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Aim: This study was to evaluate the association between triglyceride glucose-body mass index (TyG-BMI) and osteoporosis in
patients with type 2 diabetes mellitus (T2DM).

Methods: In this cross-sectional study, 892 patients with T2DM hospitalized at Zhengrzhou Central Hospital between April 2024 and
March 2025 were included. Participants were grouped into TyG-BMI tertiles (T1 <209.31, T2 209.31-243.39, T3 > 243.39). Logistic
regression analysis, subgroup and sensitivity analyses, receiver operating characteristic (ROC) curve analysis, and restricted cubic
spline (RCS) modeling were performed to evaluate the relationship between TyG-BMI and osteoporosis.

Results: After adjusting for potential confounders, each one-unit increase in TyG-BMI was associated with a 1.5% lower odds of
osteoporosis (OR = 0.985, 95% CI: 0.978-0.992). Compared with T1, the odds of osteoporosis were significantly reduced in T2 and
T3 (T2: OR = 0.565, 95% CI: 0.352-0.908; T3: OR = 0.322, 95% CI: 0.167-0.620). Subgroup analyses confirmed that the inverse
association remained stable across most demographic and clinical strata. Sensitivity analyses further supported this trend: participants
in the highest TyG-BMI quartile had a 74.8% lower risk of osteoporosis compared with those in the lowest quartile. Individuals with
TyG-BMI above the median also showed a markedly reduced osteoporosis risk. ROC analysis showed TyG-BMI had a higher
predictive value (AUC = 0.657) for osteoporosis than TyG index (AUC = 0.554) or BMI (AUC = 0.647) alone. RCS analysis indicated
a significant linear negative relationship without evidence of nonlinearity (P for nonlinearity = 0.720).

Conclusion: Higher TyG-BMI levels are inversely associated with the risk of osteoporosis in patients with T2DM.
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Introduction

Osteoporosis is a global public health issue and a systemic skeletal disorder characterized by low bone mass and
deterioration of bone microarchitecture, leading to increased fragility and susceptibility to fractures.' It is defined as
a bone mineral density (BMD) of the femoral neck, measured by dual-energy X-ray absorptiometry (DXA), that is at
least 2.5 standard deviations (SD) below the mean for healthy young women (T-score < —2.5 SD).? As the population
ages, the socioeconomic and medical burden of osteoporosis is expected to rise, particularly in cases of postmenopausal
osteoporosis.® Although postmenopausal osteoporosis is the most common type, secondary osteoporosis—caused by
underlying diseases or medications—also deserves attention, particularly in patients with chronic conditions such as

diabetes, where its prevalence is increasingly recognized.’®
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Diabetes mellitus has increased markedly in recent years, becoming a major chronic disease that threatens human
health. Diabetic osteopathy is a secondary form of osteoporosis that heightens the risk of persistent bone pain and motor
dysfunction, and patients with diabetic osteoporosis have a higher likelihood of fractures and disability compared with
those with primary osteoporosis.* However, the association between type 2 diabetes mellitus (T2DM) and osteoporosis
remains controversial, possibly due to variations in pathogenesis, clinical stage, and environmental factors. Although the
precise pathogenesis has not been fully elucidated, decreased insulin secretion, insulin resistance (IR), hyperglycemia,
altered adipocytokine profiles, and other diabetic complications are recognized as important contributors to bone
metabolism changes in diabetes.’

The prevalence of osteoporosis among patients with T2DM has risen significantly in recent years. A retrospective
cohort study reported that more than 35% of patients with T2DM experienced bone loss, and approximately 20% met the
diagnostic criteria for osteoporosis.® Furthermore, secondary osteoporosis caused by diabetes is often characterized by
varying degrees of bone mass reduction, low BMD, microstructural degradation, and increased bone fragility. Diabetes
may also increase fracture risk and impair fracture healing.” Therefore, timely identification and management of
modifiable risk factors for osteoporosis in patients with T2DM are of great clinical importance to reduce its high
prevalence, prevent excessive fracture risk, and improve prognosis.

Existing evidence indicates that IR plays an important clinical role in the development of osteoporosis, and an
increasing number of studies have demonstrated a significant negative correlation between IR and BMD.*'* For
example, Shin et al assessed IR using the homeostatic model assessment (HOMA-IR) and found that both HOMA-IR
and fasting plasma insulin levels were inversely associated with bone mass.” Similarly, Ahn et al measured femoral neck
width and axial length using hip DXA and calculated composite strength indices by combining BMD, body weight, and
height. Their findings showed that HOMA-IR was negatively correlated with the compression strength index (CSI),
bending strength index (BSI), and impact strength index (ISI).'® In another study, Shah et al reported that patients with
type 1 diabetes mellitus (T1DM) had significantly lower trabecular bone scores (TBS), and that TBS was negatively
associated with several components of metabolic syndrome, including IR."" In contrast, Wang et al evaluated 234 patients
with T2DM using a C-peptide—based modified HOMA-IR and measured lumbar BMD via DXA, and their results
revealed a nonlinear positive association between IR and osteoporosis risk in female patients.'?

