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Background: Osteoporosis (OP) is a major metabolic bone disease with significant health and socioeconomic impacts. The
triglyceride-glucose (TyG) index and its derivatives, which reflect insulin resistance (IR), may play a role in bone metabolism.
However, the relationship between TyG indices and OP is unclear. This study aimed to explore the association between TyG indices
and OP in a low-income rural Chinese population.

Methods: This cross-sectional study was conducted in rural Tianjin, China, in 2020. Participants aged 60 years or older were
included. Data were collected through interviews, including sociodemographic and clinical information, and physical examinations.
Bone mineral density (BMD) of the femoral neck was measured using dual-energy X-ray absorptiometry (DXA). Multivariate
regression models and restricted cubic spline (RCS) curves were used to assess the relationships between TyG indices and OP.
Results: A total of 437 individuals were included in the final analysis, with 38 diagnosed with osteoporosis (prevalence of 8.7%).
After adjusting for all covariates, each 1-unit increase in triglyceride-glucose-body mass index (TyG-BMI) was associated with a 2%
lower risk of osteoporosis, (OR: 0.98, 95% CI: 0.96-1.00, P=0.029), especially in women, individuals with hypertension, and non-
diabetic populations. The OP risk of the fourth quartile (Q4) of the triglyceride-glucose-waist circumference (TyG-WC) index after
correcting for all covariates is 5.58 times that of the first quartile (Q1)(OR: 5.58, 95% CI: 1.14-27.41, P=0.034). Linear regression
showed a positive correlation between TyG-BMI and BMD, particularly in women, individuals under 70, and those with hypertension
or non-hypertension, with the strongest correlation in the non-hypertensive group.

Conclusion: TyG-related indices are associated with OP, suggesting a potential role in the early prevention and management of
osteoporosis in this population, ultimately improving public health outcomes.
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Introduction

Osteoporosis (OP) is a metabolic bone disease characterized by low bone mass and the deterioration of bone tissue
microarchitecture, leading to reduced bone strength and an increased risk of low-energy or fragility fractures.! The
prevalence of OP is significantly higher in developing countries than in developed countries, with urban areas showing
slightly higher rates than rural regions.? Approximately 10 million Americans over the age of 50 suffer from OP, with an
estimated 1.5 million fragility fractures occurring annually.® The prevalence of OP in Chinese adults aged 60 and older is
37.7%, increasing with age.* A recent large-scale cross-sectional study” conducted in China revealed that the prevalence of
OP among individuals aged 40 years and older was 5.0% in men and 20.6% in women. In 2010, OP ranked as the third
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leading risk factor for injuries in China,® indirectly contributing to an increase in mortality rates. By 2025, the annual direct
costs of OP are projected to reach approximately $25.3 billion.” The average hospitalization cost for osteoporotic fractures
(OPF) in China is 27,561.27 yuan, with women being the most affected, posing a significant socioeconomic burden.®

OP commonly affects the spine, hip (including the femoral neck), lumbar spine, distal radius (wrist), and proximal
humerus (upper arm), with the femoral neck being the most dangerous and potentially lethal fracture, described as is the
most common type of hip fracture, often referred to as the “last fracture in life” in older adults.”'® BMD is the primary
method for diagnosing OP,'" with lower BMD levels associated with higher OP risk. Elevated serum triglyceride (TG)
levels are negatively correlated with Bone mineral density (BMD), while high glucose levels and advanced glycation end
products (AGEs) increase the expression of sclerostin, a negative regulator of bone formation.'? Insulin signaling plays a
critical role in regulating bone marrow metabolism, suggesting a link between insulin resistance (IR) and bone health.'*"'*
The triglyceride-glucose (TyG) index, derived from fasting blood glucose (FBG) and TG, is considered a reliable marker
for IR.">'° Obesity plays a vital role in OP development,'” and the TyG-BMI and TyG-WC indices, which combine the TyG
index with obesity measures such as body mass index (BMI) and WC, are good predictors of IR.'®'?

Association of TyG index with BMD is controversial. A cross-sectional study found that the TyG index was negatively
correlated with femoral neck BMD in non-diabetic men and women, with the strongest correlation observed in women with a
BMI < 23 kg/m2.?° Similarly, the TyG index was significantly associated with lower bone mass and increased risk of OP in the
femur, hip, and lumbar spine.*' In the US, the TyG index was negatively correlated with BMD, although no significant
interaction was observed between gender, age, or diabetes status.** In non-diabetic US adults, a significant positive correlation
was found between the TyG-BMI index and femoral BMD, with higher TyG-BMI levels associated with a lower risk of OP,
especially in postmenopausal women over 40 and men over 60. In middle-aged and elderly non-diabetic Chinese
individuals, the TyG-BMI index was positively correlated with femoral neck BMD and negatively associated with fracture
risk in both men and women.?* Xuan X. et al*> concluded that there is a non-linear association between the TyG-BMI index
and femoral neck BMD in non-diabetic patients, with stronger correlations observed at higher TyG-BMI levels. The previous
study observed positive correlations between the TyG-BMI and TyG-WC indices and BMD, with regression coefficients
decreasing beyond certain thresholds,?® differing from other studies but consistent with findings in HIV-infected individuals.?’
Some studies found no association between the TyG index and BMD or OP.2%°

However, research on the TyG-BMI index has primarily focused on non-diabetic populations, while studies on the
TyG-WC index are scarce, as well as most data are derived from public databases or hospitalized patients, with no studies
reporting on rural populations. Previous studies have predominantly focused on either OP or BMD as single outcomes.
To gain a more comprehensive understanding of the impact of the TyG index on bone health, we have chosen OP as the
primary outcome and BMD as the secondary outcome, thereby corroborating our findings from different perspectives.

