 12 upregulated and 12 downregulated
miRNAs when comparing T1D and control mice (Figure 1B NGS-1
from serum).

Intriguingly, the second NGS analysis conducted in another
independent cohort, presented a different set of dysregulated
miRNAs. While bone tissue displayed 3 up-regulated miRNAs
(miR-206-3p, miR-1a-3p and miR-196a-5p) when comparing
T1D and non-diabetic mice (Figure 1C NGS-2 from bone), serum
data exhibited 12 up- and 12 down-regulated miRNAs (Figure 1D
NGS-2 from serum), None of the up- or down-regulated miRNAs
overlapped with the results from the first NGS analysis.

3.1.3 VENN diagrams from NGS data showing
overlapping miRNAs in serum and bone

Afterwards, to ascertain potential overlaps of miRNAs between
serum and bone tissue using NGS data, we generated Venn diagrams
based on both NGS analyses. It became evident that there were no
shared miRNAs between the two NGS datasets. Interestingly, the
initial NGS evaluation revealed that miR-136-3p was upregulated in
serum while downregulated in bone tissue (Figure 2A). Additionally,
in the second NGS analysis, a distinct miRNA, miR-206-3p, was
found to overlap in both tissues but exhibited again a differential
expression pattern. It was downregulated in serum but upregulated in
bone tissue of T1D mice (Figure 2B).

3.2 Discrepant miRNA expression level
measured between NGS and qPCR in
bone tissue

The discrepancy in miRNA expression levels between serum
and bone tissue underscores that tissue-based differences in miRNA
transcription are not necessarily mirrored by changes in circulating
miRNA levels. Given our primary interest in bone tissue, we
exclusively validated miRNA candidates through further qPCR
analysis using bone samples in this study. For the NGS
measurements presented in panel A, only the highest-quality
RNA samples (n=3 per group) were selected, based on stringent
quality criteria such as a RIN between 6 and 10, as measured by the
bioanalyzer. This careful selection ensured the reliability and
robustness of the sequencing data by minimizing variability due
to RNA integrity. Additionally, to date, no studies have directly
investigated miRNA expression in bone tissue related to T1D. Thus,
we proceeded with the selection of a set of miRNAs, based on our
initial NGS analysis of bone tissue samples and the existing
literature. The following miRNAs were chosen for additional
qPCR validation: miR-144-5p, miR-19a-3p, miR-451a, miR-21a-
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5p, miR-133a-3p, and miR-136-3p (Figure 3). To provide an
overview of their expression patterns from NGS analysis, the
normalized reads per million (RPM) for these miRNAs are shown
in panel A (Figure 3A). We then evaluated these miRNAs using two
different approaches to validate and ensure the reproducibility of
identical targets through qPCR. First, we measured miRNA levels
using the same samples employed in our initial NGS analysis
(Figure 3B). Secondly, we measured miRNA levels from another
independent cohort of T1D mice (Figure 3C).

By using the same set of bone samples utilized in the NGS
analysis, QPCR analysis confirmed a trend toward elevated levels for
miR-144-5p, miR-19a-3p, and miR-451a. Similarly, miR-133a-3p
displayed a declining trend, though it did not achieve statistical
significance. However, miR-21a-5p exhibited contrasting regulatory
patterns, while miR-136-3p, previously identified as downregulated,
displayed no significant change by qPCR (Figure 3B).

Subsequent qPCR analysis using a distinct set of bone samples
revealed differing outcomes concerning miRNA expression.
Particularly, miR-144-5p, miR-19a-3p, and miR-21a-5p
demonstrated contrasting trends in regulation. However, the
downregulation patterns of miR-451a, miR-133a-3p, and miR-
136-3p remained consistent with the NGS findings (Figure 3C).

3.3 Tissue-type enrichment analysis of
dysregulated miRNAs

To evaluate the expression levels of these miRNA candidates
under steady conditions in humans, we conducted a mapping of the
top 9 highly enriched tissues for each of our six miRNAs.
Additionally, we included bone tissue as our primary focus, even
if it did not consistently rank among the top nine enriched tissues.
These data were obtained from the miRNA Tissue Atlas
database (23).