The triglyceride—glucose index (TyG index), a surrogate marker of IR, has been widely used in metabolic research
because it is derived from routine clinical tests, is highly reproducible, and easy to calculate.'® For instance, Zhan et al
found that the TyG index was an independent predictor of osteoporosis in patients with T2DM.'* Pan et al also reported
in a study of 220 postmenopausal women with T2DM and osteoporosis that the TyG index was positively associated with
fragility fracture risk, with the high TyG group having a 1.293-fold higher risk compared with the low TyG group.'’
Moreover, a systematic review by Yousefiasl et al demonstrated a significant association between the TyG index and
fracture risk, suggesting that it may serve as a surrogate marker for osteoporosis not only in the elderly but also in the
general population.'®

Although the TyG index reflects IR, it does not account for body fatness, which is an important determinant of bone
metabolism. TyG-BMI combines the TyG index with BMI, allowing it to simultaneously capture glucose—lipid
metabolic dysregulation and adiposity-related metabolic stress, thereby providing a more comprehensive reflection
of the body’s metabolic burden. In addition, excessive adiposity can lead to chronic inflammation, increased bone
marrow adiposity, and oxidative stress, all of which may influence bone remodeling. Higher TyG-BMI levels may also
be associated with suppressed osteoblast differentiation, enhanced osteoclast activity, and abnormal secretion of
adipokines, thereby altering bone turnover. Moreover, TyG-BMI may reflect impairments in osteoblast insulin signal-
ing caused by IR, resulting in reduced bone formation and increased bone resorption. These potential biological
pathways offer a plausible mechanistic basis for the involvement of TyG-BMI in bone metabolism. Compared with the
TyG index alone, TyG-BMI may better represent metabolic factors closely related to bone health. Therefore, based on
this research background, the present study aims to evaluate the association between TyG-BMI and osteoporosis in
patients with T2DM, thereby addressing this gap and providing theoretical evidence for risk monitoring and prognosis
assessment of osteoporosis in T2DM.
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Methods
Study Population

In this single-center, cross-sectional study, 892 patients with T2DM were enrolled at Zhengzhou Central Hospital
between April 2024 and March 2025. The inclusion criteria were: (1) age > 18 years; (2) a confirmed diagnosis of
T2DM according to the American Diabetes Association (ADA) criteria;'’ and (3) complete information regarding the
diagnosis of osteoporosis. The exclusion criteria were: (1) severe hepatic failure (alanine aminotransferase or aspartate
aminotransferase > 5% the upper limit of normal) or renal failure (clinically confirmed uremia); (2) severe hematological
disorders (including clinically diagnosed leukemia or lymphoma); (3) severe immune system diseases; (4) malignant
tumors; (5) missing data on fasting triglycerides (TG), fasting blood glucose (FBG), or BMI; and (6) a history of
fractures. After applying these criteria, 892 patients were included in the final analysis. Since this study adopted
a retrospective cross-sectional design, the sample size was determined by the total number of eligible patients hospita-
lized during the study period. Therefore, no a priori sample size or statistical power calculation was performed. Including
all consecutive eligible cases helped maximize representativeness and minimize selection bias. The study complied with
the principles of the Declaration of Helsinki and was reviewed and approved by the Ethics Committee of Zhengzhou
Central Hospital (ZXYY2024145). As this was a cross-sectional study and all data were anonymized, the requirement for
informed consent was waived by the ethics committee.

Definition and Grouping of TyG-BMI

The TyG-BMI was calculated as the product of the TyG index and BMI, where the TyG index was defined as Ln [fasting
TG (mg/dL) x FBG (mg/dL) / 2]."® Participants were categorized into three groups according to TyG-BMI tertiles: T1 (<
209.31, n = 297), T2 (209.31-243.39, n = 298), and T3 (> 243.39, n = 297); into four groups according to TyG-BMI
quartiles: Q1 (< 199.97, n = 223), Q2 (199.97-224.66, n = 223), Q3 (224.66-255.87, n = 223), and Q4 (> 255.87, n =
223); and into two groups based on the median TyG-BMI value: the low TyG-BMI group (< 224.66, n = 446) and the
high TyG-BMI group (> 224.66, n = 446).

Detection and Evaluation of Osteoporosis

In this study, the diagnosis of osteoporosis was based on T-scores obtained from DXA examinations during hospitaliza-
tion or documented in the patients’ medical history. The T-score reflects the number of SD by which a patient’s bone
density differs from that of a healthy young adult reference population. A T-score within £1 SD is considered normal,
a T-score between —1.0 and —2.5 SD is classified as osteopenia, and a T-score < —2.5 SD is defined as osteoporosis.'’
Based on these diagnostic thresholds, participants were categorized into two groups: those without osteoporosis (n = 772)

and those with osteoporosis (n = 120).