Therefore, we aim to evaluate the relationship between the TyG index, its derivative indices, and OP or BMD in the
femoral neck of a low-income rural Chinese population through a cross-sectional study.

Methods
Study Population

This cross-sectional study selected participants from a low-income, low-education population in rural Tianjin, China in
2020. Individuals aged 60 and older (all females were postmenopausal) without malignancies, thyroid or parathyroid
dysfunction, or other diseases affecting bone metabolism were invited to participate. After excluding individuals with
incomplete BMD, TG, and FBG data, a total of 437 individuals were included in the final study. The study adhered to the
principles of the Declaration of Helsinki and was approved by the Ethics Committee of Tianjin Medical University
General Hospital (approval number: IRB2018-100-01). All participants provided written informed consent.

Data Collection

Sociodemographic and clinical information was collected through face-to-face interviews conducted by trained research-
ers. The data included name, gender, age, years of education, age at which the participant began working, smoking and
drinking habits, and history of diabetes and hypertension. Laboratory data included TG, FBG, total cholesterol (TC),
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high-density lipoprotein (HDL), and low-density lipoprotein (LDL). All participants underwent physical examinations,
during which they wore light, loose-fitting clothing. Weight was measured using a standard scale, height was measured
while participants stood straight, and WC was measured at the midpoint between the iliac crest and the lowest rib using a
flexible measuring tape. All measurements were recorded by the same researcher to minimize systematic error.

BMD Assessment

BMD of the femoral neck was measured using dual-energy X-ray absorptiometry (DXA), and T-scores were recorded
(ASY-00409, Hologic, MA, USA).>* T-score is defined as patient measured BMD (in g/cm) value minus the reference
BMD value (sex-matched, young adult reference population) divided by the reference standard deviation(SD). (sex-
matched, young adult reference population).®’ According to the World Health Organization’s diagnostic criteria for
individuals aged 50 and above, OP is defined as a T-score < —2.5.*

Definitions and Groupings

Hypertension was defined as systolic blood pressure (SBP) > 140 mmHg and/or diastolic blood pressure (DBP) > 90 mmHg,
or a self-reported history of antihypertensive medication use.* Diabetes was defined as HbA 1¢ > 6.5% (> 48 mmol/mol), FPG
> 126 mg/dL (= 7.0 mmol/L), or a 2-hour postprandial glucose > 200 mg/dL (= 11.1 mmol/L) during an oral glucose tolerance
test (OGTT), or a self-reported history of diabetes or use of anti-diabetic medication.** BMI was calculated as weight in
kilograms divided by height in meters squared (kg/m?). Underweight was defined as BMI < 18.5 kg/m?, normal weight as 18.5
< BMI < 24 kg/m?, overweight as 24 < BMI < 28 kg/m?, and obesity as BMI > 28 kg/m2.**> The TyG index and its related
indices were calculated using standardized formulas: TyG = In[TG (mg/dL) x FPG (mg/dL) / 2]; TyG-BMI = TyG x BMI;
TyG-WC = TyG x WC.*¢ Participants were grouped into quartiles based on these indices.

Statistical Analysis

According to Kolmogorov-Smirnoff test and Shapiro—Wilk test, the normality of continuous variables in the non-osteoporosis
group and the osteoporosis group were tested respectively, and the normal distribution histogram was used to judge.
Continuous variables were expressed as means and SD or medians (interquartile ranges) and compared using Student’s
t-test or the Mann—Whitney U-test. Categorical variables were presented as frequencies and percentages, with comparisons
made using chi-square tests. Multivariate logistic regression was used to examine the relationship between TyG-related
indices and OP. Subgroup analyses based on variables from the univariate analysis were performed to further explore the
relationship between TyG-related indices and OP in different population subgroups. The relationship between indices and OP
was expressed using adjusted odds ratios (OR) and 95% confidence intervals (CI). Linear regression models were used to
verify the associations between TyG-related indices and BMD. For linear indices, multivariate linear regression was employed
to confirm correlations, and subgroup analyses were performed based on age, gender, diabetes, and hypertension status.
Standardized regression coefficients (B) and 95% ClIs were used to express linear correlations. For non-linear indices,
restricted cubic spline (RCS) curves were used to explore dose-response relationships between the indices and BMD. The
number of knots was determined using the Bayesian Information Criterion (BIC). In the RCS graphs, bold lines represent point
estimates of regression coefficients, and shaded areas represent 95% Cls. Statistical significance was set at P < 0.05. All
statistical analyses were conducted using SPSS v.27.0.1 software (IBM Corp., Armonk, NY, USA). Flowcharts and forest
plots were generated using GraphPad Software, Inc., San Diego, CA, USA (v.10.2.3), and R Foundation for Statistical
Computing, Vienna, Austria (v.4.2) was used to create RCS curves.

