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Abstract

Background The association between lipid and bone metabolism, particularly the role of high-density lipoprotein
cholesterol (HDL-C) in regulating bone mineral density (BMD), is of significant interest. Despite numerous studies,
findings on this relationship remain inconclusive, especially since evidence from large, sexually diverse Chinese
populations is sparse. This study, therefore, investigates the correlation between HDL-C and lumbar BMD in people of
different genders using extensive population-based data from physical examinations conducted in China.

Methods Data from a cross-sectional survey involving 20,351 individuals aged > = 20 years drawn from medical
records of health check-ups at the Health Management Centre of the Henan Provincial People’s Hospital formed the
basis of this study. The primary objective was to determine the correlation between HDL-C levels and lumbar BMD
across genders. The analysis methodology included demographic data analysis, one-way ANOVA, subgroup analyses,
multifactorial regression equations, smoothed curve fitting, and threshold and saturation effect analyses.

Results Multifactorial regression analysis revealed a significant inverse relationship between HDL-C levels and lumbar
BMD in both sexes, controlling for potential confounders (Male: 8 =-8.77, 95% Cl -11.65 to -5.88, P<0.001; Female:
B=-4.77,95% Cl-8.63 10 -0.90, P=0.015). Subgroup and threshold saturation effect analyses indicated a stronger
association in males, showing that increased HDL-C correlates with reduced lumbar BMD irrespective of age and body
mass index (BMI). The most significant effect was observed in males with BMI > 28 kg/m2 and HDL-C> 1.45 mmol/L
and in females with a BMI between 24 and 28 kg/m?.

Conclusion FElevated HDL-C is associated with decreased bone mass, particularly in obese males. These findings
indicate that individuals with high HDL-C levels should receive careful clinical monitoring to mitigate osteoporosis
risk.

Trial registration The research protocol received ethics approval from the Ethics Committee at Beijing Jishuitan
Hospital, in conformity with the Declaration of Helsinki guidelines (No. 2015-12-02). These data are a contribution of
the China Health Quantitative CT Big Data Research team, registered at clinicaltrials.gov (code: NCT03699228).
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Introduction

Osteoporosis (OP) is a systemic skeletal condition char-
acterized by reduced bone density and deterioration of
bone tissue microarchitecture, resulting in increased
bone fragility and a higher fracture risk [1]. It affects
approximately 200 million people worldwide [2]. Accord-
ing to 2019 survey data, OP exhibits a high prevalence
in China, affecting 6.46% of males and 29.13% of females
over the age of 50 [3]. With the increasing aging popu-
lation, the societal significance of OP can no longer be
overlooked, making it a global public health concern.
Reduced bone density serves as a diagnostic indicator for
OP, with lumbar bone mineral density (BMD) being one
of its commonly utilized measures [4].

In recent years, the interplay between lipid metabolism
and bone metabolism has attracted significant atten-
tion. Studies have indicated that individuals with OP
and decreased bone mass often exhibit abnormalities in
lipid metabolism, particularly in serum high-density lipo-
protein cholesterol metabolism [5], with a specific focus
on serum HDL-C abnormalities [6]. Nevertheless, prior
investigations have highlighted the influence of numer-
ous confounding factors on the relationship between
HDL-C and BMD [7, 8]. The variation in findings can be
attributed to small sample sizes, regional disparities, and
differences in control for confounding factors. Conse-
quently, it is crucial to examine the correlation between
HDL-C and lumbar BMD using a large, homogeneous
dataset.

Lipids play a pivotal role in various metabolic disorders
[9]. HDL-C, which is responsible for transporting excess
cholesterol from peripheral sites to the liver, contributes
to reducing the risk of cardiovascular diseases [10]. How-
ever, recent research has indicated that elevated HDL-C
levels in adults (>=135 mg/dl in females and >=116 mg/
dl in males) may lead to increased all-cause mortality
[11]. Another extensive study demonstrated a positive
association between HDL-C levels and high mortality
rates [12]. These findings have prompted a reevaluation
of HDL-C’s role in metabolic processes. The relation-
ship between HDL-C and bone metabolism has long
been a subject of intrigue. Jiang et al. identified elevated
HDL-C levels as an independent risk factor for bone loss
in both men and women based on comprehensive multi-
center data collected in China [13]. However, some stud-
ies have reported positive correlations [14], while others
have found no association [15] between HDL-C and
BMD. Consequently, the link between HDL-C and BMD
remains a subject of significant controversy. Investigat-
ing the effect of HDL-C on BMD could establish a new
theoretical basis for preventing and managing bone loss,

as well as addressing the emergence of OP, which holds
substantial clinical relevance.

Therefore, the present study acquired data from five
consecutive years of physical examinations at the Health
Screening Center of Henan Provincial People’s Hospital.
The primary objective was to investigate the relationship
between HDL-C and lumbar BMD in Chinese popula-
tions of different sexes. Multiple analytical methods were
employed, and various factors potentially influencing
lipid and bone metabolism were included as covariates to
enhance the study’s robustness.

Materials and methods

Participants and inclusion criterion

The data for this study were sourced from the medical
records of individuals undergoing medical examinations
at the Health Management Center of Henan Provincial
People’s Hospital, spanning from February 2018 to Feb-
ruary 2023. This dataset is an integral component of the
China Health Quantitative CT Big Data Research Project
Group and has been duly registered with clinicaltrials.
gov (code: NCT03699228).

The inclusion criteria for participants included the fol-
lowing: (1) individuals aged between 20 and 80 years, (2)
those possessing comprehensive demographic informa-
tion, and (3) individuals who underwent routine low-
dose chest CT scans and lipid assessments. Exclusion
criteria were as follows: (1) a history of any form of can-
cer, (2) prior or current endocrine-related ailments, (3)
previous or existing metabolic conditions associated with
the liver or kidneys, and (4) previous or ongoing usage of
medications designed for OP prevention and blood lipid
regulation. Thorough data collection, including age, gen-
der, ethnicity, medical history, and medication history,
was carried out on all participants by trained research
personnel through on-site surveys.