Collection and Definition of Covariates

Demographic data were collected, including age, sex, duration of diabetes, smoking history, and alcohol consumption.
Smoking was defined as any previous regular smoking, regardless of current abstinence, and alcohol consumption was
defined as any prior regular intake of alcoholic beverages, irrespective of current abstinence. Comorbidity data included
hypertension, hyperlipidemia, hyperuricemia, hyperhomocysteinemia, chronic kidney disease (CKD), as well as the use
of antihypertensive and lipid-lowering medications. Hypertension was defined as a prior clinical diagnosis of hyperten-
sion, systolic blood pressure (SBP) > 140 mmHg or DBP > 90 mmHg during hospitalization, or current use of
antihypertensive drugs.”’ T2DM was defined according to the ADA criteria as glycosylated hemoglobin (HbAlc) >
6.5%, FBG > 126 mg/dL (7.0 mmol/L) after at least 8 hours of fasting, or a 2-hour plasma glucose level > 200 mg/dL
(11.1 mmol/L) during an oral glucose tolerance test.'” Hyperlipidemia was defined as TG > 2.3 mmol/L, total cholesterol
(TC) > 6.2 mmol/L, or low-density lipoprotein cholesterol (LDL-C) > 4.1 mmol/L.>' Hyperuricemia was defined as
serum uric acid > 420 pmol/L in men or > 360 umol/L in women.?* Hyperhomocysteinemia was defined as a plasma
homocysteine concentration >10 pmol/L.>* CKD was defined as structural or functional renal impairment lasting > 3
months, with evidence of kidney damage or an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m?
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persisting for > 3 months;** the eGFR was calculated using the Modification of Diet in Renal Disease (MDRD) equation
adapted for the Chinese population.®®

Anthropometric data included height, weight, SBP, DBP, and BMI, which was calculated as weight (kg) / height?
(m?). Laboratory indicators included white blood cell count (WBC), platelet count, C-reactive protein (CRP), creatinine,
uric acid, albumin, TC, TG, HDL-C, LDL-C, serum sodium, potassium, calcium, and phosphorus, as well as HbAlc,
fibrinogen, D-dimer, homocysteine (measured using an enzymatic cycling assay), and 25-hydroxyvitamin D3 (measured
by chemiluminescent immunoassay). All blood markers were measured in the hospital’s central laboratory using standard
assays performed on venous blood samples drawn from the antecubital vein after patients had fasted for at least 8 hours.

Statistical Methods

All continuous variables were tested for normality using the Shapiro—Wilk normality test before analysis. Variables
conforming to a normal distribution were expressed as mean + standard deviation (SD), and differences among the three
groups were assessed using one-way analysis of variance (ANOVA). Continuous variables that did not meet the
assumptions of normality were expressed as median (interquartile range), and differences across groups were evaluated
with the Kruskal-Wallis test. Categorical variables were presented as frequencies (percentages), and group differences
were examined using the chi-square test.

Univariate logistic regression was first conducted to identify factors significantly associated with osteoporosis.
Variables with P < 0.05 were subsequently included in three multivariable logistic regression models to further assess
the relationship between TyG-BMI and osteoporosis. Model 1 was adjusted for age and sex only. Model 2 was adjusted
for age, sex, smoking status, lipid-lowering medications, and duration of diabetes. Model 3 was further adjusted for age,
sex, smoking status, lipid-lowering medications, diabetes duration, TG, HDL-C, uric acid, albumin, eGFR, and 25-
hydroxyvitamin D3. To explore the consistency of the association between TyG-BMI and osteoporosis, subgroup
analyses were performed by age (< 60 or > 60 years), sex (male or female), smoking status (yes or no), duration of
diabetes (< 7 or > 7 years), hypertension (yes or no), hyperlipidemia (yes or no), hyperuricemia (yes or no),
hyperhomocysteinemia (yes or no), and CKD (yes or no). Sensitivity analyses were also conducted to evaluate the
robustness of the findings. The predictive performance of TyG-BMI, the TyG index, and BMI for osteoporosis was
assessed using receiver operating characteristic (ROC) curves and the area under the curve (AUC), while potential
nonlinear associations were examined with restricted cubic spline (RCS) plots. All statistical analyses were performed
using SPSS software version 26.0 (IBM Corp., Armonk, NY, USA) and R software version 4.3.4 (R Foundation for
Statistical Computing, Vienna, Austria). All tests were two-sided, and P values < 0.05 were considered statistically
significant.

Results
Clinical Characteristics by TyG-BMI Tertiles

As shown in Table 1, a total of 892 participants were included in the study, with 297, 298, and 297 individuals assigned
to the T1, T2, and T3 groups, respectively. Significant differences were observed among the three groups in several
clinical characteristics, including age, sex, duration of diabetes, smoking status, hypertension, hyperlipidemia, hyperur-
icemia, use of lipid-lowering medications, BMI, SBP, DBP, FBG, WBC, platelet count, CRP, uric acid, albumin, eGFR,
TC, TG, HDL-C, LDL-C, serum sodium, calcium, HbAlc, D-dimer, homocysteine, 25-hydroxyvitamin Ds, and the
presence of osteoporosis (all P < 0.05). Notably, the prevalence of osteoporosis decreased progressively across higher
tertiles of the TyG-BMI (P < 0.001).