Results

Baseline Demographic Characteristics

A total of 437 participants were included in this study (Figure 1), comprising 184 men (42.1%) and 253 women (43.5%),
with an average age of 67.95 + 6.55 years. The mean BMI of the study population was 25.02 + 3.44, the mean BMD was
0.43 + 0.10, and the mean T-score was —1.35 + 0.85. The TyG index, TyG-BMI index, and TyG-WC index were 8.68 +
0.63, 217.65 + 37.07, and 752.09 + 103.72, respectively (Table 1).
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A total of 626 individuals underlined
the BMD examination in this study.

Exclusion criteria included the following conditions:
(1)Participants were under 60 years old

(2)History of malignancy

(3)Thyroid or parathyroid dysfunction

(4)Other bone metabolism affecting conditions

\ 4

\ A

462 participants who met the inclusion
criteria were inlcuded in the study.

25 participants with insufficient fasting blood
glucose and fasting triglyceride data were excluded.

\ 4

\ 4

Finally,437 participants who met the
inclusion criteria were analyzed in this study

Figure | Flow chat of participants selection.

Notes: a total of 626 individuals underwent BMD examination, with 462 participants meeting the inclusion criteria. Participants who were under 60 years old, had a history
of malignancy, thyroid or parathyroid dysfunction, or other conditions affecting bone metabolism were excluded. Of the 462 eligible participants, 25 were excluded due to
insufficient fasting blood glucose and fasting triglyceride data. Finally, 437 participants were included in the analysis.

Univariate Analysis of Factors Influencing OP

Among the 437 participants, 38 were diagnosed with osteoporosis, representing a prevalence of 8.7%. Univariate analysis
revealed significant associations between osteoporosis and variables such as gender, age, years of education, height,
weight, BMI, and the TyG-BMI index (P < 0.05) (Supplemental Table 1).

Table | Demographic Characteristics Among All Participants

Characteristics Men Women Total
Total, n (%) 184 (42.1) 253 (57.9) 437 (100)
Age, years 68.60 (7.10) 67.47 (6.09) 67.95 (6.55)
Age group, n (%)

< 70 years old 114 (62.0) 170 (67.2) 284 (65.0)

2 70 years old 70 (38.0) 83 (32.8) 153 (35.0)
Years of education, years 5.34 (3.57) 2.47 (3.12) 3.68 (3.61)
Education group, n (%)

llliterate 24 (13.0) 126 (49.8) 150 (34.3)

Primary school 109 (59.2) 103 (40.7) 212 (48.5)

Junior school 30 (16.3) 18 (7.1) 48 (11.0)

High school and above 21 (11.4) 6 (2.4) 27 (6.2)
Height, cm 165.09 (5.84) 154.47 (5.40) 158.94 (7.66)
Weight, kg 67.55 (9.39) 60.24 (9.87) 63.32 (10.31)
Waist, cm 86.64 (7.94) 86.36 (8.61) 86.48 (8.33)
BMI, kg/m? 24.76 (3.03) 25.20 (3.70) 25.02 (3.44)
BMI groups, n (%)

Normal or underweight 72 (39.1) 89 (35.2) 161 (36.8)

Overweight 85 (46.2) 115 (45.5) 200 (45.8)

Obesity 27 (14.7) 49 (19.4) 76 (17.4)

(Continued)
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Table | (Continued).

Characteristics Men Women Total
Smoking history, n (%)
Never smoking 71 (38.6) 247 (97.6) 318 (72.8)
Current smoking 85 (46.2) 6 (2.4) 91 (20.8)
Ever smoking 28 (15.2) 0 (0.0) 28 (6.4)
Drinking history, n (%)
Never drinking 72 (39.1) 251 (99.2) 323 (73.9)
Current drinking 98 (53.3) 2 (0.8) 100 (22.9)
Ever drinking 14 (7.6) 0 (0.0) 14 (3.2)
Hypertension, n (%)
No 31 (16.8) 40 (15.8) 71 (16.2)
Yes 153 (83.2) 213 (84.2) 366 (83.8)
Diabetes, n (%)