Initially, a total of 23,653 participants were enrolled
in this research initiative. However, 123 subjects were
deemed ineligible due to age constraints, while 2,762
participants were excluded due to the absence of lumbar
BMD, HDL-C, or body mass index (BMI) data. Addition-
ally, 417 participants were disqualified owing to disparate
medical histories that failed to meet the stipulated inclu-
sion criteria. Consequently, the final cohort for this study
comprised 20,351 participants, including 13,235 males
and 7,116 females. The process of subject screening is
visually depicted in Fig. 1.

Methods of research
To ensure data accuracy and impartiality, all research-
ers underwent standardized training before conducting
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23,653 participants were from the physical examination department 2018-2023

Male and female ages <20 y (n=123)

4

23,530 participants age 20 to 80 y

Missing data for BMD or HDL-C or BMI (n=2,762)

A

20,768 participants with HDL-C and BMD and BMI

Participants with cancer, thyroid disease, endocrine disease, hepatic or renal
disease, anti-osteoporotic drugs and any lipid metabolism modifiers (n=417)

4

20,351 participants with complete data in final analysis

} |

13,235 male participants

7,116 female participants

Fig. 1 Flowchart of participants selection

the surveys. A uniform questionnaire was employed to
collect essential information from the participants. This
questionnaire included details of the participants’ medi-
cal history, including any prior or current occurrences of
various cancers, liver and kidney ailments, thyroid and
endocrine disorders, and the utilization of anti-osteopo-
rotic medications and lipid metabolism modifiers. The
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completion of the questionnaire was followed by data
compilation, summary, and verification.

Subsequently, following a 12 h fasting period, the par-
ticipants’ height, weight, and blood pressure were mea-
sured in the morning by the research personnel. Each
participant underwent two measurements, and the
average of these two measurements was calculated to
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Fig. 2 The distribution of HDL-C in different gender groups was quartered. (A) males; (B) females; HDL-C, high-density lipoprotein cholesterol, BMD, bone

mineral density
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Table 1 Characteristics of the male study population

Male (n=13,235)

HDL-C (mmol/L) Q1(0.45-1.07) Q2(1.08-1.22) Q3(1.23-1.40) Q4(1.41-3.42) P-value
Age (year), n (%) <0001
<=45 886 (27.01) 748 (23.12) 732 (22.09) 599 (17.59)

>45 2,394 (72.99) 2,487 (76.88) 2,582 (77.92) 2,807 (82.42)

Nationality n (%) 0.452
Han nationality 3,252 (99.15) 3,212(99.29) 3,296 (99.46) 3,385 (99.38)

non-Han nationality 28(0.85) 23 (0.71%) 18 (0.54) 21(0.62)

Marital status, n (%) 0.035
Not married 87 (2.65) 103 (3.18) 115 (3.47) 133 (3.91)

Married 3,193 (97.35) 3,132 (96.82) 3,199 (96.53) 3,273 (96.09)

High (m) 1.72+0.06 1724006 1.72+0.05 1724005 <0001
Weight (kg) 787341043 76.68+9.84 74.89+10.04 71224974 <0001
BMI (kg/m?), n (%) <0001
<=24 623 (18.99) 802 (24.79) 1,130 (34.10) 1,666 (4891)

>24, <= 28 1,757 (53.57) 1,778 (54.96) 1,641 (49.52) 1,430 (41.99)

>28 900 (27.44) 655 (20.25) 543 (16.39) 310(9.10)

DBP (mmHg) 79.02+11.89 787441170 78801177 782141179 0.036"
SBP (mmHg) 130.84+17.80 131.13+18.04 131.29+1801 130.79+18.81 0.636
TC (mmol/L) 4494101 4724093 4894095 508+0.93 <0001
LDL-C (mmol/L) 2.64+0.75 288+0.76 2.96+0.81 298+081 <0001™
TG (mmol/L) 2844226 200+1.14 1.70+0.89 136+067 <0001
TP (g/L) 71.28+438 7149+4.02 71494395 71514404 0.072

Alb (g/L) 45314277 45414271 45474269 45504276 0.029"

Hb (g/L) 1514141197 15147 +10.74 151.28+10.74 149.89+10.96 <0001™"
Globulin (g/L) 2597+3.88 2608+343 2603+327 26014332 0622

TB (umol/L) 12.70+5.74 13394547 13664549 14.62+5.89 <0001
Direct bilirubin (umol/L) 3.13+1.40 3194135 3.18+1.14 3314123 <0001
Indirect bilirubin (umol/L) 957+4.78 10214457 1049+4.67 11314501 <0001™
ALT (U/L) 24.00 (17.70-33.93) 2230(16.80-31.30)  21.40 (15.90-29.70) 1935 (14.90-2640)  <0.001™
AST (U/L) 2316+10.28 2328+1368 2268+889 2309+1133 0.145
Transglutaminase (U/L) 30.00 (22.20-43.93) 2870 (20.80-41.80)  27.60 (20.30-42.18) 25.70 (19.00-39.38) 0.173
ALP (U/L) 71.18+18.46 68.87+17.94 67.63+£17.97 65.11+17.00 <0001
FBG (mmol/L) 575+1.79 556+149 543+1.30 535+1.19 <0001™"
Serum potassium (mmol/L) 423+0.09 423+0.09 423+0.09 423+0.09 0.961
Serum chlorine (mmol/L) 105.09+0.67 105.09+0.65 105.08+0.66 105.06+0.68 0.235
Serum calcium (mmol/L) 2344003 2344002 234+003 2344002 0.115
Serum creatinine (umol/L) 746142321 7557 +30.41 753142194 750741399 0.379

UA (umol/L) 384.52+83.62 378.08+82.89 369.78+76.78 356.35+75.96 <0001™"
Serum phosphorus (mmol/L) 1.04+0.03 1.04+0.03 1.04+0.02 1.04+0.02 0.091

GH (%) 6.09+1.01 598+0.84 592+0.74 586+0.71 <0.001%**
BMD (mg/cm?) 12542 +34.04 122.50+33.65 1217143374 1199143467 <0.001%*

HDL-C, high-density lipoprotein cholesterol; BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure; TC, total cholesterol; LDL-C, low-
density lipoprotein cholesterol; TG, triglycerides; TP, total protein; Alb, albumin; Hb, Hemoglobin; TB, total bilirubin; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; ALP, alkaline phosphatase; FBG, fasting blood glucose; UA, uric acid; GH, glycosylated hemoglobin; BMD, bone mineral density; n, number of

subjects; %, weighted percentage
P<0.001

ok

P<0.05,"'P<0.01,

minimize potential errors. BMI was defined as the quo-
tient of weight divided by height squared (kg/m?).