TyG-BMI and Osteoporosis: Multivariate Regression Analysis

As shown in Table 2, TyG-BMI was significantly associated with osteoporosis when analyzed as both a continuous and
a categorical variable. This association remained significant in Model 1, which was adjusted for age and sex, and in
Model 2, which was adjusted for age, sex, smoking status, use of lipid-lowering medications, and duration of diabetes (P
< 0.05). More importantly, in the fully adjusted Model 3—which accounted for age, sex, smoking status, lipid-lowering
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Table | Based on the Clinical Characteristics of the TyG-BMI Tertile Groups

Variables Total Population TI T2 T3 P Value
N 892 297 298 297
Age, years 57.00 (48.00, 65.00) 61.00 (55.00, 68.00) 57.00 (48.75, 66.00) 52.00 (43.00, 60.00) < 0.001
Sex, n (%) 0.019

Male 557 (62.4) 170 (57.2) 184 (61.7) 203 (68.4)

Female 335 (37.6) 127 (42.8) 114 (38.3) 94 (31.6)
Duration of diabetes, years 7.00 (2.00, 13.00) 10.00 (4.00, 16.00) 7.00 (2.00, 14.00) 5.00 (1.00, 10.00) <0.001
Smoking, n (%) 191 (21.4) 47 (15.8) 72 (24.2) 72 (24.2) 0016
Drinking, n (%) 164 (18.4) 42 (14.1) 64 (21.5) 58 (19.5) 0.057
Hypertension, n (%) 525 (58.9) 163 (54.9) 161 (54.0) 201 (67.7) < 0.001
Hyperlipidemia, n (%) 368 (41.3) 65 (21.9) 108 (36.2) 195 (65.7) < 0.001
Hyperuricemia, n (%) 187 (21) 41 (13.8) 65 (21.8) 81 (27.3) < 0.001
Hyperhomocysteinemia, n (%) 427 (47.9) 143 (48.1) 142 (47.7) 142 (47.8) 0.992
CKD, n (%) 156 (17.5) 51(17.2) 45 (15.1) 60 (20.2) 0.257
Antihypertensive drugs, n (%) 352 (39.5) 111 (37.4) 111 (37.2) 130 (43.8) 0.177
Lipid-lowering drugs, n (%) 251 (28.1) 106 (35.7) 8l (27.2) 64 (21.5) 0.001
BMI, kg/m? 24.77 (22.86, 27.13) 22.09 (20.78, 23.17) 24.69 (23.86, 25.95) 28.08 (26.52, 30.04) < 0.001
SBP, mmHg 130.00 (122.00, 138.00) 130.00 (120.00, 136.50) 130.00 (122.00, 138.00) 131.00 (124.00, 140.00) 0.002
DBP, mmHg 80.00 (76.00, 88.00) 80.00 (75.00, 84.00) 80.00 (76.00, 86.00) 84.00 (78.00, 92.50) < 0.001
FPG, mmol/L 6.91 (5.80, 8.09) 6.13 (5.14, 7.52) 6.91 (5.96, 8.13) 7.57 (6.52, 8.38) <0.001
WBC, x10°/L 6.11(5.02,7.27) 5.78 (4.85, 6.85) 6.03 (4.95, 7.15) 6.40 (5.36, 7.53) < 0.001
Platelet count, x10%/L 211.50 (177.00, 245.00) 208.00 (173.00, 239.00) 207.00 (173.00, 241.25) 214.60 (186.00, 258.00) 0.003
CRP, mg/L 1.39 (0.80, 2.88) 0.92 (0.80, 1.88) 1.17 (0.80, 2.32) 2.07 (1.28. 3.46) < 0.001
Creatinine, umol/L 61.85 (51.10, 70.90) 61.50 (49.40, 71.60) 62.60 (51.48, 70.75) 61.80 (51.35, 70.75) 0.810
Uric acid, umol/L 323.05 (265.33, 380.70) 293.90 (247.40, 357.45) 313.70 (265.08, 368.35) 347.90 (286.85, 416.70) <0.001
Albumin, g/L 41.82 (39.73, 43.90) 41.40 (39.30, 43.45) 41.82 (40.08, 43.63) 42.20 (40.00, 44.90) < 0.001
eGFR, mL/min/1.73m? 105.91 (94.61, 117.53) 101.39 (92.04, 110.63) 106.46 (93.82, 116.34) 109.25 (98.11, 125.83) < 0.001
Total cholesterol, mmol/L 4.47 (3.72, 5.34) 4.03 (3.29, 4.76) 4.55 (3.76, 5.30) 4.85 (4.13, 5.82) < 0.001
Triglyceride, mmol/L 1.56 (1.06, 2.35) 1.02 (0.75, 1.34) 1.57 (1.17, 1.99) 2.58 (1.83, 4.07) < 0.001
HDL-C, mmol/L 1.02 (0.87, 1.18) 1.1l (0.96, 1.31) 1.02 (0.88, 1.17) 0.93 (0.80, 1.05) < 0.001
LDL-C, mmol/L 2.46 (1.85, 3.11) 2.20 (1.63, 2.78) 2.58 (1.99, 3.25) 2.62 (1.98, 3.27) < 0.001
Potassium, mmol/L 4.05 (3.83, 4.28) 4.08 (3.86, 4.33) 4.05 (3.83, 4.26) 4.02 (3.80, 4.27) 0.056
Sodium, mmol/L 139.50 (137.70, 141.40) 139.90 (137.80, 141.80) 139.55 (137.70, 141.53) 139.30 (137.60, 141.00) 0.023
Calcium, mmol/L 227 (2.20, 2.34) 2.25(2.18,232) 228 (2.19, 2.34) 229 (2.22,237) <0.001
Phosphorus, mmol/L 1.20 (1.12, 1.28) 1.20 (1.12, 1.29) 1.20 (1.13, 1.30) 1.20 (1.10, 1.25) 0.222
HbAlc, % 8.15 (6.90, 9.80) 7.60 (6.55, 9.55) 8.30 (7.00, 9.70) 8.49 (7.30, 10.40) < 0.001
Fibrinogen, g/L 3.02 (2.52, 3.58) 3.06 (2.52, 3.59) 3.06 (2.49, 3.67) 2.96 (2.46, 3.51) 0.497
D-dimer, mg/L FEU 0.20 (0.12, 0.28) 0.21 (0.14, 0.28) 0.21 (0.12, 0.29) 0.18 (0.11, 0.28) 0.038
Homocysteine, umol/L 11.99 (9.00, 12.00) 11.00 (9.00, 12.00) 11.99 (9.00, 12.00) 11.99 (10.00, 13.60) < 0.001
25-hydroxyvitamin D3, ng/mL 16.07 (11.83, 20.90) 17.09 (12.27, 22.47) 16.25 (12.20, 21.36) 15.21 (11.20, 19.20) 0.002
Osteoporosis, n (%) 120 (13.5) 63 (21.2) 37 (124) 20 (6.7) < 0.001