No 157 (85.3) 212 (83.8) 369 (84.4)
Yes 27 (14.7) 41 (16.2) 68 (15.6)
Starting working age, years old 1591 (2.71) 15.49 (2.51) 15.67 (2.60)
SBP, mmHg 156.24 (24.01) 157.08 (24.67) 156.73 (24.37)
DBP, mmHg 87.18 (12.22) 83.90 (10.63) 85.28 (11.43)
FBG, mmol/L 5.87 (1.21) 6.00 (1.67) 5.94 (1.50)
TC, mmol/L 4.41 (0.92) 5.02 (0.97) 4.76 (1.00)
TG, mmol/L 1.29 (0.88) 1.67 (1.07) I.51 (1.01)
HDL, mmol/L 1.41 (0.39) 1.50 (0.42) 1.46 (0.41)
LDL, mmol/L * 2.46 (0.78) 2.77 (0.87) 2.64 (0.85)
BMD 0.47 (0.09) 0.40 (0.09) 0.43 (0.10)
T-score —0.98 (0.80) —1.63 (0.78) —1.35 (0.85)
TyG index 8.52 (0.62) 8.79 (0.62) 8.68 (0.63)

TyG index quartile, n (%)
Ql 65 (35.3) 44 (17.4) 109 (24.9)
Q2 53 (28.8) 56 (22.1) 109 (24.9)
Q3 33 (17.9) 77 (30.4) 110 (25.2)
Q4 33 (17.9) 76 (30.0) 109 (24.9)
TyG-BMI index 211.51 (33.89) | 222.11 (38.68) 217.65 (37.07)
TyG-BMI index quartile, n (%)
Ql 54 (29.3) 55 (21.7) 109 (24.9)
Q2 51 (27.7) 58 (22.9) 109 (24.9)
Q3 41 (22.3) 69 (27.3) 110 (25.2)
Q4 38 (20.7) 71 (28.1) 109 (24.9)
TyG-WC index 739.67 (98.66) | 761.12 (106.54) | 752.09 (103.72)
TyG-WC index quartile, n (%)
Ql 56 (30.4) 54 (21.3) 110 (25.2)
Q2 45 (24.5) 64 (25.3) 109 (24.9)
Q3 49 (26.6) 59 (23.3) 108 (24.7)
Q4 34 (18.5) 76 (30.0) 110 (25.2)

Note:(l) * indicates the missing value, including 2| cases of LDL deletion. (2) Continuous variables are

expressed as mean (standard deviation) or medians (interquartile ranges).

Abbreviations: WC, waist circumference; BMI, body mass index; BMD, Bone mineral density; SBP,
systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TG, triglycerides; TC,
total cholesterol; HDL, High density lipoprotein; LDL, Low density lipoprotein; TyG, Triglyceride glucose.

Multivariate Analysis of Factors Influencing OP
After multivariate adjustment, the TyG-BMI index remained significantly associated with osteoporosis in models 1, 2,

and 3. After adjusting for all variables included in the univariate analysis, the risk of osteoporosis decreased by 2% for
every l-unit increase in BMI (OR: 0.98, 95% CI: 0.96-1.00, P = 0.029). The fourth quartile (Q4) of the TyG-WC index
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was significantly associated with osteoporosis in models 2 and 3, with a 5.58-fold higher risk of osteoporosis compared
to the first quartile (Q1) (OR: 5.58, 95% CI: 1.14-27.41, P = 0.034). No significant association was found between the
TyG index, its quartiles, or the TyG-WC quartiles and osteoporosis (Table 2).

Subgroup Analysis of Factors Influencing OP

Subgroup analysis showed that after adjusting for factors with P < 0.05 in the univariate analysis, women, individuals
with hypertension, and non-diabetic populations had a lower risk of developing osteoporosis. For each 1-unit increase in
the TyG-BMI index, the risk of osteoporosis decreased by 2% (P < 0.05) (Figure 2). No significant associations between
the TyG index or TyG-WC index and osteoporosis were found across gender, age, hypertension, diabetes, or BMI
subgroups (Figures 3 and 4).

Univariate Analysis of Factors Influencing BMD

Linear regression analysis showed that gender, age, years of education, height, weight, BMI, smoking history, drinking
history, and the TyG-BMI index were significantly associated with BMD (P < 0.05). Age and female gender (compared to
male) were negatively correlated with BMD, while the other factors were positively correlated. However, no linear
relationship was observed between the TyG index or TyG-WC index (and their quartiles) and BMD (Supplemental Table 2).

Table 2 Multivariate Analysis for the Prevalence of OP

Characteristics

Model |
RR (95% CIl), P value

Model 2
RR (95% CI), P value

Model 3
RR (95% CI), P value

TyG index

0.64 (0.34, 121), 0.172

0.80 (0.39, 1.67), 0.558

045 (0.13, 1.61), 0.220

TyG index quartile

Ql Reference

Q2 1.23 (0.47, 3.21), 0.680 1.14 (0.41, 3.13), 0.807 1.09 (0.36, 3.29), 0.878

Q3 0.91 (0.34, 2.47), 0.860 1.08 (0.37, 3.15), 0.891 0.89 (0.26, 3.07), 0.854

Q4 0.47 (0.14, 1.59), 0.225 0.70 (0.19, 2.58), 0.594 0.29 (0.04, 2.35), 0.246
TyG-BMI index 0.99 (0.98, 1.00), 0.006 0.98 (0.97, 1.00), 0.028 | 0.98 (0.96, 1.00), 0.029

