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Purpose: A bone turnover marker reflects bone bioactivity. The effects of metabolically healthy compared with metabolically
unhealthy obesity phenotypes on bone metabolism are not well understood. The aim of the study was to evaluate differences of
bone transformation indexes in these two obesity phenotypes.

Patients and Methods: A total of 419 obese subjects were recruited, 64 with metabolically healthy obesity (MHO) and 351 with
metabolically unhealthy obesity (MuHO). BTMs and clinical parameters were measured.

Results: Bone metabolism indexes, including tartrate resistant acid phosphatase (TRACP, p < 0.05), B carboxyl terminal peptide of
collagen (B-CTX, p < 0.01), and bone alkaline phosphatase (BAP, p < 0.01), were higher in subjects with MHO than MuHO, but
parathyroid hormone (PTH) was lower (p < 0.05). The between-group difference in serum calcium was not significant. Low bone
turnover activity was associated with significant hyperglycemia, insulin resistance, and body fat index (p < 0.05). Multivariate logistic
regression found that TRACP, B-CTX, and BAP were independently associated with the presence of MHO. Receiver operating
characteristic curve analysis found that the maximum area under the curve value for the definition of MHO was (0.8221) and was
obtained when sex, age, body mass index (BMI), TRACP, -CTX and BAP were included simultaneously, resulting in a sensitivity of
81.25% and specificity: 72.3%.

Conclusion: The MHO group had significantly increased circulating TRACP and B-CTX compared with the MuHO group and BAP
levels were within the physiological range. Obesity with the metabolically healthy phenotype had slightly increased bone turnover
activity that may be an early compensatory response of skeletal metabolism to the increased BMI.
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Introduction

Obesity is a metabolic disease caused by increased deposition of adipose tissue and characterized by low-level
inflammation. Metabolically healthy obesity (MHO) and metabolically unhealthy obesity (MuHO) are distinguished by
the presence or absence of various abnormal metabolic indicators." MHO is characterized by less visceral fat, increased
fat deposits in the extremities, and greater subcutaneous adipose tissue expandability than MuHO. The clinical
characteristics of MHO include normal glycolipid metabolic parameters, normal blood pressure and insulin secretion,
and less insulin resistance than MuHO.**

Previous studies on metabolic healthy obesity (MHO) mainly focused on the areas of glycolipid metabolism or the
risk of cardiovascular diseases, and few studies focused on the association between obesity phenotype and bone
metabolism indicators.

Obesity can lead to changes in bone density. The available study results are not consistent, but excess fat tissue in
obese patients may negatively influence bone quality in adults.*® Although obese people have slightly increased bone
mineral density (BMD), the decrease of BMD per unit of body weight leads to a greater than normal fracture risk.’
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Decreased bone formation and bone resorption observed in obese people.®® Other studies have reported that subjects
with class IIT obesity were prone to abnormal changes in bone metabolism.'°

There are differences in bone metabolism among different obese people. Kim et al found that postmenopausal women
with metabolic syndrome had reduced bone mineral density.'' It has also been reported that among male obese people,
subjects with metabolic abnormalities such as diabetes mellitus showed a decrease bone transformation activity.'?
Whether these metabolic differences are related to different obesity phenotypes is the question we want to explore.
Since bone metabolism indexes are closely related to the risk and outcome of various bone diseases, our study may
provide some clinical help for the understanding of bone metabolism in obese population. This study investigated
differences in bone turnover markers (BTMs) related to bone bioactivity in patients with MHO and MuHO.

Materials and Methods
Study Design and Participants

We performed a cross-sectional analysis of 419 obese participants who were 18—55 years of age and registered at the
endocrine obesity clinic of Beijing Chaoyang Hospital, Beijing, China. Data were collected from September 2019 to
December 2021. The diagnostic criterion of obesity was a body mass index (BMI) > 30 kg/m”. Participants with
previously diagnosed diabetes, obesity secondary to endocrine diseases, current pregnancy, or lactation, acute or chronic
infection; histories of chronic kidney or hepatic disease other than metabolically associated fatty liver disease, tumors, or
parathyroid disease; or previously diagnosed diseases associated with abnormal calcium and phosphorus metabolism
were excluded. The study was conducted in accordance with the ethical principles of the Declaration of Helsinki. The
Ethics Committee of the Beijing Chaoyang Hospital approved the protocol and informed consent was obtained from all
participants included in the study.