Measurements in the laboratory

Fasting blood samples were systematically collected
at 8 am to measure HDL-C and various other labora-
tory parameters, which included total cholesterol (TC),

low-density lipoprotein cholesterol (LDL-C), triglycer-

ides (TG), total protein (TP), albumin (Alb), hemoglobin
(Hb), globulin, total bilirubin (TB), direct bilirubin, indi-
rect bilirubin, alanine aminotransferase (ALT), aspar-
glutamine transaminase,

tate transaminase
alkaline phosphatase (ALP), fasting blood glucose (FBG),
blood potassium, blood chloride, blood calcium, blood

(AST),
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Table 2 Characteristics of the female study population

Female (n=7,116)

HDL-C (mmol/L) Q1(0.44-1.25) Q2(1.26-1.45) Q3(1.46-1.66) Q4(1.67-3.01) P-value
Age (year), n (%) 0.040"
<=45 299 (17.61) 379 (20.77) 357 (20.25) 387 (21.15)

>45 1,399 (82.39) 1,446 (79.23) 1,406 (79.75) 1,443 (78.85)

Nationality n (%) 0.584
Han nationality 1,673 (9853) 1,796 (9841) 1,728 (98.02) 1,803 (98.53)

non-Han nationality 25(1.47) 29 (1.59) 35(1.98) 27 (1.47)

Marital status n (%) <0.001™"
Not married 24 (1471) 33(1.81) 50 (2.84) 64 (3.50)

Married 1,674 (98.59) 1,792 (98.19) 1,713 (97.16) 1,766 (96.50)

High (m) 1594005 1.60+0.06 1594005 1.60+0.05 <0001
Weight (kg) 63.14+858 6163+809 59.16+7.53 56.91+7.19 <0001™"
BMI (kg/m?), n (%) <0001
<=24 688 (40.52) 925 (50.69) 1131 (64.15) 1391 (76.01)

>24,<=28 756 (44.52) 698 (38.25) 508 (28.81) 386 (21.09)

>28 254 (14.96) 202 (11.07) 124 (7.03) 53 (2.90)

DBP (mmHag) 734741202 72.98+11.64 7131+11.07 70.80+11.18 <0.001™
SBP (mmHg) 12898+21.50 127.55+21.15 124.28+19.76 122.66+19.45 <0001™"
TC (mmol/L) 4.75+0.96 5.03+093 5.18+0.96 543+091 <0001
LDL-C (mmol/L) 283+074 3.00+0.79 298+0.82 2.89+0.78 <0001™
TG (mmol/L) 211+1.19 1524071 1304054 1.10+0.594 <0001
TP (g/L) 71.80+4.104 71744385 71934393 72154399 0011"
Alb (g/L) 44334256 44.66+2.43 44.77+2.48 4508+2.51 <0001
Hb (g/L) 130.01+1247 130.51+11.96 131.12+10.74 130.06+11.15 0015
Globulin (g/L) 27474372 27.07+3.34 27.16+3.34 27.06+3.20 <0.001™
TB (umol/L) 10.11+3.93 10.55+4.14 10.84+4.33 11.07+4.10 <0001
Direct bilirubin (umol/L) 2.36+0.83 2.39+0.83 244+086 243+0.84 0018
Indirect bilirubin (umol/L) 7744343 8.16+3.60 839+3.80 864+3.58 <0.001™
ALT (U/L) 17.50 (13.20-24.20) 1630 (12.30-21.70) 15.800 (12.20-2095)  15.20 (11.90-20.57) <0001™"
AST (U/L) 217441084 20.92+825 21354869 218741072 0014
Transglutaminase (U/L) 19.40 (14.80-26.70) 17.30 (13.60-23.30) 16.50 (13.10-22.30) 1550 (12.70-20.40) <0001™
ALP (U/L) 724942225 69.82+24.49 68.74+22.06 64.56+19.37 <0001
FBG (mmol/L) 537+138 516+1.03 510+1.04 500+0.94 <0001™"
Serum potassium (mmol/L) 4.19+0.06 4.19+0.07 4.194+0.07 4.194+0.08 0413
Serum chlorine (mmol/L) 105.80+0.53 105.82+0.54 105.83+0.57 10580061 0321
Serum calcium (mmol/L) 2.35+0.02 235+0.02 2354002 2354002 0.066
Serum creatinine (umol/L) 5598+ 11.01 56.71+10.73 573941066 5838+9.18 <0001
UA (umol/L) 295.53+67.99 283.34+6321 2759546192 26743+57.24 <0.001™
Serum phosphorus (mmol/L) 1.17+0.03 1.17+£0.02 1.17+0.02 1.17£0.03 0.256
GH (%) 5.96+0.77 5.84+0.64 5.78+0.59 576+058 <0001
BMD (mg/cm?) 123.94+42.86 124.83+4329 125.76+4265 12822+4173 0018

HDL-C, high-density lipoprotein cholesterol; BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure; TC, total cholesterol; LDL-C, low-
density lipoprotein cholesterol; TG, triglycerides; TP, total protein; Alb, albumin; Hb, Hemoglobin; TB, total bilirubin; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; ALP, alkaline phosphatase; FBG, fasting blood glucose; UA, uric acid; GH, glycosylated hemoglobin; BMD, bone mineral density; n, number of

subjects; %, weighted percentage
P<0.001

ok

*P<0.05,"P<0.01,

creatinine, uric acid (UA), blood phosphorus, and glyco-
sylated hemoglobin (GH). Blood glucose and lipid levels
were assessed using an Olympus® AU 5400 automated
biochemistry analyzer (Olympus Corporation, Japan,
Shizuoka Prefecture). The remaining indicators were

evaluated using standard laboratory techniques.