TyG-BMI index quartile

Ql Reference

Q2 1.12 (0.46, 2.74), 0.806 1.35 (0.48, 3.81), 0.569 1.23 (0.40, 3.73), 0.720

Q3 0.75 (0.29, 1.97), 0.562 0.95 (0.28, 3.25), 0.928 0.76 (0.19, 3.09), 0.700

Q4 0.38 (0.12, 1.18), 0.095 0.60 (0.12, 3.05), 0.542 0.57 (0.09, 3.52), 0.549
TyG-WC index 1.00 (0.995, 1.004), 0.895 | 1.00 (1.00, 1.01), 0.529 1.00 (0.99, 1.01), 0.880

TyG-WC index quartile

Ql Reference

Q2 1.57 (0.57, 4.31), 0.382 2.00 (0.68, 5.88), 0.211 1.64 (0.53, 5.11), 0.393
Q3 1.37 (0.40, 4.70), 0.616 1.99 (0.53, 7.40), 0.307 1.69 (0.41, 6.93), 0.464
Q4 3.35 (0.92, 12.19), 0.066 | 6.42 (1.55, 26.63), 0.010 | 5.58 (1.14, 27.41), 0.034

Notes: (1) Model | is the variable with P < 0.05 among the single adjustment factors; Model 2 is a variable with P < 0.5 among the single
factors; Model 3 is to adjust all variables in a single factor. (2) Bold fonts indicate P < 0.05, with significant differences in statistical results.

https:

1450 Diabetes, Metabolic Syndrome and Obesity 2025:18


https://www.dovepress.com/article/supplementary_file/505024/505024-revised-supplementary-table-1-2.docx

Jia etal

Subgroups Mean (SD) Adjusted OR (95%Cl) P value
Men 211.51(33.89) 0.99(0.93-1.04) e 0611
Women 222.11(38.68) 0.98(0.97-1.00) o 0.036
<70years 220.29(36.81) 0.98(0.96-1.00) o] 0.110
=T70years 212.74(37.19) 0.98(0.96-1.00) o 0.095
Hypertesion 220.40(36.95) 0.98(0.96-1.00) o 0.042
No hypertesion 203.45(34.59) 0.97(0.91-1.03) —— 0.270
Non-diabetics 214.78(36.19) 0.98(0.97-1.00) o 0.042

1
0.85 0.90 0.95 1.00 1.05 1.10
95%0R

Figure 2 Subgroup analysis of TyG-BMI influencing OP.

Notes: The adjusted OR with 95% ClI for various subgroups, including gender, age, hypertension, and diabetes status. The results showed a significant association between
TyG-BMI and OP in women (P = 0.036), individuals with hypertension (P = 0.042), and non-diabetic individuals (P = 0.042). No significant association was observed in men or
individuals aged <70 years.

Subgroups Mean (SD) Adjusted OR (95%Cl) P value
Men 8.52(0.62)  1.98(0.18-21.41) — 0.574
Women 8.79(0.62)  0.78(0.36-1.70) ! 0.535
<70years 8.71(0.66)  0.69(0.27-1.80) p 0.452
=70years 8.61(0.58)  0.84(0.27-2.67) Y 0.773
Hypertesion 8.71(0.63)  0.88(0.39-1.98) » 0.759
No hypertesion 8.52(0.64)  0.37(0.03-4.30) o 0.428
Non-diabetics 8.59(0.58)  0.76(0.35-1.68) " 0.502
Normal or underweight 8.49(0.57)  1.21(0.41-3.59) - 0.737
Overweight 8.72(0.64)  0.56(0.15-2.08) * 0.390
Obesity 8.95(0.62)  0.98(0.06-15.02) e 0.986

T 1 1 1 11

-5 0 510152025

95%0R

Figure 3 Subgroup analysis of TyG influencing OP.
Notes: The adjusted OR with 95% CI for various subgroups, including gender, age, hypertension, and diabetes status. No significant associations were found in any of the
subgroups.

Subgroups Mean (SD) Adjusted OR (95%Cl) P value
Men 739.67(98.66) 1.01(0.99-1.03) —re— 0.569
Women 761.12(106.54) 1.00(1.00-1.01) e 0.581
<70Qyears 756.01(108.06) 1.00(0.99-1.01) - 0.946
=T70years 744.82(95.07) 1.00(0.99-1.01) e 0.568
Hypertesion 758.71(103.07) 1.00(1.00-1.01) e 0.268
No hypertesion 717.97(101.03) 0.99(1.00-1.01) T 0.380
Non-diabetics 740.28(95.27) 1.00(1.00-1.01) T 0.609
Normal or underweight 679.81(74.07) 1.00(1.00-1.01) e 0.459
Overweight 769.92(81.15) 1.00(0.99-1.01) - 0.855
Obesity 858.81(98.89) 1.00(0.99-1.02) — 0.862