Our findings revealed that our six miRNA targets displayed
differential abundance in human tissues, with the highest
expression levels observed for hsa-miR-451a, hsa-miR-21a-5p,
and hsa-miR-133a-3p. Interestingly, despite the dysregulation of
these miRNAs observed in our NGS analysis in mouse bone tissue,
they exhibited low expression in human bone. Among our three
highly abundant miRNAs, we observed enriched expression in
tissues such as veins, thyroid, arteries, spleen, lungs, muscles,
skin, and adipocytes. Moreover, for the less abundant miRNAs,
hsa-miR-144-5p was predominantly expressed in the thyroid, and
hsa-miR-19a-3p in the veins. Interestingly, although generally low
in expression, hsa-miR-136-3p was predominantly expressed in
human bone tissue (Figure 4).

3.4 Gene network and potential signaling
pathways involved in bone
pathophysiology triggered by
dysregulated miRNAs

To investigate the gene and pathway networks associated with
these miRNA targets, we used the miRPathDB v2.0 database, which
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Next-Generation Sequencing (NGS) miRNA profiling in serum and femur bone from mice with T1D compared to non-diabetic mice. The NGS data
results from exploratory miRNA profiling conducted on serum (N=3 per group) and femur bone (N=3 per group) of STZ-induced T1D versus non-
diabetic mice, revealing differentially expressed miRNAs. Volcano plots illustrate the NGS miRNA data profiling from the first analysis, showing (A)
serum and (B) bone mice samples. A second NGS analysis, performed in another independent cohort, similarly showcases (C) serum and (D) bone
mice samples. MiRNA expression levels are indicated by the logarithm of fold change (logFC). All data are statistically significant with a False

Discovery Rate (FDR) of less than 0.05.

is based on the KEGG database of humans. We identified significant
signaling pathways that are targeted by the dysregulated miRNAs
and may be involved in bone metabolism.

Our analysis revealed that the majority of our dysregulated
miRNAs and their targeted genes are prominently associated with
TGF-beta, PI3-Akt signaling, osteoclast differentiation, and
adherens junction signaling pathways. Additionally, they
exhibited connections to Wnt and TNF signaling pathways, albeit
to a lesser extent compared to the previously mentioned pathways.
Notably, we identified five genes targeted at least four times within
these signaling pathways: SMAD4, MAPK1, MYC, TGFBR2, and
AKT1 (Table 1). Taken together, this suggests the potential
significance of the TGF-beta/BMP and Wnt pathways in the
context of bone physiopathology in T1D (Table 1).
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4 Discussion

In this study, an exploratory and unbiased miRNA profiling was
conducted on serum and bone samples obtained from STZ-induced
T1D male mice, with a comparative analysis against matched non-
diabetic mice. The primary objective was to identify dysregulated
miRNA targets potentially linked to T1D-induced bone fragility.
We hypothesized that by studying bone samples in addition to
serum samples from T1D mice, we could find specific miRNA
candidates linked to bone fragility in T1D. To reinforce the
robustness and significance of our findings, miRNA profiling was
carried out on two independent mouse cohorts, which were
generated through separate experiments conducted at different
time points.
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MIRNA expression level assessed by RT-PCR in mouse bone tissues. Quantification of selected miRNA targets from bone tissue of 14-week-old T1D
versus non-diabetic mice was performed using NGS and RT-PCR based on the 1° NGS analysis. Panel (A) showcases NGS data depicting miRNA
expression levels in reads per million (RPM). Panel (B) indicates miRNA expression levels assessed in the identical bone samples employed for NGS,
while panel (C) illustrates miIRNA expression levels assessed in bone samples from a separate cohort by RT-PCR. Data are indicated as mean + SD
(N=3-8). A Student's t-test was used for statistical analysis, and significant results were denoted as follows: **p<0.01, ***p<0.001.
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FIGURE 4

Tissue-specific miRNA enrichment analysis in Human. Custom heatmap representing an overview of bone and the top 9 highly enriched tissue from
our 6 selected miRNA candidates in Human. Bone tissue is presented in this heatmap as our tissue of interest. These results are expressed in
normalized quantile for each miRNA respectively. These data are extracted from the miRNA Tissue Atlas database.