Definitions of MHO and MuHO and Basis for Grouping

The obesity phenotypes were previously described Ortega.'* The MHO criteria included a BMI >30 kg/m?)'*'* and
excluded all of the followings: (1) fasting blood glucose >6.1 mmol/L, (2) postprandial blood glucose >7.8 mmol/L, (3)
fasting serum triglycerides (TGs) >1.7 mmol/L, (4) serum high-density lipoprotein (HDL) <1.0 mmol/L for men and <1.3
mmol/L for women, and (5) elevated systolic blood pressure (SPB, >130 mmHg) and/or diastolic blood pressure (DBP,
>85 mmHg), and not using drugs for treating dyslipidemia, diabetes, hypertension, or manifestations of cardiovascular
disease.” The MuHO criteria were a BMI >30 kg/m” and one or more of the above four metabolic risk components. The
study population was divided into MHO or MuHO groups and the MuHO group was further divided into those with one
or two unhealthy metabolic phenotype criteria (mild-MuHO) and those with three or four (severe MuHO).'

Measurement of Clinical Parameters

Medical histories were obtained from the participants along with anthropometric measurements. Hematologic and
biochemical testing was performed. Blood samples were obtained after a 12 hour overnight fast at 7-8am the next
morning. All the bold samples were sent to the laboratory for centrifugation within 1 hour, and then sent for the
measurement of insulin, glucose, fasting plasma glucose (FPG), fasting insulin (FINS), glycosylated hemoglobin
(HbAlc), lipids including TGs, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein cholesterol (LDL-C); liver and kidney function including alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and serum creatinine (SCr); and bone metabolism including calcium, 25 hydroxyvitamin D3 (25-
VitD3), TRACP, B-CTX, procollagen amino-terminal lengthening peptide (PINP), BAP, and N-terminal osteocalcin
(NMID). Biochemical indexes were determined by colorimetric enzyme assays using an autoanalyzer (Beckman, AU680,
USA). Fasting glucose was determined by the glucose oxidase method, and insulin and C-peptide quantified by an
electrochemiluminescence immunoassay (Roche Diagnostics GmbH, Roche, Germany). Glycated hemoglobin Alc
(HbAlc) was quantified by high-performance liquid chromatography with a D10 set (Bio-RAD, Hercules, CA, USA).
Bone metabolism indexes (TRACP, 25-VitD3, B-CTX, BAP, and NMID) were determined by electrochemiluminescence
immunoassays (Roche cobas €601, Roche, Germany). Free fatty acid concentration was determined by enzyme

3658 e Diabetes, Metabolic Syndrome and Obesity 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhang and Wang

colorimetry (nonesterified fatty acid). Parathyroid hormone levels were determined by enzyme-linked immunosorbent
and chemiluminescence assays. Urine was collected after fasting for 8 hours electrochemiluminescence assay (Roche
e501) and calculation of the microalbumin/creatinine ratio (UACR) was calculated by the ratio of urinary Estimated
glomerular filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease equation
as eGFR(mL/min/1.73m?)= 175 x SCr~'?3*xage~"!7 x Iformenor0.79forwomen'®

Anthropometric Measurements and Calculations

Anthropometric measurements and blood pressure were performed by a qualified nursing team after 15 min of rest in
a relaxed and sitting position. Blood pressure was measured twice with a desktop mercury sphygmomanometer at
2-minute intervals, and the mean values of SBP and DBP were recorded. Body weight and height were measured by
standard weighing scale and stadiometer, respectively. Waist circumference (WC) and hip circumference (HC) were
measured by trained specialists. BMI was calculated as weight (Kg)/height (m)>. Body adiposity index (BAI) was
calculated as hip circumference (cm)/height (m)'-> — 18. Waist-to-height ratio (WHtR) was calculated as waist (m)/
Height (m). The Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) was calculated as fasting glucose
(mmol/L) x FINS (mIU/L)/22.5. HOMA assessment of beta-cell function (HOMA-B) was calculated as 20 x FINS (mIU/
L)/(fasting glucose (mmol/L) — 3.5). The visceral adiposity index (VAI) is a sex-specific indicator of fat distribution that
is calculated using an empirical mathematical model that includes BMI, waist circumference, TGs, and HDL described