Abbreviations: TyG-BM], triglyceride glucose-body mass index; CKD, chronic kidney disease; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; FPG, fasting plasma glucose; WBC, white blood cell count; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density lipoprotein cholesterol; HbAlc, glycated hemoglobin; OR, odds ratio; Cl, confidence interval.

medications, diabetes duration, TG, HDL-C, uric acid, albumin, eGFR, and 25-hydroxyvitamin D;—each one-unit

increase in TyG-BMI was associated with a 1.5% reduction in the risk of osteoporosis (odds ratio [OR] = 0.985, 95%
confidence interval [CI]: 0.978-0.992, P < 0.001). Furthermore, compared with the T1 group, the risk of osteoporosis
was significantly lower in the T2 group (OR = 0.565, 95% CI: 0.352-0.908, P = 0.018) and the T3 group (OR = 0.322,
95% CI: 0.167-0.620, P = 0.001).

Multivariate Subgroup Analysis of TyG-BMI and Osteoporosis

As shown in Table 3, subgroup analyses demonstrated that higher TyG-BMI levels were consistently associated with

a lower risk of osteoporosis across most strata. In participants aged < 60 years, the risk of osteoporosis was reduced by
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Table 2 Multivariate Logistic Regression Analysis of TyG-BMI and Osteoporosis

Model | Model 2 Model 3

OR 95% CI P Value | OR 95% CI P Value | OR 95% CI P Value

TyG-BMI 0.988 | 0.983-0.994 | < 0.001 0.988 | 0.983-0.994 | < 0.001 0.985 | 0.978-0.992 | < 0.001

TI Ref Ref Ref

T2 0.601 | 0.380-0.950 | 0.029 0.601 | 0.380-0.950 | 0.029 0.565 | 0.352-0.908 | 0.018
T3 0.414 | 0.237-0.724 | 0.002 0.414 | 0.237-0.724 | 0.002 0.322 | 0.167-0.620 | 0.001
P for trend 0.004 0.004 0.002

Notes: Model I: Adjusted for age and sex; Model 2: Adjusted for age, sex, smoking, lipid-lowering drugs, and duration of diabetes; Model 3:
Adjusted for age, sex, smoking, lipid-lowering drugs, duration of diabetes, triglyceride, high-density lipoprotein cholesterol, uric acid, albumin,
estimated glomerular filtration rate, and 25-hydroxyvitamin D3.

Abbreviations: TyG-BM|, triglyceride glucose-body mass index; OR, odds ratio; Cl, confidence interval.

Table 3 Subgroup Analysis of the Correlation Between TyG-BMI and Osteoporosis

TI T2 P Value | T3 P Value | TyG-BMI P Value
OR (95% CI) | OR (95% CI) OR (95% CI) OR (95% CI)

Age

<60 years Ref 0.385 (0.168, 0.880) | 0.024 0.332 (0.152, 0.728) | 0.006 0.985 (0.976, 0.994) | 0.001

260 years Ref 0.526 (0.285, 0.972) | 0.040 0.156 (0.058,0.417) | < 0.001 0.980 (0.970, 0.990) | < 0.001
Sex

Male Ref 0.436 (0.220, 0.863) | 0.017 0.246 (0.112, 0.539) | < 0.001 0.985 (0.976, 0.993) | < 0.001

Female Ref 0.577 (0.290, 1.147) | O.116 0.314 (0.123,0.801) | 0.015 0.983 (0.973, 0.993) | 0.001
Smoking

Yes Ref 0.263 (0.065, 1.064) | 0.061 0.419 (0.063, 2.775) | 0.367 0.981 (0.960, 1.002) | 0.077

No Ref 0.619 (0.375, 1.022) | 0.06l 0.317 (0.168, 0.599) | < 0.001 0.986 (0.980, 0.993) | < 0.001
Duration of diabetes