We employed the STZ-induced T1D mouse model, as these
mice effectively mimic T1D conditions, displaying notable decreases
in body weight, elevated blood glucose levels, and impaired bone
mass (17). Thus, we considered this model a well-validated platform
for further exploratory miRNA profiling. Studies have previously
highlighted the potential of miRNAs as biomarkers for bone
fragility (24-26). Importantly, their accessibility in biofluids
prevents from invasive biopsy procedures to assess disease
progression. Previous research has investigated on the regulation
of predefined and specific miRNAs in the circulation and
sometimes even in bone biopsies of individuals with diabetic bone
disease (14, 27). Nevertheless, no studies have yet conducted
unbiased exploratory miRNA profiling to discover novel miRNAs
signatures specific to bone tissues.

Our initial miRNA profiling revealed several miRNAs with
differential regulation when comparing T1D to non-diabetic mice.
This discovery aligns with prior research, contributing to the
growing evidence on miRNA dysregulation in T1D (24, 28, 29).
The majority of significantly dysregulated miRNAs were identified
in serum samples (12 upregulated, 12 downregulated), while fewer
were dysregulated in bone tissue. This may be explained by a more
restricted portfolio of miRNAs in bone tissue, while in the serum,
many tissues contribute to the altered miRNA profile. Across both
NGS analyses, only three miRNAs were consistently upregulated in
the serum. Setting aside the divergence observed in the two NGS
experiments, miR-136-3p emerged as a shared miRNA target in
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both bone and serum during our initial NGS analysis. This miRNA
exhibited downregulation in both tissues of T1D mice and suggests
a potentially noteworthy dysregulation within the context of T1D in
this particular mouse cohort. On the other hand, our second
analysis using NGS uncovered a distinct miRNA intersection with
miR-206-3p. Notably, miR-206-3p demonstrated an upregulation
within the bone but exhibited downregulation at the systemic level.
This finding implies the likelihood of a tissue-specific regulation of
miR-206-3p, particularly concerning bone-related processes.
Despite its well-documented abundance in muscle and its
classification as a myomiR (30), findings from the miRPath
miRNA database suggest the involvement of this miRNA in
pathways related to bone, such as the Wnt signaling and calcium
signaling pathways in murine models. Thus, these pieces of
evidence indicate a potential influence of miR-206-3p on
processes like bone remodeling and mineralization, both crucial
for maintaining bone strength.