by Amato.'”'®

Statistical Analysis
We performed the statistical analysis with SPSS v26.0 (IBM Corp., Armonk, NY, USA). Categorical data including sex;
history of smoking, diabetes, and hypertension; and oral medicines were reported as numbers and percentages and
differences were compared with chi-square tests. Numeric clinical, biochemical, and anthropometric variables, and bone
metabolism indicators that were normally distributed were reported as means + standard deviation (SD) or medians and
25-75% interquartile range if the values had severely skewed distributions. Between-group differences were compared
by Student’s ¢-tests for normally distributed variables and Wilcoxon tests for non-normally distributed variables.
Multiple linear regressions were performed to adjust for specific confounding factors between two groups. We
performed univariate logistic regression to identify factors that might be independently associated with the occurrence
of MHO. Factors that were associated with MHO (p < 0.01 in the univariate analysis) were included in multivariate
logistic regression to assess the independent effect of bone markers in different models on the presence of MHO. The
odds ratio (ORs) and 95% confidence interval (CI) were calculated for each model. Receiver operating characteristic
(ROC) curve analysis was used to evaluate the ability of bone metabolism markers to distinguish MHO and MuHO. Two-
sided p-values <0.05 were considered statistically significant.

Results

Comparison of Baseline Clinical Characteristics of MHO and MuHO

A total of 419 obese participants were recruited, 64 with MHO and 355 with MuHO. The clinical characteristics of each
group are summarized in Table 1. The mean age of the MHO group was 32.91 + 2.11 years and that of the MuHO group
was 42.34 + 9.73 years (p > 0.05), where 75.56% of the MHO group and 73.86% of the MuHO group were women (p >
0.05). Between-group differences of the WHtR, BAI, VAI, ACR, HbAlc, FPG, fasting C-peptide, FINS, TGs, LDL-C,
HDL-C, FFA, and HOMA-IR were significant (all p < 0.05) (Table 1). The WHtR, BAI, VAI, ACR, FPG, fasting
C-peptide, FINS, TGs, LDL-C, FFA, and HOMA-IR were lower in the MHO group than in the MuHO and HDL-C level
was higher (all p < 0.01) (Table 1).

Comparison of the BTMs in the MHO and MuHO Groups
Of the values included in bone metabolism index, TRACP (p < 0.05), B-CTX (p <0.01), and BAP (p < 0.01) were higher
in MHO group than in the MuHO group, but PTH was lower (p < 0.05). The between-group difference in serum calcium
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Table | Comparisons of Basic Characteristics Between MHO and MUHO Groups

Clinical Variables MHO MUHO P value
N (%) 64 (15.28) 355 (84.73)

Age, years 35.52+9.31 33.8949.12 0.8500
Gender, Female% 75.56% 73.86% 0.3600
Hypertension, % 0.00% 23.94% 0.5100
History of smoking, % 16.67% 8.57% 0.3800
Demographics and

Anthropometrics

BMI, Kg/m2 3291%2.11 33.43+2.32 0.0801
WHR 0.90 (0.85, 0.97) 0.92 (0.87, 0.97) 0.2604
WHtR 0.61+0.07 0.66+0.07 0.0241*
BAI 34.38+7.04 37.19+6.92 0.0049**
VAI 1.27 (0.96, 1.85) 2.53 (1.73, 3.71) <0.000 | **
Biochemical Indices and Hormones

ALT, U/L 35 (29.51, 49.73) 31.86 (21.08, 53) 0.2978
AST, U/L 25.7 (17.89, 32.61) 21 (16, 30) 0.2931
eGFR, mL/min/1.73m? 119.30£13.79 119.29+14.47 0.3957
Lipid and Glycemic parameters