<7 years Ref 0.463 (0.209, 1.027) | 0.058 0.336 (0.139,0.811) | 0.015 0.989 (0.979, 0.998) | 0.015

27 years Ref 0.697 (0.379, 1.283) | 0.246 0.346 (0.144, 0.829) | 0.017 0.983 (0.973, 0.992) | < 0.001
Hypertension

Yes Ref 0.622 (0.328, 1.179) | 0.145 0.436 (0.196, 0.968) | 0.041 0.990 (0.982, 0.997) | 0.007

No Ref 0.571 (0.276, 1.181) | 0.131 0.241 (0.077, 0.758) | 0.015 0.987 (0.977, 0.997) | 0.008
Hyperlipidemia

Yes Ref 0.438 (0.194, 0.989) | 0.047 0.352 (0.152,0.812) | 0.014 0.985 (0.975, 0.995) | 0.003

No Ref 0.630 (0.328, 1.209) | 0.165 0.277 (0.103, 0.743) | 0.011 0.983 (0.973, 0.994) | 0.002
Hyperuricemia

Yes Ref 1.402 (0.326, 6.033) | 0.650 0.161 (0.021, 1.256) | 0.08I 0.975 (0.953, 0.997) | 0.027

No Ref 0.505 (0.301, 0.848) | 0.010 0.439 (0.236, 0.817) | 0.009 0.985 (0.977,0.992) | < 0.001
Hyperhomocysteinemia

Yes Ref 0.671 (0.347, 1.299) | 0.237 0.226 (0.086, 0.598) | 0.003 0.984 (0.974, 0.993) | 0.001

No Ref 0.530 (0.266, 1.056) | 0.071 0.501 (0.214, 1.170) | 0.110 0.986 (0.977, 0.996) | 0.003
Chronic kidney disease

Yes Ref 0.464 (0.107, 2.003) | 0.303 0.185 (0.024, 1.422) | 0.105 0.976 (0.953, 1.000) | 0.050

No Ref 0.623 (0.376, 1.032) | 0.066 0.468 (0.254, 0.860) | 0.014 0.986 (0.979, 0.994) | < 0.001

Notes: Subgroup analysis adjusted for age, sex, smoking, lipid-lowering drugs, duration of diabetes, triglyceride, high-density lipoprotein cholesterol, uric acid, albumin,
estimated glomerular filtration rate, and 25-hydroxyvitamin D3.
Abbreviations: TyG-BM|, triglyceride glucose-body mass index; OR, odds ratio; Cl, confidence interval.

61.5% and 66.8% in the T2 and T3 groups, respectively, compared with T1, and decreased by 1.5% for each one-unit
increase in TyG-BMI. Among those aged > 60 years, the risk was reduced by 47.4% in T2 and 84.4% in T3 compared
with T1, with a 2.0% reduction for each unit increase in TyG-BMI. In the male subgroup, osteoporosis risk declined by
56.4% in T2 and 75.4% in T3 compared with T1, and decreased by 1.5% per unit increase in TyG-BMI. Among females,
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the risk was 68.6% lower in T3 than in T1, and declined by 1.7% with each additional TyG-BMI unit. In non-smokers,
the risk was 68.3% lower in T3 compared with T1. For participants with a diabetes duration < 7 years, osteoporosis risk
decreased by 66.4% in T3 versus T1, with a 1.1% reduction per TyG-BMI unit; for those with a duration > 7 years, the
risk decreased by 65.4% in T3, with a 1.7% reduction per unit.

Among participants with hypertension, the risk was reduced by 56.4% in T3 compared with T1, and by 1.0% per
TyG-BMI unit. In the non-hypertensive subgroup, the risk was 75.9% lower in T3 than in T1, and declined by 1.3% per
unit. For those with hyperlipidemia, the risk was 56.2% lower in T2 and 64.8% lower in T3 compared with T1. In
participants without hyperlipidemia, osteoporosis risk decreased by 72.3% in T3 compared with T1, and by 1.7% for
each TyG-BMI unit. In the hyperuricemia subgroup, each unit increase in TyG-BMI reduced the risk of osteoporosis by
2.5%. Among participants without hyperuricemia, the risk decreased by 49.5% in T2 and 56.1% in T3 compared with T1,
and by 1.5% per unit increase in TyG-BMI. In those with hyperhomocysteinemia, osteoporosis risk was 77.4% lower in
T3 compared with T1, and declined by 1.6% for each unit increase in TyG-BMI. Among participants without
hyperhomocysteinemia, the risk decreased by 1.4% per unit. Finally, in the subgroup without CKD, the risk of
osteoporosis was 53.2% lower in T3 compared with T1, and decreased by 1.4% with each additional TyG-BMI unit.

Sensitivity Analysis of the Association Between TyG-BMI and Osteoporosis

As shown in Table 4, participants were stratified into four groups according to the quartiles of the TyG-BMI. In the fully
adjusted model, the risk of osteoporosis was 56.2% lower in the Q3 group and 74.8% lower in the Q4 group compared
with the Q1 group (Q3: OR = 0.438, 95% CI: 0.244-0.786, P = 0.006; Q4: OR = 0.252, 95% CI: 0.115-0.554, P =
0.001). Furthermore, when participants were categorized by the median TyG-BMI value, those in the high TyG-BMI
group had a 48.8% lower risk of osteoporosis compared with the low TyG-BMI group (OR = 0.512, 95% CI:
0.327-0.799, P = 0.003).