BMD measurement
Low-dose chest CT scans constituted a component of the
participants’ routine health assessments, and measure-
ments of BMD were derived from standard examination
images, thus obviating any additional radiation exposure

for the participants. The CT scans for each participant
were executed using uniform parameters.
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Fig. 3 Distribution histogram of HDL-C. (A) all participants; (B) all males; (C) all females; HDL-C, high-density lipoprotein cholesterol

Volumetric BMD (vBMD) measurements were con-
ducted employing Mindways quantitative computed
tomography (QCT) Pro (Mindways Software, Inc., Aus-
tin, TX, USA). Specifically, trabecular vBMD (mg/cm?) of
the lumbar vertebrae (L1-L2) was assessed utilizing asyn-
chronous BMD calibration and QCT Pro analysis (Mind-
ways Software Inc., Austin, United States). Each vertebra
underwent three measurements, and the resultant aver-
age of these three measurements was deemed the BMD
for each individual vertebra. The final BMD value was
computed as the average of the measurements for both
vertebrae. Radiologists who had received specialized
training conducted all analyses using QCT software. It is
worth noting that a previously published study validated
the suitability of this approach for Chinese individuals
[16].

To ensure consistent quality control throughout the
research, routine calibration and cross-comparisons
among systems were upheld, employing the European
Spinal Prosthesis-145 (ESP-145) as a benchmark.

Variables

In this study, BMD was employed as the dependent vari-
able, with HDL-C serving as the independent variable.
The covariates taken into consideration included eth-
nicity, marital status, age, BMI, systolic blood pressure
(SBP), diastolic blood pressure (DBP), TC, LDL-C, TG,
TP, Alb, Hb, globulin, TB, direct bilirubin, indirect bili-
rubin, ALT, AST, glutamine aminotransferase, ALP, FBG,
potassium, chloride, calcium, creatinine, UA, phospho-
rus, and GH.

Statistical analysis

The statistical analysis was carried out using two soft-
ware packages, namely, R and Empower. All data were
tested for normality, with means*standard deviations
indicating normally distributed continuous variables and
medians indicating non-normally distributed continuous
variables. In this assessment, we initially characterized
the participants’ traits by presenting means or medians

with quartiles for continuous variables and proportions
for categorical variables. To address significant varia-
tions within the dataset, both chi-square tests and vari-
ance estimation were employed. The investigation of the
correlation between HDL-C levels and lumbar BMD was
conducted using a multiple linear regression model. Inde-
pendent variables were scrutinized through a stepwise
regression method, with the exclusion of those exhibiting
severe square collinearity. Furthermore, a multivariate
linear regression model was applied to perform subgroup
analyses of the linear association between HDL-C and
lumbar BMD across different sex groups, categorized by
age and BMLI. To discern potential nonlinear relationships
between HDL-C levels and lumbar BMD, a smooth curve
fitting technique and a generalized additive model were
utilized. Objective calculations were employed to identify
inflection points in the correlation between HDL-C and
lumbar BMD, and a two-stage linear regression model
was established on either side of these inflection points.
Statistical significance was established at a two-tailed
P<0.05. The graphic representation depicting the distri-
bution of serum HDL-C levels was generated using Ori-
gin software (Origin Lab, USA, version 2021b).

Result

Baseline characteristics of participants

A total of 20,351 individuals participated in this study,
comprising 13,235 men and 7,116 women. The HDL-C
levels were categorized into quartiles based on sex, with
the following ranges: (male: Q1: 0.45-1.07; Q2: 1.08—
1.22; Q3: 1.23-1.40; Q4: 1.41-3.42. Female: Q1: 0.44—
1.25; Q2: 1.26-1.45; Q3: 1.46-1.66; Q4: 1.67-3.01). The
distribution of BMD across HDL-C quartiles is depicted
in Fig. 2.

Tables 1 and 2 illustrate substantial variations in base-
line characteristics among HDL-C quartiles in both men
and women. Men in the Q4 HDL-C group tended to be
older, married, and exhibited lower height, weight, BMI,
DBP, TG, Hb, ALT, ALP, FBG, UA, GH, and BMD and
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Table 3 Results of univariate analysis of male

Statistics Effect size (B) P value
Male (n=13,235)
Age (year), n (%)
<=45 2,965 (22.40) Reference
>45 10,270 (77.60) -34.85 (-36.11,-33.59) <0001™
Nationality, n (%)
Han nationality 13,145 (99.32) Reference
non-Han nationality 90 (0.68) 3.950(-3.12,11.02) 0.273
Marital status n (%)
Not married 438 (3.31) Reference
Married 12,797 (96.69) -26.26 (-29.48, -23.05) <0.001
High (m) 1724005 66.15 (56.06, 76.25) <0.007
Weight (kg) 753341039 0.39 (0.33,0.44) <0.00
BMI (kg/m?), n (%)
<=24 4,221 (31.89) Reference
>24, <= 28 6,606 (49.91) 2.55(1.23, 3.86) <0001™
>28 2,408 (18.19) 647 (477,817) <0001
DBP (mmHg) 7869+11.79 0.05 (0.01,0.11) 0.020°
SBP (mmHg) 131.01+18.17 -0.29 (-0.33,-0.26) <0001
TC (mmol/L) 480+097 3.21(2.62,3.80) <0001
LDL-C (mmol/L) 2.84+0.79 404 (331,4.77) <0001™
TG (mmol/L) 1964148 2(1.13,1.91) <0001
TP (/L) 71444410 057 (043 0.71) <0001™
Alb (g/L) 45424273 0(291,331) <0001™
Hb (g/L) 151.00+11.13 0.57 (052 062) <0001
Globulin (g/L) 26.02+348 2(-1.29,-0.96) <0001
TB (umol/L) 13.60+5.69 0.02 (-0.08, 0.12) 0.665
Direct bilirubin (umol/L) 320+1.28 -1.03 (—1 48,-0.57) <0001
Indirect bilirubin (umol/L) 10.40+4.80 0(-0.01,0.22) 0.087
ALT (U/L) 2626+18.83 022 (o 19,0.25) <0001
AST (U/L) 2305+11.17 0.09 (0.04,0.14) <0001™
Transglutaminase (U/L) 379143795 0.04 (0.03, 0.06) <0001
ALP (U/L) 68.16+17.97 -0.14(-0.17,-0.11) <0001
FBG (mmol/L) 551+146 -2.26 (-2.65,-1.87) <0001™"
Serum potassium (mmol/L) 423+0.09 87 (-8.34,4.59) 0.569
Serum chlorine (mmol/L) 105.08 +0.66 -0. 50( 1.38,0.37) 0.257
Serum calcium (mmol/L) 2.34+0.02 16.63 (-7.39, 40.65) 0.174
Serum creatinine (umol/L) 75.13+23.03 -0.02 (-0.04,0.01) 0.170
UA (umol/L) 372.00+80.52 0.05 (0.04, 0.06) <0001™
Serum phosphorus (mmol/L) 1.04+0.03 294 (-18.83,24.72) 0.791
GH (%) 596+0.84 544 (-6.13, -4.75) <0001