HbAlc, % 5.5(5.1,5.7) 5.9 (5.5, 6.9) <0.000 I**
FPG, mmol/L 4.99 (442, 5.31) 5.87 (5.25, 7.55) <0.000|**
Fasting C-peptide, ng/mL 1.96 (1.36, 2.74) 3.58 (2.32, 4.73) <0.000 | **
FINS, mlU/mL 8.86 (5.43, 15.5) 20.9 (11.89, 32.44) <0.000**
TG, mmol/L 1.12 (0.94, 1.39) 1.67 (1.2, 2.14) <0.000 | **
TC, mmol/L 4.64 (4.17,5.23) 4.78 (4.24, 5.34) 0.4863
LDL-C, mmol/L 2.68 (2.27, 3.1) 2.92 (2.54, 3.35) 0.0038**
HDL-C, mmol/L 1.43 (1.22, 1.69) 1.09 (0.95, 1.28) <0.000 | **
NEFA, mmol/L 0.53 (0.44, 0.61) 0.65 (0.48, 0.82) 0.0005**
HOMA-IR 1.98 (0.91, 3.52) 5.93 (3.36, 9.67) <0.000**
HOMA-B 141.17 (81.36,241.77) | 170.48 (76.22, 286.06) 0.2746
Bone Metabolism Index

Calcium, mmol/L 2.3 (2.17,2.5) 2.35 (2.2, 2.47) 0.3231
25-VitD3, nmol/L 29.4 (26.7, 44.4) 31.8 (25.6, 41.7) 0.7752
TRACP, u/L 1.96 (1.48, 2.28) 1.73 (1.43, 2.1) 0.0196*
B-CTX, ng/mL 0.78 (0.47, 0.93) 0.49 (0.27, 0.81) 0.0002**
PINP, ug/L 55.53 (29.79, 81.38) 58.16 (37.43, 79.96) 0.7247
BAP, ug/L 16.76 (12.90, 20.89) 13.39 (10.72, 17.61) 0.002 I**
NMID, ng/mL 16.96 (15.79, 21.58) 18.35 (16.15, 21.85) 0.1895
PTH, pg/mL 42.1 (36.65, 58.63) 51.1 (38.75, 63.78) 0.0493*

Notes: Normally distributed continuous variables are presented as mean * standard error and non-normally distributed
variables as the median (interquartile range). Categorical data are shown as number (percentages). *P < 0.05; **P < 0.01.

Abbreviations: BMI, body mass index; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio; BAIl, body fat index; VAI,
visceral fat index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; eGFR, esti mated glomerular filtration rate;
HbAlc, glycosylated hemoglobin; FPG, fasting glucose; FINS, fasting insulin; TG, Triglyceride; TC, total cholesterol; LDL-C,
low-density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; NEFA, non-esterified fatty acid; HOMA-IR,
homeostasis insulin resistance; HOMA-, homeostasis model assessment of B-cell function; 25-VitD3, 25 hydroxyvitamin D3;
TRACP, Tartrated resistant acid phosphatase; B-CTX, p Carboxyl terminal peptide of collagen; PINP, Procollagen amino-
terminal lengthening peptide; BAP, bone alkaline phosphatase; NMID, N-terminal osteocalcin; PTH, parathyroid hormone.

levels was not significant. Considering that sex, age, blood calcium, and other biochemical and clinical variables might
affect bone metabolism, we used linear regression analysis of three models to correct for various confounding factors.
We found that TRACP, B-CTX, and BAP were still associated with the presence of MHO phenotypes in the three
models after adjusting for those factors. Comparison of the bone metabolism index of the two subgroups of MuHO
subjects failed to find a significant difference between the two (p > 0.05, Table 2). However, differences between TRACP,
B-CTX, and BAP were significant after adjusting for some clinical indicators that may affect bone metabolism (Table 3).
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Table 2 Comparisons of BTMs Levels Between Mild- and Severe-MUHO Groups

Bone Metabolism Mild MUHO Severe MUHO P value
Index n =273 n =82

25-VitD3, nmol/L 31.8 (25.6, 40.6) 31.3 (24.6, 45) 0.8775
TRACP, u/L 1.74 (1.4, 2.1) 1.73 (1.43, 2.16) 0.8309
B-CTX, ng/mL 0.55 (0.29, 0.83) 0.39 (0.21, 0.73) 0.1165
PINP, ug/L 62.45 (28.31, 83.38) 53 (34.97, 71.95) 0.1936
BAP, ug/L 14.2 (11.8, 17.72) 12.92 (10.25, 17.53) 0.0629
NMID, ng/mL 18.21 (16.23,21.87) | 18.78 (15.86, 21.13) 0.3056
PTH, pg/mL 50.95 (40.1, 63.85) 52.9 (36.9, 64.97) 0.7830