Predictive Value and Nonlinear Association of TyG-BMI with Osteoporosis

As shown in Figure 1, ROC curve analysis demonstrated that TyG-BMI had a moderate predictive value for osteoporosis,
with an AUC of 0.657 (95% CI: 0.606-0.707, P < 0.001). Notably, the predictive performance of TyG-BMI was superior
to that of the TyG index alone (AUC = 0.554) and BMI alone (AUC = 0.647). Furthermore, as illustrated in Figure 2,
RCS analysis revealed a significant linear negative association between TyG-BMI and osteoporosis, with no evidence of
nonlinearity (P for nonlinearity = 0.720).

Discussion
This study investigated the relationship between TyG-BMI and osteoporosis in patients with T2DM. A total of 892
individuals with T2DM were enrolled, and univariate and multivariate logistic regression analyses, subgroup and

Table 4 Sensitivity Analysis: Based on Different Groups of TyG-BMI

Model | Model 2 Model 3

OR 95% ClI P Value | OR 95% ClI P Value | OR 95% ClI P Value
Ql Ref Ref Ref
Q2 0.698 | 0.424—1.150 | 0.158 0.698 | 0.424-1.150 | 0.158 0.697 | 0.417-1.165 | 0.168
Q3 0.484 | 0.278-0.842 | 0.010 0.484 | 0.278-0.842 | 0.010 0.438 | 0.244-0.786 | 0.006
Q4 0.353 | 0.180-0.692 | 0.002 0.353 | 0.180-0.692 | 0.002 0.252 | 0.115-0.554 | 0.001
P for trend 0.007 0.007 0.003
Low TyG-BMI | Ref Ref Ref
High TyG-BMI | 0.505 | 0.327-0.780 | 0.002 0.505 | 0.327-0.780 | 0.002 0.512 | 0.327-0.799 | 0.003

Notes: Model |: Adjusted for age and sex; Model 2: Adjusted for age, sex, smoking, lipid-lowering drugs, and duration of diabetes; Model 3:
Adjusted for age, sex, smoking, lipid-lowering drugs, duration of diabetes, triglyceride, high-density lipoprotein cholesterol, uric acid, albumin,
estimated glomerular filtration rate, and 25-hydroxyvitamin D3.

Abbreviations: TyG-BM|, triglyceride glucose-body mass index; OR, odds ratio; Cl, confidence interval.
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sensitivity analyses, ROC curve analysis, and RCS modeling were performed. The results consistently showed that
higher TyG-BMI levels were significantly associated with a lower risk of osteoporosis, and this association remained
robust after adjustment for multiple confounders across various subgroups. A key finding was that TyG-BMI demon-
strated superior predictive performance for osteoporosis compared to its individual components (TyG index and BMI).
These findings suggest that TyG-BMI, an easily obtainable indicator derived from routine clinical parameters, may serve
as a valuable tool for assessing osteoporosis risk in patients with T2DM, providing clinicians with an additional approach
for early identification and intervention.

In recent years, an increasing number of studies have focused on the role of the TyG-BMI in bone metabolism,
particularly in osteoporosis, providing new perspectives for assessing bone health in both diabetic and non-diabetic
populations. For example, Chen et al reported that TyG-BMI is an important predictor of osteoporosis in middle-aged
and elderly patients with T2DM, showing a positive association with osteoporosis risk, which was more pronounced in
women, and demonstrating strong discriminative power.”® Zeng et al, based on a prospective cohort study, found
a linear relationship between TyG-BMI and the incidence of osteoporosis in older men, with its protective effect
influenced by BMI and dietary patterns.?” Jia et al further revealed in a rural population that TyG-BMI was positively
associated with BMD, with each one-unit increase in TyG-BMI corresponding to an approximately 2% reduction in OP
risk, particularly among women and individuals with hypertension.”® In non-diabetic populations, TyG-BMI has also
demonstrated potential value for bone metabolism. Tian et al, using data from the US National Health and Nutrition
Examination Survey, observed a significant positive association between TyG-BMI and BMD, with higher TyG-BMI
levels linked to a lower risk of osteoporosis.’ Similarly, Wen et al showed in a study of middle-aged and elderly non-
diabetic individuals that TyG-BMI was not only positively associated with BMD but also negatively associated with
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the risk of hip fracture, suggesting its predictive value for both bone structure and fracture risk.>* In addition, Sun et al
found in T2DM patients that TyG-BMI was inversely correlated with bone turnover markers, indicating that higher
TyG-BMI levels may be related to impaired bone remodeling, thereby providing a new biological basis for the early
identification of diabetes-related osteoporosis.®’ From the perspectives of systematic reviews and studies in specific
populations, Shirinezhad et al conducted a systematic review on surrogate markers of IR and BMD, suggesting that
despite limited evidence, TyG-BMI appears to be generally positively associated with BMD and may exert a protective
effect against OP."* Collectively, these studies indicate that TyG-BMI, as a simple surrogate marker of IR calculated
from routine clinical parameters, can reliably reflect bone metabolic status across diverse populations and holds
considerable potential for assessing osteoporosis risk. Taken together, current evidence underscores the close relation-
ship between TyG-BMI and BMD, bone turnover, and fracture risk in both diabetic and non-diabetic populations, and
its clinical utility is increasingly recognized. Despite these promising findings, it is important to recognize that the
discriminatory performance of TyG-BMI was only moderate in this study. Therefore, TyG-BMI should be considered
an adjunctive clinical indicator rather than a standalone predictive tool. Its practical value is likely to be maximized
when interpreted in conjunction with other established osteoporosis risk factors, biochemical markers, or imaging
findings. However, the biological mechanisms by which TyG-BMI affects bone metabolism remain incompletely
understood, warranting further investigation into its potential pathways involving IR, inflammatory responses, and
lipid metabolism.