HDL-C, high-density lipoprotein cholesterol; BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure; TC, total cholesterol; LDL-C, low-
density lipoprotein cholesterol; TG, triglycerides; TP, total protein; Alb, albumin; Hb, Hemoglobin; TB, total bilirubin; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; ALP, alkaline phosphatase; FBG, fasting blood glucose; UA, uric acid; GH, glycosylated hemoglobin; BMD, bone mineral density; n, number of

subjects; %, weighted percentage
"P<0.05, "P<0.01, ""P<0.001

higher TC, LDL-C, Alb, TB, direct bilirubin, and indirect
bilirubin than those in the other subgroups.

In contrast, women in the Q4 HDL-C group tended
to be older, married, taller, and had higher TC, TP, Alb,
TB, direct bilirubin, indirect bilirubin, serum creatinine
and lumbar BMD, whereas body weight, BMI, DBP, SBP,
LDL-C, TG, Hb, globulin, ALT, AST, transglutaminase,

ALP, FBG and GH. The distribution of HDL-C among the
participants is visualized in Fig. 3.

Univariate analysis

The results of the univariate analysis demonstrated that
in the male cohort, lumbar BMD exhibited a negative
correlation with age>45, marital status, SBP, globulin,
direct bilirubin, ALP, FBG, and GH. Conversely, most
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Table 4 Results of univariate analysis of female
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Statistics Effect size (B) P value
Female (n=7,116)
Age (year), n (%)
<=45 1,422 (19.98) Reference
>45 5,694 (80.02) -54.00 (-56.14, -51.86) <0001™
Nationality n (%)
Han nationality 7,000 (98.37) Reference
non-Han nationality 116 (1.63) 3.828(-3.99,11.65) 0.337
Marital status n (%)
Not married 171 (2.40) Reference
Married 6,945 (97.59) -42.87 (-49.27,-36.48) <0001
High (m) 1.59+0.05 164.9 (147.16, 182.81) <0001
Weight (kg) 60.16+8.20 -0.21 (-0.34,-0.09) <0001
BMI (kg/m?), n (%)
<24 4,135 (58.11) Reference
>=24,<28 2,348 (32.99) -10.05(-12.19,-7.92) <0001™
>=28 633 (8.90) -17.78 (-21.31,-14.24) <0001
DBP (mmHag) 721241153 -0.56 (-0.65, -0.48) <0001
SBP (mmHg) 1258242062 -0.77 (-0.82,-0.73) <0001
TC (mmol/L) 5.10+097 570 (-6.71, -4.69) <0001
LDL-C (mmol/L) 293+0.78 545 (-6.71,-4.21) <0001™
TG (mmol/L) 150087 -7.90 (-9.02, -6.78) <0001
TP (g/L) 7191+3.96 -0.03 (-0.28,0.21) 0.784
Alb (/L) 44724251 1.70 (131, 2.09) <0001™
Hb (g/L) 13043+11.60 -0.54 (-0.62, -0.45) <0001
Globulin (g/L) 27.19+341 -0.96 (-1.25,-0.67) <0001
TB (umol/L) 1065 +4.14 -0.30 (-0.54, -0. 06) 0012"
Direct bilirubin (umol/L) 2414084 -2.78(-3.95,-161) <0001
Indirect bilirubin (umol/L) 8.24+3.62 -0.24 (-0.52, OOZ) 0.076
ALT (U/L) 194441425 -0.23 (-0.30,-0.16) <0001
AST (U/L) 21.47+969 -0.64 (-0.74, -0. 54) <0001™
Transglutaminase (U/L) 21.76+20.36 -0.16 (-0.21,-0.11) <0001
ALP (U/L) 68.84+2229 -0.69 (-0.73, -0. 65) <0001
FBG (mmol/L) 516+1.11 -7.36 (-8.24, -6.49) <0001™"
Serum potassium (mmol/L) 4.194+0.07 -9.35(-22.73,4.04) 0.171
Serum chlorine (mmol/L) 105.82+0.56 -0.01 (-1.75,1.75) 0.998
Serum calcium (mmol/L) 2354002 -101.74 (-145.90,-57.59) <0001™
Serum creatinine (umol/L) 57.14+1044 -0.50 (-0.60, -0.41) <0001
UA (umol/L) 280.33+63.43 -0.08 (-0.10, -0.07) <0001™
Serum phosphorus (mmol/L) 1.17+0.03 -16.64 (-52.59,19.31) 0.364
GH (%) 584+065 -14.48 (-15.96,-13.01) <0001

HDL-C, high-density lipoprotein cholesterol; BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure; TC, total cholesterol; LDL-C, low-
density lipoprotein cholesterol; TG, triglycerides; TP, total protein; Alb, albumin; Hb, Hemoglobin; TB, total bilirubin; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; ALP, alkaline phosphatase; FBG, fasting blood glucose; UA, uric acid; GH, glycosylated hemoglobin; BMD, bone mineral density; n, number of

subjects; %, weighted percentage
"P<0.05, "P<0.01, ""P<0.001

of the other factors demonstrated a positive correlation
(Table 3). Conversely, in the female cohort, lumbar BMD
displayed a positive correlation with height and Alb. In
contrast, the remaining significant factors exhibited a
negative correlation with lumbar BMD (Table 4).