Notes: Data were exhibited by medians (interquartile range) as non-normally distributed variables.
Categorical data are shown as number (percentages).
Abbreviations: BTMs, bone turnover markers; 25-VitD3, 25 hydroxyvitamin D3; TRACP, Tartrated
resistant acid phosphatase; B-CTX, f Carboxyl terminal peptide of collagen, PINP; Procollagen amino-
terminal lengthening peptide; BAP, bone alkaline phosphatase; NMID, N-terminal osteocalcin; PTH,
parathyroid hormone.

Table 3 Differences in BTMs Levels Between Groups According to the Presence of MHO or the Severity of MUHO by Multiple

Linear Regression, Respectively

TRACP

B-CTX

PINP

BAP

NMID

Presence of MHO
Model |

Model 2

Model 3

Severity of MUHO
Model |

Model 2

Model 3

B (95% Cly

p
B (95% Cly

p
B (95% Cl)

p

B (95% Cly

p
B (95% Cly

p
B (95% Cly

p

0.06 (~0.19, 0.45)
0.4304
0.15 (0.01, 0.22)
0.0196*
0.17 (0.04, 0.22)
<0.000 1%+

~0.11 (-0.19, 0.22)
0.4467
~0.17 (~0.48, —0.05)
0.013*
~0.23 (0.55, —0.14)
0.0058%*

0.26 (0.08, 0.46)
0.0052**
022 (0.05, 0.17)
0.0009
0.19 (0.02, 0.15)
0.0065%*

~0.27 (~0.94, 0.16)
0.9473

~0.17 (-0.30, —0.03)
0.0182*

~0.16 (~0.28, —0.00)
0.0222*

0.04 (~11.38, 1881)
0.6264
0.02 (-5.99, 8.03)
0.7742
~0.01 (-7.54, 6.38)
0.8637

~0.05 (~40.9, 23.77)
0.5989

0.00 (~15.14, 15.57)
09781

0.02 (—134, 17.74)
0.6979

029 (1.92, 7.02)
0.0007+*
0.16 (0.36, 2.40)
0.008 1+
0.19 (0.57, 2.44)
0.0017+

~0.28 (~13.94, -3.32)

0.001 6%
~0.14 (-4.53, -0.11)
0.0397*
~0.21 (~5.24, —1.07)
0.0158*

~0.02 (—6.46, 4.70)
0.7551

~0.09 (-2.08, 0.38)
0.6081

~0.07 (~1.87, 0.61)
03175

~0.02 (~6.46, 4.7)

0238
0.03 (-2.00, 3.14)
0.6629
021 (-5.24, —1.01)
0.0039*

Notes: Three models were set up for evaluated. Model | was adjusted for age, gender, FPG, 25-VitD3, calcium by multiple linear regression; Model 2 was adjusted for age,
gender, FPG; Model 3 was adjusted for age, gender, FPG, CHO, TG. Estimates 3 with 95% confidence intervals (Cl) were shown for each model. *P < 0.05; **P < 0.01.

Abbreviations: BTMs, bone turnover markers; FPG, fasting glucose; TG, Triglyceride; TC, total cholesterol; 25-VitD3, 25 hydroxyvitamin D3; TRACP, Tartrated resistant
acid phosphatase; B-CTX, B Carboxyl terminal peptide of collagen; PINP, Procollagen amino-terminal lengthening peptide; BAP, bone alkaline phosphatase; NMID, N-terminal

osteocalcin.

Effect of BTMs on the Presence of MHO or Severe MuHO

We established a univariate logistic regression model with the occurrence of MHO as the dependent variable. Clinical

indicators and bone metabolism indicators were brought into the model to screen out the factors that may affect the

occurrence of MHO, as shown in the Supplemental Table.