Interestingly, distinctive miRNA signatures were noted between
our two NGS experiments, despite employing the same T1D mouse
model in both independent cohorts. To validate the miRNAs
identified in the initial NGS profiling, qPCR was conducted on
distinct sets of bone samples. Nevertheless, confirmation of the
expression levels for all miRNAs proved challenging with no
discernible trend aligning with the NGS findings. Even though we
can acknowledge the different miRNA library preparations used
that may have contributed to differential outcomes, the lack of
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TABLE 1 Gene network related to miRNA targets in Human.
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Pathways miRNA Hits P-val. Targets
miR-144-5p 3 0.005 ID4, ROCK1, SMAD4
Rlas o 0,005 BAMBI, BMPR2, MAPK1, MYC, SMADA,
mi-asp : SMADS, TGFBR2, THBS1, TNF, ZFYVE9
TGF-beta signaling
miR-451a 2 0013 MAPKI, MYC
Rrlas o o015 BMPR2, GDF5, MYC, SMAD?, SP1,
fietap : TGEB1, TGFB2, TGFBR2, ZEYVEL6
miR-144-5p 3 0.005 CCNE1, CCNE2, MDM4
CCND1, CCND2, CHEK1, CHEK?, FAS,
miR-19a-3p 11 6.13¢-4 PTEN, SESN3, THBS1, TNFRSF10B,
TP53, ZMAT3
P53 signaling
APAF1, CASPS, CCNG1, CDKG6, FAS,
miR-21a-5p 10 0.002 MDM4, PTEN, SERPINBS,
SESN1, TNFRSF10B
miR-133a-3p 5 0.002 CASP9, CDKNIA, IGF1, SESN2, SESN3
miR-144-5p 4 0015 CCNE1, CCNE2, ITGA3, MET
RSt . 890t AKT1, BCL2, IKBKB, IL6, IL6R, MAPKI,
B : MYC, TSC1
AKT2, ATF2, BCL2, BRCA1, CDKG,
o COL4A1, COL5A2, EGFR, FASLG, FGF12,
PI3K-Akt signaling miR-21a-5p 23 0.009 FOXO3, GNB4, IGFIR, ITGBS, MYC,
NFKB1, PDGED, PIK3R1, PTEN, PTK2,
SGK3, TLR4, VEGFA
ANGPT4, BCL2L1, CASP9, CDKNIA,
miR-133a-3p 11 9.76¢-4 COLI1AL, EGFR, IGF1, IGFIR, MCL,
NGER, THBS2
miR-144-5p 2 0.028 ROCK2, SMAD4
‘Wnat signaling BAMBI, CCND1, CCND2, CSNK2A1,
miR-19a-3p 12 0.020 FZD6, MYC, PRICKLE2, PRKACB,
SMAD4, TP53, WNT10A, WNT7B
AKT1, MAP3K14, MAPK1, MAPK14,
miR-19a-3p 11 0.020 PIK3CA, PIK3R3, SOCS1, SOCS3,
Osteoclast differentiation TGFBR2, TNF, TNFRSF11A
miR-451a 3 0.003 AKT1, IKBKB, MAPK1
Regulation of
“eguiation o miR-144-5p 3 0.023 ITGA3, ROCK1, ROCK2
actin cytoskeleton
Calcium signaling miR-133a-3p 5 0.031 CACNAIGC, EGFR, ERBB2, ITPKB, PDEIA
miR-451a 5 1.80e-5 AKT1, IKBKB, IL6, MAPK1, MMP9
TNF signaling AKT2, ATF2, CASPS, CCL20, CEBPB,
miR-21a-5p 15 1.56e-4 CXCL10, DNMIL, FAS, ICAMI, IL1B,
JAG1, MAP2K3, MMP9, NFKBI, PIK3R1
miR-144-5p 2 0.016 MET, SMAD4
Adherens junction
ACTB, CSNK2A1, MAPKI, PTPRB,
miR-19a-3p 7 0.039 CIB, CSN R

SMAD4, TGFBR2, WASL

Identification of significant enriched signaling pathway potentially linked to bone metabolism, using KEGG database based on experimental evidence for the 5 following miRNAs: hsa-miR-144-
5p, hsa-miR-19a-3p, hsa-miR-451a, hsa-miR-21a-5p. Genes reported in bold indicate their presence among signaling pathways at least four times. Predicted targets of hsa-miR-136-3p are nor

presented here. These data are extracted from miRPathDB v2.0 database.

reproducible results between the two NGS experiments and the
qPCR validation in general is concerning as it shows that even small
differences in experimental setups can significantly affect the
outcome. This would imply that despite miRNAs being known as

Frontiers in Endocrinology

stable tools, a standardization in miRNA procedures including
collection, storage, isolation, measurements etc. is necessary to
identify true signatures that could be used as biomarkers (31).
Another factor that may complicate the use of miRNA signatures as
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biomarkers is their often-minor regulation, suggesting that a
substantial number of replicates may be essential to replicate
findings. Overall, these data argue for the necessity to better
replicate miRNA findings, especially those resulting from
NGS analyses.