—r 1 1
0.96 0.98 1.00 1.02 1.04
95%0R

Figure 4 Subgroup analysis of TyG-WC influencing OP.
Notes: The adjusted OR with 95% ClI for various subgroups, including gender, age, hypertension, diabetes status and obesity situation. No significant associations were
found in any of the subgroups.
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Multivariate Analysis of TyG-BMI and BMD

After adjusting for factors with P <0.05 in the univariate analysis, the associations between gender, age, TyG-BMI index, and the
Q4 of TyG-BMI with BMD remained significant, with gender being the strongest factor (Table 3). Compared to men, the TyG-
BMI index was negatively correlated with BMD in women (B: —0.347, 95% CI: —0.372, —0.322, P < 0.001). For each 1-year
increase in age, BMD decreased by 0.28 (B: —0.208, 95% CI: —0.210, —0.206, P < 0.001). Each 1-unit increase in the TyG-BMI
index was associated with a 0.15 increase in BMD (B: 0.150, 95% CI: 0.1498,0.1502, P <0.001). Subgroup analysis showed that
the associations remained significant in women, individuals under 70, and those with or without hypertension or diabetes, with
the strongest association observed in the non-hypertensive group (P < 0.05) (Table 4).

Non-Linear Analysis of TyG Index and TyG-WC Index With BMD

No linear relationship was found between the TyG index, TyG-WC index, and BMD in univariate analysis (Figures 5SA and 6A).
Further exploration using RCS curves showed no significant non-linear associations between the indices and BMD, even after
sequential adjustment for age, gender, education level, BMI (Figures 5B and 6B), smoking history, drinking history, hyperten-
sion, diabetes (Figures 5C and 6C), and laboratory indicators such as TC, HDL, and LDL (Figures 5D and 6D).

Table 3 Multivariate Analysis for the Prevalence of BMD

Characteristics Reference B (95% CI) P value
Gender

Women Men —0.347 (-0.372, -0.322) | <0.001
Age, years —0.208 (—0.210, —0.206) <0.001
Years of education, years 0.080 (0.078, 0.082) 0.103
Smoking history

Current smoking Never smoking —0.034 (0.063, —0.005) 0.599

Ever smoking —0.032 (—0.079, 0.015) 0.596
Drinking history

Current drinking Never drinking 0.060 (0.029, 0.091) 0.372

Ever drinking 0.081 (0.020, 0.142) 0.150
TyG-BMI index 0.150 (0.1498, 0.1502) <0.001
TyG-BMI index quartile

Q2 Ql 0.021 (—0.214, 0.256) 0.688

Q3 0.071 (—0.164, 0.306) 0.187

Q4 0.113 (-0.122, 0.348) 0.038

Notes: Bold fonts indicate P < 0.05, with significant differences in statistical results.

Table 4 Subgroup Analysis for the Prevalence of BMD

Subgroup Average Value (SD) Adjust B (95% CI) P Value
Men 211.51 (33.89) 0.137 (0.1366, 0.1374) 0.067
Women 222.11 (38.89) 0.170 (0.1697, 0.1703) 0.006
< 70 years old 220.29 (36.81) 0.167 (0.1667, 0.1673) 0.004
2 70 years old 212.74 (37.19) 0.133 (0.1291, 0.1369) 0.084
Hypertension 220.40 (36.95) 0.121 (0.1185, 0.1235) 0.014
Non-hypertension 203.45 (34.59) 0.340 (0.3394, 0.3406) 0.003
Diabetes 233.19 (38.22) 0.101 (0.1006, 0.1014) 0.359
Non-diabetic 214.78 (36.19) 0.158 (0.1577, 0.1583) 0.001

Notes: Bold fonts indicate P < 0.05, with significant differences in statistical results.
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Figure 5 Relationship between the TyG index and the risks of BMD.

Notes: The nonlinear relationship between the TyG index and BMD.The inflection points are 8.63 for Panel A and 8.62 for Panels B, C, and D. (A) Relationship between the
TyG index and the risk of OP in a univariate analysis. The overall P value is 0.360, and the nonlinearity P value is 0.863. (B) Relationship between the TyG index and the risk
of BMD, adjusted for age, sex, education level, and body mass index. The overall P value is 0.014, and the nonlinearity P value is 0.147. (C) Relationship between the TyG
index and the risk of OP, further adjusted for smoking history, drinking history, hypertension, and diabetes on the basis of Panel B. The overall P value is 0.019, and the
nonlinearity P value is 0.110. (D) Relationship between the TyG index and the risk of BMD, further adjusted for TC, HDL, and LDL on the basis of Panel C. The overall P
value is 0.056, and the nonlinearity P value is 0.279.

Discussion

The purpose of this study was to evaluate the relationship between TyG-related indices and bone health in a rural Chinese
population, and to determine whether TyG-related indices can serve as independent predictors of OP risk as the primary
outcome, with BMD as a supplementary secondary outcome. We found that the TyG-BMI index serves as a protective
factor against OP, particularly in women, hypertensive individuals, and non-diabetic populations, where the risk of OP is
lower. The TyG-BMI index and its Q4 were positively associated with BMD, especially in women, individuals under 70,
those with or without hypertension, and non-diabetic populations, with the strongest correlation observed in non-
hypertensive individuals. After multivariate adjustment, the Q4 of the TyG-WC index was associated with a higher
risk of OP. No significant correlations were observed between the TyG index and either BMD or OP, even after
stratifying by age, gender, BMI, hypertension, or diabetes. These findings suggest that the TyG-BMI index has a
protective effect against OP, while the TyG-WC index is a risk factor, with varying degrees of association across
different populations.