Next, we included the selected variables in three multivariate logistic regression models with the presence of MHO as
the endpoint event. TRACP, B-CTX, and BAP were identified as independently associated with the occurrence of MHO
in each model, which included different clinically relevant variables (Table 4). We further observed the predictive effect

of these bone indexes on the presence of MHO by constructing ROC curves, and found that the maximum AUC value
was obtained when gender, age, BMI, TRACP, B-CTX, and BAP were included simultaneously (AUC = 0.8221,
sensitivity: 81.25%, specificity: 72.3%, showed in Table 5).
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Table 4 The Independent Effect of BTMs on the Presence of MHO or the Severity of MUHO by
Multivariable Logistic Regression, Respectively

Presence of MHO P value Presence of Severe MUHO P value
OR (95% CI) OR (95% CI)

TRACP, u/L

Model | 2.52 (1.29, 4.98) 0.0068** 1.13 (0.64, 1.99) 0.6616

Model 2 1.99 (0.57, 6.92) 0.2774 0.68 (0.29, 1.55) 0.3587

Model 3 3.66 (1.58, 8.58) 0.0019** 0.94 (0.47, 1.86) 0.8625
p-CTX, ng/mL

Model | 8.11 (2.26, 29.01) 0.0008** 0.42 (0.15, 1.15) 0.0873

Model 2 53.13 (2.75, 1024.38) 0.0028** 0.58 (0.15, 2.23) 0.4287

Model 3 9.13 (1.76, 47.17) 0.0059** 0.43 (0.13, 1.52) 0.1887
PINP, ug/L

Model | 1.00 (0.98, 1.01) 0.6196 0.99 (0.97, 1.00) 0.1079

Model 2 1.00 (0.98, 1.02) 0.4978 0.09 (0.00, 2.51) 0.1372

Model 3 0.99 (0.97, 1.01) 0.6637 0.99 (0.97, 1.00) 0.2426
BAP, ug/L

Model | 1.09 (1.03, 1.16) 0.0029** 1.02 (0.96, 1.07) 0.4036

Model 2 1.15 (1.05, 1.26) 0.0019** 1.02 (0.95, 1.09) 0.5591

Model 3 1.02 (1.09, 1.18) 0.0121* 1.88 (0.35, 10.20) 0.4626
NMID, ng/mL

Model | 0.95 (0.86, 1.05) 0.3726 1.00 (0.94, 1.06) 0.8817

Model 2 0.96 (0.84, 1.08) 0.4868 1.03 (0.95, 1.12) 0.3857

Model 3 0.94 (0.83, 1.07) 0.4021 0.16 (0.00, 3.61) 0.2426
PTH

Model | 0.98 (0.95, 1.01) 0.2466 1.00 (0.99, 1.02) 0.4285

Model 2 0.98 (0.95, 1.01) 0.3004 1.01 (0.99, 1.03) 0.1111

Model 3 0.98 (0.94, 1.02) 0.1981 1.00 (0.99, 1.02) 0.1799

Notes: Model |: Adjusted for age, gender, BMI; Model 2: Adjusted for age, gender, FPG, calcium; Model 3: Adjusted for age,
gender, BMI, HbAlc, TG, TC. *P < 0.05; **P < 0.01.

Abbreviations: TRACP, Tartrated resistant acid phosphatase; B-CTX, p Carboxyl terminal peptide of collagen; PINP,
Procollagen amino-terminal lengthening peptide; BAP, bone alkaline phosphatase; NMID, N-terminal osteocalcin; PTH, para-
thyroid hormone.

Table 5 ROC Curve for Definition of MHO by Combining Different Indexes

ROC Factors AUC | Sensitivity | Specificity | Youden Index
Model | | BMI TRACP CTX BAP 0.7708 0.8636 0.5747 0.4998
Model 2 | BMI age TRACP CTX BAP 0.7924 0.75 0.7616 0.5355
Model 3 | Age gender BMI TRACP CTX BAP | 0.8221 0.8125 0.723 0.5355

Note: The sensitivity and specificity of each model was assessed according to the Jorden index.
Abbreviations: BMI, body mass index; TRACP, tartrated resistant acid phosphatase; B-CTX, p Carboxyl terminal peptide of
collagen; BAP, bone alkaline phosphatase.

Correlation of BTMs and Clinical Indexes in the MHO Group

In the whole population, the bone turnover index was slightly positively correlated with BMI and HDL, but negatively
correlated with HbAlc, HOMA-IR, and BAI. Low bone turnover activity was associated with significant hyperglycemia,
insulin resistance, and body fat index (p < 0.05, in Supplemental Table).