Finally, by examining the expression patterns of dysregulated
miRNAs across various human tissues using data from the miRNA
Tissue Atlas database, we found intriguing insights. Despite their
dysregulation in mouse bone tissue, miRNAs such as hsa-miR-451a,
hsa-miR-21a-5p, and hsa-miR-133a-3p exhibited high expression
levels across multiple human tissues, suggesting potential roles
beyond bone physiology. Conversely, hsa-miR-136-3p, while
generally low in expression across tissues, displayed predominant
expression in human bone tissue, suggesting its specific relevance to
bone health. Furthermore, our gene network analysis using the
miRPathDB v2.0 database revealed significant associations between
dysregulated miRNAs and key signaling pathways implicated in
bone metabolism, including TGF-beta, PI3- Akt signaling, osteoclast
differentiation, and adherens junction signaling pathways.
Especially, genes targeted by dysregulated miRNAs, such as
SMAD4, MAPK1, MYC, TGFBR2, and AKT1, were identified
multiple times within these pathways, highlighting their potential
importance in the pathophysiology of bone loss in T1D. For
instance, hsa-miR-21a-5p is extensively implicated in the TGF-
beta and PI3-Akt signaling pathways, targeting critical genes such as
BMPR2, TGFBR2 and AKT2, which regulate osteoblast activity,
matrix production, and cell survival. Similarly, hsa-miR-133a-3p,
linked to the PI3K-Akt and calcium signaling pathways, targets
IGF1 and CACNA1C, emphasizing its role in modulating osteoclast
differentiation and bone resorption. On the other hand, hsa-miR-
451a, a key player in the PI3K-Akt and TNF signaling pathways,
influences genes such as MAPK1, MYC and AKT1, underscoring its
involvement in inflammation and cell proliferation within the bone
microenvironment. Notably, hsa-miR-19a-3p impacts multiple
pathways, including TGF-beta and Wnt signaling, targeting genes
such as SMAD4 and MYC, which are pivotal for bone remodeling
and repair. Lastly, hsa-miR-144-5p, through its regulation of
SMAD4 and ROCKI in the adherens junction and regulation of
actin cytoskeleton pathways, may influence cytoskeletal dynamics
and cell adhesion in bone tissue.

While this study provides valuable insights into miRNA
regulation in T1D, it does have certain limitations. Firstly, the
restriction to male mice restricts the generalizability of the results to
both sexes. Secondly, while the characterization of STZ-induced
T1D demonstrates a robust phenotype characterized by
hyperglycemia and significant bone loss compared to non-
diabetic mice, it is important to acknowledge that the utilization
of only three samples per group for each NGS analysis may have
been insufficient to identify genuine miRNA targets associated with
bone loss in T1D. Next to the costs, the challenge of obtaining
adequate bone RNA quality in our mouse experiments for NGS is
why a limited number of bone samples was used. Thirdly, our study
employed two distinct library preparation methods for our two
NGS analyses, which may have influenced miRNA expressions and
could therefore account for the discrepant results observed between
NGS sequencings. These discrepancies in miRNA expression align
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with previous investigations evaluating miRNA expressions using
four different library preparation protocols (19), as well as
variations in mice, albeit less pronounced than in human samples
where multiple factors such as lifestyle and family history can
contribute to genetic differences. Although the use of two
different library preparation methods in this study did not result
in the same miRNA profile, it does underscore the inconsistent
findings observed among different research institutes worldwide,
given the lack of standardized guidelines for identifying miRNA
targets associated with T1D-induced bone loss, or any other
diseases (32).

Despite these limitations, this study possesses several strengths.
We utilized a well-established mouse model of T1D, providing a
reliable basis for exploratory research in miRNA profiling in T1D-
induced bone loss. Our study marks the first to employ an unbiased
approach to miRNA profiling in serum and bone samples from a
T1D mouse model. The rationale behind conducting exploratory
miRNA profiling in both serum and bone was to determine if and
how well the systemic and local expression of miRNAs overlap.
Finally, the experiment was conducted twice for NGS profiling in
serum and bone mouse samples, providing insights into the
reproducibility and sensitivity of miRNA expression.

In conclusion, our investigation presents novel findings
regarding the identification of miRNA signatures in the serum
and bone tissue of mice with T1D-induced bone loss employing an
unbiased approach through NGS. Our study demonstrates a minor
overlap in miRNA signatures between serum and bone tissues.
Importantly, the utilization of independent cohorts and distinct
library preparation protocols revealed varying miRNA
dysregulation patterns linked to T1D-related bone disease. Hence,
future research should include multiple cohorts to consistently
identify and validate dysregulated miRNAs associated with T1D-
induced bone disease.
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