Relationship between HDL-C and lumbar BMD

The results of the multiple regression analysis, as pre-
sented in Table 5, indicated that in the male cohort, there
was a negative correlation with lumbar BMD in the unad-
justed model (B = -7.03, 95% CI -9.18 to -4.84, P<0.001).
After adjusting for covariates, this negative correlation
remained highly significant, with significant associa-
tions observed in both Model I (8 =-7.33, 95% CI -9.46 to
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Crude Model Model | Model Il

B (95%Cl) P value B (95%Cl) P value B (95%Cl) P value
Male
HDL-C (mmol/L) -7.03 (-9.18,-4.87) <0.001™ -7.33(-9.46,-5.19) <0001 -8.77 (-11.65,-5.88) <0001
Q1 Reference Reference Reference
Q2 -2.92 (-4.57,-1.27) 0001 -3.05 (-4.69, -1.42) <0001 -2.08 (-3.66, -0.50) 0.009”
Q3 371 (-5.36,-2.07) <0001™ -3.92 (-5.55,-2.29) <0001™" 222 (-4.21,-0.23) 0.029"
Q4 -551(-7.14,-3.88) <0001 -5.83 (-7.45,-4.22) <0001™" -232(-532,067) 0.129
P for trend <0001 <0001 0.082
Female
HDL-C (mmol/L) 419(1.01,7.36) 0.009™ -1.96 (-4.11,0.18) 0.073 -4.77 (-8.63,-0.90) 0015
Q1 Reference Reference Reference
Q2 089(-193,3.71) 0.536 -1.71(-361,0.19) 0.078 -0.36 (-2.63, 1.90) 0.752
Q3 1.82 (-1.02, 4.66) 0.209 -1.79(-3.71,0.12) 0.066 1.08 (-1.90, 4.08) 0476
Q4 428 (146,7.09) 0.003" -1.09 (-2.99,0.81) 0.259 369 (-0.77,8.17) 0.105
P for trend 0.002" 0.295 0.146

Crude model adjust for: none
Model | adjust for: age and nationality

Model Il adjust for: age, nationality, marital status, high, weight, BMI, DBP, SBP, TC, LDL-C, TG, TP, Alb, Hb, globulin, TB, direct bilirubin, ALT, AST, transglutaminase,

ALP, FBG, serum calcium, serum creatinine, UA, serum phosphorus, and GH
"P<0.05,"P<0.01, ""P<0.001

-5.19, P<0.001) and Model II (5 =-8.77, 95% CI -11.65 to
-5.88, P<0.001). The negative correlation persisted even
after the conversion of HDL-C from a continuous vari-
able to quartiles in all models, except for participants in
Q4 in Model I1.

Table 6 HDL-C and lumbar BMD were subgroup analyzed and
stratified by age and BMI

Subgroup analysis B (95%ClI) P value P forin-
teraction
Male
Age (year) 0.197
<=45 747 (-13.22,-1.72) 00107
>45 -745(-11.13,-3.77) <0001
BMI (kg/m?) 1.000
<=24 -6.36 (-12.18,-0.53)  0.032"
>24, <= 28 -10.51 (-14.54, <0.001™
-6.47)
>28 -12.14(-19.18, <0.001™"
-5.10)
Female
Age (year) 0.812
<=45 269 (-12.65,7.27) 059
>45 -1.30 (-6.46,3.86) 0621
BMI (kg/m?) 0.093
<=24 -3.23(-838,191) 0218
>24,<=28 -847(-15.29,-1.64) 0.015"
>28 -1.20(-15.07,12.66) 0.864

Each stratification was adjusted for all factors (age, nationality, marital status,
high, weight, BMI, DBP, SBP, TC, LDL-C, TG, TP, Alb, Hb, globulin, TB, direct
bilirubin, ALT, AST, transglutaminase, ALP, FBG, serum calcium, serum creatinine,
UA, serum phosphorus, and GH), except for the stratification factor itself

"P<0.05,"P<0.01,""P<0.001

In contrast, the female cohort exhibited a positive asso-
ciation between HDL-C and lumbar BMD in the unad-
justed model (5=4.19, 95% CI 1.01 to 7.36, P=0.009).
However, after adjusting for all covariates in Model II,
this association became negative (8 = -4.77, 95% CI -8.63
to -0.90, P=0.015). Following the conversion of HDL-C
into quartiles, a significant positive correlation was
observed only for participants in Q4 in the unadjusted
model.

Subgroup analysis

Table 6 presents the results of the subgroup analyses.
Stratified analyses based on age revealed that the relation-
ship between HDL-C and lumbar BMD was influenced
by age exclusively in the male cohort. HDL-C exhibited a
negative correlation with lumbar BMD in men aged >45
(=-7.47,95% CI -13.22 to -1.72, P=0.010) and <=45 (8
= -7.45, 95% CI -11.13 to -3.77, P<0.001). When strati-
fying by BMI, with cut off values of 24 and 28 kg/m? it
was evident that male HDL-C displayed a negative asso-
ciation with lumbar BMD across all BMI strata. Notably,
this effect was most pronounced among individuals with
a BMI greater than 28 kg/m? (8 = -12.14, 95% CI -19.18
to -5.10, P<0.001). Conversely, in the female cohort,
HDL-C exhibited a significantly negative association with
lumbar BMD only within the BMI range of 24—28 kg/m>
(B=-847,95% CI -15.29 to -1.64, P=0.015).