Osteoporotic fractures are the most severe complications of OP, with common sites including vertebral bodies, hips,
distal forearms, and proximal humerus.?” Severe cases can lead to vertebral compression fractures, which in turn cause
height loss and kyphosis, leading to spinal deformities. The presence of OP leads to local mechanical risks and poses
significant challenges for the prognosis of vertebral fractures and related surgeries.>® Insulin signaling regulates
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Figure 6 Relationship between the TyG-WC index and the risks of BMD.

Notes: the nonlinear relationship between the TyG-WC index and the risk of BMD. The inflection points are 743.96 for Panel A and 743.71 for Panels B, C, and D. (A)
Relationship between the TyG-WC index and the risk of BMD in a univariate analysis. The overall P value is 0.176, and the nonlinearity P value is 0.677. (B) Relationship
between the TyG-WC index and the risk of BMD, adjusted for age, sex, education level, and body mass index. The overall P value is 0.531, and the nonlinearity P value is
0.619. (C) Relationship between the TyG-WC index and the risk of BMD, further adjusted for smoking history, drinking history, hypertension, and diabetes on the basis of
Panel B. The overall P value is 0.609, and the nonlinearity P value is 0.439. (D) Relationship between the TyG-WC index and the risk of BMD, further adjusted for TC, HDL,

and LDL on the basis of Panel C. The overall P value is 0.915, and the nonlinearity P value is 0.679.

osteoblast bone formation and osteoclast bone resorption, and this connection may affect fracture risk and the develop-
ment of OP by modulating bone turnover markers (such as osteocalcin and tartrate-resistant acid phosphatase), insulin-
like growth factor 1 (IGF-1), and cytokines secreted by adipose tissue in obese patients (such as TNF-o and IL-6).'* The
TyG-related indices, which combine obesity markers as a surrogate for insulin resistance, play an important role in bone
health, but the underlying mechanisms have yet to be fully elucidated.

The correlation between the TyG index, a surrogate marker of IR, and BMD, as well as its role in predicting the risk of OP,
remains controversial. Most cross-sectional studies suggest that the TyG index is negatively correlated with BMD and can act
as a risk factor for predicting OP. Specifically, a study conducted in a non-diabetic, middle-aged, and elderly Korean
population found that both men and women had a negative correlation between the TyG index and femoral neck BMD,
with the strongest association observed in women with a BMI < 23 kg/m?. Similarly, a large prospective study in China
found that the TyG index was significantly associated with lower bone mass and an increased risk of OP in the femur, lumbar
spine, and hip.*' A large-scale prospective cohort study in China also indicated that the TyG index is an independent
influencing factor for osteoporosis.’® However, contrary to these findings, Tian N. et al*® reported a significant positive
correlation between the TyG index and total BMD, with regression coefficients increasing when the TyG index exceeded

9.106. A similar positive correlation was observed in studies of HIV-infected populations.?” Other studies, however, found no
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association between the TyG index, BMD, and OP. For example, Chen H. et al*® reported no significant correlation between
the TyG index and femoral neck BMD or low bone mass. Similarly, a study on postmenopausal women with type 2 diabetes in
Guangzhou found no significant correlation between the TyG index and BMD in the lumbar spine, femoral neck, or hip, nor
with OP.?? Consistent with these findings, our study also did not observe a significant correlation between the TyG index and
femoral neck BMD or OP. This could be due to our small sample size, which may not fully reveal the association, or because
we only examined the femoral neck BMD and OP, which may not reflect overall bone metabolism. Moreover, the mechanisms
underlying the relationship between IR and bone metabolism are not fully understood,'* '* warranting further investigation
into the relationship between the TyG index, BMD, and OP.