The mechanisms by which TyG-BMI influences bone metabolism and the risk of osteoporosis may involve several
interrelated pathways. First, TyG-BMI is a surrogate marker of IR, and impaired insulin signaling can reduce osteoblast
proliferation and collagen synthesis, suppress bone formation, and ultimately lead to decreased BMD.** Second, higher
TyG-BMI levels not only reflect abnormalities in glucose and triglyceride metabolism but also indicate adipose tissue
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dysfunction, which can trigger chronic low-grade inflammation and the release of cytokines.*>** These inflammatory
mediators activate the receptor activator of nuclear factor-kB ligand pathway, promote osteoclastogenesis, and accelerate
bone resorption. Third, lipid metabolism disorders and oxidative stress associated with elevated TyG-BMI may drive
mesenchymal stem cells toward adipogenic rather than osteogenic differentiation, interfere with vitamin D metabolism,
and weaken both trabecular and cortical bone integrity, thereby increasing the risk of fragility fractures.***¢ Taken
together, these findings suggest that TyG-BMI may affect bone through IR, inflammatory signaling, and lipid-related
oxidative stress, providing a theoretical basis for future studies to clarify its causal role and to explore whether improving
metabolic homeostasis could help prevent osteoporosis.

Although this study yielded valuable findings, several limitations should be acknowledged. First, as a single-center,
cross-sectional study with a relatively small sample size, the results may not be fully representative of the broader
population; therefore, large-scale prospective clinical trials are needed to further validate and expand on these findings.
Second, owing to its cross-sectional design, this study was observational in nature, and no genetic analyses were
performed to establish a causal relationship between TyG-BMI and osteoporosis in patients with T2DM. Third,
although a significant association between TyG-BMI and osteoporosis was identified, the TyG index alone did not
show a meaningful relationship with osteoporosis in our analysis and was therefore not explored in detail. Fourth,
TyG-BMI was assessed only once, without dynamic monitoring, making it impossible to evaluate whether continuous
exposure levels or temporal changes in TyG-BMI influence osteoporosis risk. Fifth, because this was a cross-sectional
study, osteoporosis was diagnosed during hospitalization and participants were not followed over time; as a result, we
were unable to examine the relationship between TyG-BMI and the incidence or progression of osteoporosis in T2DM.
Sixth, despite adjusting for a wide range of baseline variables, the multivariate regression analysis may not have fully
accounted for unmeasured confounders such as genetic susceptibility, dietary patterns, physical activity, lifestyle
habits, and occupational exposures. Seventh, another limitation of this study was that the sample size was not
determined based on a priori sample size or statistical power calculation, as all eligible patients during the study
period were retrospectively included. This design may introduce the risk of insufficient statistical power in certain
subgroup analyses. Nevertheless, the final sample of 892 participants, including 120 osteoporosis cases, provided an
adequate number of events to meet the commonly accepted requirement of at least 10 events per variable in multi-
variable logistic regression analyses. Moreover, the consistency of findings across multiple subgroup and sensitivity
analyses further supports the robustness and credibility of the results despite this limitation. Eighth, although
osteoporosis was diagnosed using T-scores obtained during hospitalization, complete continuous BMD values (eg, g/
cm?) were not available in this study. Consequently, we were unable to examine the association between TyG-BMI and
BMD treated as a continuous variable, which limits the depth of BMD-related analyses. Ninth, detailed information on
specific classes, dosages, and duration of antidiabetic medications was not available due to the retrospective nature of
this study. Therefore, we could not account for the potential effects of different glucose-lowering regimens on
osteoporosis risk, which may act as an unmeasured confounder. Finally, as the study population was drawn from
a single medical center in China, the findings may not be generalizable to other ethnicities or populations. Future
research should include large, multicenter, prospective studies to confirm the robustness and external validity of these
associations.

Conclusions

In this real-world, single-center, cross-sectional study, higher levels of TyG-BMI were significantly associated with
a lower risk of osteoporosis in patients with type 2 diabetes. This not only broadens the scope of osteoporosis in patients
with type 2 diabetes, but also provides strong evidence for the inclusion of TyG-BMI in the monitoring and assessment of
osteoporosis risk in patients with type 2 diabetes. In future studies, bioinformatics, artificial intelligence, cell and animal
experiments and multicenter clinical studies will be combined to further explore the stability of their associations from
multiple systems and perspectives.
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