Nonrectilinear relationship analysis

In this study, the results of age- and BMI-stratified
analyses were subjected to segmented linear regres-
sion and smoothed curve fitting (Table 7; Fig. 4). In the
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Table 7 Multivariate regression analysis of the effect of HDL-C on BMD in different gender populations

Linear regression Break <K >K LLR test
point (K)

B (95%CI) B (95%ClI) B (95%CI) P
Male
Age (year)
<=45 -747 (-13.22,-1.72) 0.86 -55.88 (-101.14,-10.62) -6.05(-11.94,-0.15) 0.034
>45 -745(-11.13,-3.77) 1.12 -24.74 (-33.76,-15.72) -3.97 (-8.00, 0.06) <0.001™
BMI (kg/m?)
<=24 -6.36 (-12.18,-0.53) 1.28 -15.56 (-25.64,-5.49) -2.83(-945,3.79) 0.028"
> 24, <=28 -1051 (-14.54,-6.47) 1.09 -24.60(-35.10,-14.11) 743 (-11.98,-2.87) 0.004”
>28 -12.14(-19.18,-5.10) 1.45 -9.64 (-17.73,-1.55) -23.58 (-43.14,-4.02) 0217
Female
Age (year)
<=45 -2.69 (-12.65,7.27) 1.64 -8.44 (-2042,3.53) 537(-8.27,19.02) 0.087
>45 -1.30 (-6.46, 3.86) 135 -13.62 (-23.71,-3.53) 2.85(-3.07,8.79) 0.005"
BMI (kg/m?)
<=24 -3.23(-8.38,1.91) 1.34 -16.55 (-27.87,-5.24) 0.01 (-5.69, 5.70) 0.009”
>24,<=28 -847 (-15.29,-1.64) 1.83 -5.69 (-13.06, 1.67) -30.91 (-54.53,-7.28) 0.050
>28 -1.20 (-15.07, 12.66) 1.02 -52.76 (-139.48, 33.96) 0.21(-13.84,14.28) 0.226

Each stratification was adjusted for all factors (age, nationality, marital status, high, weight, BMI, DBP, SBP, TC, LDL-C, TG, TP, Alb, Hb, globulin, TB, direct bilirubin, ALT,
AST, transglutaminase, ALP, FBG, serum calcium, serum creatinine, UA, serum phosphorus, and GH), except for the stratification factor itself

"P<0.05,"P<0.01,""P<0.001

male cohort, a negative effect of HDL-C on lumbar BMD
was observed, both in individuals under 45 years of age
(HDL-C inflection point: 0.86 mmol/L) and those aged
45 or older (HDL-C inflection point: 1.12 mmol/L).
Notably, the most pronounced negative effect occurred
to the left of the inflection point (Fig. 5A). The greatest
negative effect was observed when BMI was within the
range of 24—28 kg/m? and HDL-C was to the left of the
inflection point (1.09 mmol/L) (5 = -24.60, 95% CI -35.10
to -14.11) (Fig. 5B). Conversely, in women aged over 45, a
segmented U-shaped relationship was identified between
HDL-C and lumbar BMD, with an inflection point at 1.35
mmol/L for HDL-C. To the left of the inflection point,
a negative correlation was observed, while to the right
of the inflection point, a positive correlation was noted
(Fig. 5C). Among women, the most significant negative
effect of HDL-C on lumbar BMD was observed within
the BMI range of 24-28 kg/m? (8 = -8.47, 95% CI -15.29
to -1.64) (Fig. 5D).

Discussion

This study investigated the correlation between HDL-C
and lumbar BMD within the Chinese population utilizing
a substantial sample of consecutive 5-year data from the
same health management center across genders. Upon
adjusting for confounding variables, the research findings
reveal that higher levels of HDL-C are associated with
reduced lumbar BMD in men, regardless of age and BML
Notably, the detrimental effect of HDL-C on lumbar
BMD is most pronounced when BMI exceeds 28 kg/m?
and HDL-C levels are above 1.45 mmol/L. Conversely,

when BMI falls within the range of 24—28 kg/m? HDL-C
exhibits a negative association with lumbar BMD in the
female cohort. This study marks the first to demonstrate
the gender-specific association between HDL-C and lum-
bar BMD in a Chinese population without overt health
issues.

The interplay between lipid metabolism and bone
metabolism has attracted substantial interest. A grow-
ing body of biological and epidemiological evidence has
underscored the connection between cardiovascular dis-
ease and OP, with lipid metabolism serving as an inter-
mediary factor between these two conditions [17]. It is
noteworthy that osteoblasts, chondrocytes, and adipo-
cytes all originate from a common precursor cell, mes-
enchymal stem cells. The direction of differentiation is
governed by the Wnt/B-catenin signaling pathway, and
when this pathway is obstructed, bone marrow stromal
cells tend to differentiate into adipocytes. This mecha-
nism forms the physiological basis for the interdepen-
dence of lipid metabolism and bone metabolism [18].

Cholesterol and its metabolites play a pivotal role in
regulating osteoblast and osteoclast differentiation and
activation, thereby influencing bone homeostasis [19].
HDL-C, as one of the body’s key lipids, is implicated
in various metabolic diseases [20] and is known for its
role in reducing the incidence of cardiovascular disease
through reverse cholesterol transport [21]. Previous stud-
ies have suggested a potential link between HDL-C and
OP [8]. For instance, Kha et al. [22] reported that certain
oxysterols can stimulate osteogenic differentiation of
mesenchymal stem cells, and high levels of HDL-C may
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Fig. 4 Relationship between HDL-C and lumbar BMD. A-C for male, D-F for female. A and D: Each black hollow point exhibits one participant. B, C, E,
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Hb, globulin, TB, direct bilirubin, ALT, AST, transglutaminase, ALP, FBG, serum calcium, serum creatinine, UA, serum phosphorus, and GH were adjusted

remove oxysterols from peripheral tissues, thereby nega-
tively affecting osteogenic differentiation. In addition,
some of the apolipoproteins contained in HDL-C influ-
ence both adipose tissue and bone. An increase in bone
marrow adipocytes also deteriorates the osteogenic func-
tion of bone, thus affecting the process of osteosynthe-
sis [23]. However, the relationship between HDL-C and
BMD remains unclear due to the heterogeneity of stud-
ies, stemming from differing study designs, sampling
methods, controlled confounding variables, and ethnic
distributions that have yet to be harmonized. In this con-
text, investigating the effect of HDL-C on BMD serves as
a crucial step toward providing a fresh foundation for OP
prevention and treatment, as well as offering guidance to
individuals with high HDL-C levels to mitigate OP risk.
After adjusting for covariates, this investigation
revealed a correlation between elevated HDL-C lev-
els and reduced lumbar BMD within the male cohort,
as observed in the multiple linear regression model.
This negative correlation was most pronounced when
BMI>28 kg/m? and HDL-C>1.45 mmol/L. Previous
research has established BMI as a critical intermediary
variable when examining the connection between lip-
ids and BMD [24]. Obesity, typically assessed by BMI,
frequently intersects with lipid metabolism, result-
ing in decreased HDL-C levels [25]. Moreover, there
exists a positive correlation between BMI and BMD