Several studies suggest that the TyG-BMI index, which incorporates obesity metrics, is positively correlated with
BMD and may act as a protective factor against OP. Research has shown that a high BMI is associated with higher BMD
and a lower risk of fractures in postmenopausal women, and an increase in BMI is associated with higher femoral neck
BMD in men up to 35 kg/m2.***! Tian N. et al* found a significant positive correlation between the TyG-BMI index and
total BMD, with regression coefficients decreasing when the TyG-BMI index exceeded 193.9265. In non-diabetic US
adults, the TyG-BMI index was positively correlated with femoral neck BMD, with higher TyG-BMI levels associated
with a lower risk of OP, particularly in postmenopausal women over 40 and men over 60.> Similarly, Wen Z. et al**
reported a positive correlation between the TyG-BMI index and femoral neck BMD, and a negative association with
fracture risk in middle-aged and elderly non-diabetic men and women. Xuan X. et al* also found a positive correlation
between the TyG-BMI index and femoral neck BMD in non-diabetic elderly individuals, with consistency across
subgroup analyses by age, blood pressure, and other factors, although no typical dose-dependent positive correlation
was observed across its quartiles. Consistent with previous studies, we also found a positive correlation between the TyG-
BMI index and BMD, and further identified its protective role against OP. Our study further demonstrated that this index
had a significant correlation with BMD in women, individuals under 70, those with or without hypertension, and non-
diabetic populations, with the strongest correlation observed in non-hypertensive individuals. Multiple studies have
shown a significant positive correlation between IR and low bone mass as well as OP, particularly in postmenopausal
women.?""** IR affects BMD and contributes to OP by regulating estrogen levels. Hypertension may lead to calcium loss,
activate inflammatory pathways, and enhance sympathetic nervous system activity, thereby affecting bone mineral
density.*> In this study, the complex effects of women and hypertensive people on bone metabolism amplified the
protective role of TyG-BMI in OP. Meanwhile, the relatively smaller sample size of the non-hypertensive group
intensified the observed correlation. Additionally, we found that the TyG-BMI index served as a protective factor against
OP, especially in women, individuals with hypertension, and non-diabetic populations. This might be related to metabolic
changes associated with hyperglycemia. Research has found that IR has a dual effect on BMD. In diabetic populations,
IR inhibits osteocalcin production, reducing bone turnover, bone strength, and cortical thickness.'* Additionally, Sun W.
W. et al** suggested that a high TyG-BMI index in individuals with type 2 diabetes might be related to impaired bone
turnover, potentially reducing the positive association between the TyG-BMI index and BMD.

Research on the relationship between the TyG-WC index and BMD is limited. Studies have found that WC is more
strongly correlated with the absolute amount of visceral fat or abdominal fat,** and increased visceral fat is significantly
associated with the prevalence of OP. Moderate accumulation of visceral fat may benefit bone health, but excessive
visceral fat could have adverse effects.*® Tian N. et al*® found a significant positive correlation between the TyG-WC
index and total BMD, with regression coefficients decreasing when the TyG-WC index exceeded 667.5304. The TyG
index, when combined with WC, provides a more accurate reflection of the impact of abdominal obesity. Abdominal
obesity may influence bone metabolism through inflammatory responses and the secretion of cytokines by adipose
tissue.*” In our study, we found that the Q4 of the TyG-WC index is a risk factor for OP. However, the nonlinear
relationship between TyG-WC and BMD was not significant in the secondary outcomes. This may be due to the
relatively small sample size of our study, which may cause statistical noise and not fully capture the complex relationship
between TyG-WC and BMD. Nevertheless, these findings provide insights that the impact of TyG-WC on bone
metabolism may vary across different population groups.

This study has several limitations. First, as a cross-sectional study, we could not establish causal relationships
between the TyG index, its derivative indices, BMD, and OP, nor account for factors influencing disease progression.
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Further research is needed to confirm the predictive value of these indices for OP and BMD. Second, our sample size was
relatively small, which limits the generalizability of our findings regarding the association between TyG-related indices
and BMD or OP. This may introduce statistical noise in the nonlinear regression analysis using RCS, necessitating a
larger sample size for more reliable conclusions. Third, we only measured femoral neck BMD, which may have reduced
the prevalence of OP in our sample. Future studies should consider more comprehensive assessments, including hip and
lumbar spine BMD, to enhance the generalizability of the findings. Fourth, there were limitations in our control of
confounding factors that may not fully account for all variables affecting the outcomes. It is important to note that our
study did not include a detailed assessment of participants’ daily outdoor physical activities, dietary habits, dairy
consumption, vitamin D, calcium supplementation, and blood cell counts, 25-OH vitamin D, calcium, ALB, and bone
turnover indices. The absence of this information, which could have provided a more comprehensive understanding of
the factors influencing bone health, may limit the broad applicability of our conclusions. Future research should further
explore these and other potential confounders to enhance the reliability of the findings. Lastly, due to data limitations, we
only evaluated BMD without assessing the relationship between TyG-related indices and bone quality (eg, microstruc-
ture, bone shape). Further studies should explore these aspects.

Conclusions

This study found that the TyG-BMI index is a protective factor against OP, particularly in women, individuals with
hypertension, and non-diabetic populations. The TyG-BMI index is positively associated with BMD, especially in women,
individuals under 70, those with or without hypertension, and non-diabetic populations, with the strongest correlation
observed in non-hypertensive individuals, which proves the reliability of the result from the side. In contrast, the Q4 of
TyG-WC index is arisk factor for OP. Although BMD results do not confirm this point well, it also indicates that the predictive
value of OP by TyG-WC index is a complex non-linear relationship, which is related to the selected population. These findings
enhance our understanding of the relationship between TyG-related indices and bone health and provide clues for future
studies on the relationship between these indices and OP. Monitoring TyG-related indices in hypertensive, non-diabetic
women over 70 may help prevent the risk of OP and improve public health outcomes by enabling earlier treatment.
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