[26]. Consequently, elevated HDL-C levels in obese
males frequently lead to diminished BMD. Cui et al
observed a higher incidence of OP in individuals with a
BMI<18.5 kg/m? than in those with a BMI>18.5 kg/m?,
irrespective of sex [27]. Alternatively, the inverse rela-
tionship between BMD and HDL-C concentration could
be attributed to reduced oxysterol availability at height-
ened HDL-C levels, which could impede the osteogenic
differentiation process of mesenchymal stem cells [22]. A
study conducted by Yang et al., involving 1,040 Chinese
men, unveiled a negative correlation between total lum-
bar BMD and HDL-C levels [28]. These findings align
with the conclusions drawn by Kuipers et al. [29] and
Choi et al. [30]. Furthermore, an analysis including men
aged 20 to 59 based on the 2011-2018 National Health
and Nutrition Examination Survey (NHANES) reported
a U-shaped relationship between HDL-C and lumbar
BMD in males [8]. Another noteworthy result of this
investigation is the persistence of the inverse associa-
tion between HDL-C and BMD in age-stratified analyses,
with 45 years as the pivotal point. This suggests that age
exerts minimal influence on BMD alterations in males.
This suggests that estrogen may mediate the relationship
between HDL-C and lumbar BMD, and estrogen plays
an important role in the regulation of lipid metabolism
and bone resorption. Importantly, estrogen fluctuations
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Fig. 5 Association between HDL-C and lumbar BMD stratified by tertiles of age and BMI. Nationality, marital status, high, weight, DBP, SBP, TC, LDL-C,
TG, TP, Alb, Hb, globulin, TB, direct bilirubin, ALT, AST, transglutaminase, ALP, FBG, serum calcium, serum creatinine, UA, serum phosphorus, and GH were
adjusted. A-B for male, C-D for female. A and C: The relationship between HDL-C and lumbar BMD stratified by age. B and D: The relationship between

HDL-C and lumbar BMD stratified by BMI

are less pronounced in males throughout their lifespan
[31]. Hence, the influence of age on BMD is deemed
insignificant.

The most intriguing findings within the female cohort
of this study indicate that, after adjusting for confound-
ing factors, multiple linear regression models demon-
strate an adverse correlation between elevated HDL-C
levels and reduced lumbar BMD levels. Stratified analy-
ses unveiled a significant negative correlation between
HDL-C and lumbar BMD within the BMI range of
24-28 kg/m? Nevertheless, when considering the strati-
fied variable of probable age at menopause (45 years) in
the analysis, no discernible correlation emerged between
HDL-C and lumbar BMD. Zhang et al. conducted a

cross-sectional study examining the association between
lipid profiles and BMD in approximately 1,116 Chinese
women aged approximately 30 years. Their findings
revealed a curvilinear relationship between HDL-C and
lumbar BMD, characterized by a negative correlation on
the left side of the inflection point, which was identified
at 2.37 mmol/L [32]. A substantial dataset study from
China identified higher levels of HDL-C as an indepen-
dent risk factor for OP; however, it noted that increasing
age exerts a more substantial adverse effect on BMD in
women [13]. Adami et al. investigated a cohort of 481
women, aged 68-75 years, recruited from the commu-
nity, and observed a negative association between their
lumbar BMD and HDL-C levels [33]. Conversely, data
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based on 958 postmenopausal Korean women exhibited
no significant association between serum lipid profiles,
including HDL-C, and BMD [34]. Similarly, another
study involving 170 women aged 50-70 years in Iran also
reported no significant correlation between HDL-C and
BMD ([35]. While prior research has indicated that the
use of hormone replacement therapy in postmenopausal
women is linked to elevated HDL-C and BMD levels [36],
the present study’s data did not provide support for this
association, possibly due to the hereditary characteristics
shared by HDL-C and BMD [37]. In contrast, Xie’s study
reported a positive association between HDL-C and lum-
bar BMD in American women aged 20 to 59 years [8].

Divergent conclusions regarding the association
between HDL-C and lumbar BMD in women may be
attributed to variations in researchers’ choice of study
variables. Additionally, interpreting this relationship in
the female population is challenging due to their unique
physiological attributes. Notably, the advantage of a
larger sample size in the current study lends greater cred-
ibility to the evidence regarding the association between
HDL-C and lumbar BMD. However, the causal relation-
ship between HDL-C and lumbar BMD cannot be known
in this study, which is also the direction of our future
research.

Study strengths and limitations

In contrast to preceding investigations, this study elected
to include individuals categorized as apparently healthy,
rendering the findings notably applicable to the broader
population. Additionally, the study’s substantial sam-
ple size facilitated subgroup analyses based on age and
BMI within diverse gender cohorts. While the current
study diligently considered and effectively adjusted for
confounding factors, certain limitations persist: First,
the inherent constraints of cross-sectional studies pre-
clude the establishment of a causal relationship between
HDL-C and lumbar BMD in this investigation. Second,
the unavailability of endocrine indicators, including sex
hormones, for most participants can be attributed to
variations in the participants’ health screening programs.
Consequently, this facet of the results could not be inte-
grated into the covariate analysis. Last, it is worth not-
ing that the study’s reliance on a sample derived solely
from a single health management center resulted in a
high degree of homogeneity within the sample. How-
ever, this homogeneity diminishes the generalizability of
the study’s conclusions. Therefore, it is advisable to cor-
roborate the findings of this study through comparative
analyses conducted in a multicenter health management
context.
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Conclusion

Our study has identified that elevated levels of HDL-C
can influence bone loss in a Chinese population aged 20
to 80 years. This decrease in BMD was particularly prom-
inent among obese men. Furthermore, women with a
BMI ranging from 24 to 28 kg/m? also exhibited a signifi-
cant reduction in BMD. Consequently, individuals with
elevated HDL-C levels should undergo regular clinical
monitoring to reduce the risk of OP.
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