Discussion
Our study found significant differences in the serum bone metabolic indexes of MHO and MuHO patients. The BAP
bone formation index and TRACP and B-CTX bone resorption indexes were higher in the MHO group than the MuHO
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group, suggesting that the obesity phenotypes had different bone biological activities, with increased bone transformation
activity in MHO and decreased activity in MuHO.

MHO is considered to be an intermediate state between healthy and morbid obesity with a pathophysiology in which
early fat expansion is not accompanied by metabolic abnormalities. A meta-analysis of prospective cohort found that

19:20 and diabetes?!+??

MHO individuals had an increased the risk of cardiovascular disease compared with their healthy
normal-weight counterparts.”> In our study, 15.28% of the obese participants had the MHO phenotype, which is
consistent with the 14.9-19.5% reported by others.”**> We found that, when there was no difference in the BMI of
MHO and MuHO individuals the obesity index BAI, VAL, and WHtR were significantly increased in MuHO group,
suggesting that MHO and MuHO presented different body fat patterns, and that MuHO individuals had a higher visceral
fat content. In a large BMI-stratified cohort, Stefan et al***’ found that high liver fat content and visceral fat were
associated with MuHO, while the MHO phenotype was associated with higher insulin sensitivity, better insulin secretion,
good cardiorespiratory function, and lower subcutaneous fat mass.?**° We compared the glycemic and lipid metabolism
indexes of the two groups. The MHO group had normal glucose and lipid metabolism and insulin resistance, and there
were significant differences in glycosylated hemoglobin, insulin, triglyceride, cholesterol, and insulin resistance indexes
between the two groups.

Previous studies have reported the changes in bone nutrition and metabolic trace elements that occur in obese
compared with healthy individuals. Some have investigated differences in the bone metabolism indexes in MHO and
MuHO study cohorts,*®*" and vitamin D, calcium, and parathyroid hormone deficiencies were observed in MuHO but
not MHO individuals.>? The MuHO phenotype seems to have an increased risk of bone metabolism-related changes that
may contribute to the development of bone diseases. Mirzababaei et al confirmed that BMD was modified in both MHO
and MuHO.* Vigevano et al found that in men with diabetes, the presence of obesity was correlated with poor bone
strength and trabecular microarchitecture and decreased bone turnover.'> Our study found slight increases in bone
formation markers and bone resorption markers in MHO group that remained within the normal range. Calcium and
vitamin D levels were not different from those with MuHO.

Our study explored the effects of different obesity phenotypes on bone turnover indicators that were identified in
previous studies. In our study, the bone formation index BAP and the bone resorption indexes B-CTX and TRACP were
slightly increased in MHO individuals and higher than in MuHO individuals. Bone metabolism indicators may be
affected by age, sex, and various clinical biochemical indicators; however, the differences persisted after correcting for
sex, age, blood glucose, blood lipid, blood calcium, and vitamin D levels in three statistical models. The MHO group
showed slightly increased bone turnover activity compared with the MuHO group.

We suggest that differences in glucose and lipid metabolism may be the cause of the difference in bone turnover
activity in MHO and MuHO individuals. B-CTX is specific for the breakdown of type I collagen, and the increase of B-
CTX indicates an increase of bone turnover. Elevated B-CTX is known to be associated with abnormal deposition of

335 and B-CTX is negatively correlated with subcutaneous adipose tissue.*® TRACP is

adipose tissue in visceral organs,
a bone resorption marker that reflects the number of osteoclasts.’”*®* BAP, derived from osteoblasts, increases the local
concentration of phosphoric acid. It is required for bone matrix mineralization, reflects osteoblast activity, and is an
indicator specific for bone formation.>**' We found that the bone bioactivity was correlated with glycolipid metabolism
indexes in MHO individuals. When the two groups had similar BMIs, MuHO showed lower bone turnover activity.
Circulating bone turnover markers reflect the metabolism of the entire bone. Low bone turnover activity was associated

3642 \which is similar to our results. Our research

with significant hyperglycemia, insulin resistance, and body fat index,
suggested that low levels of bone turnover markers are associated with elevated HbAlc, HOMA-IR and BAI. Wojciech
J. found that reduced CTX-1 in women with metabolic syndrome was significantly associated with insulin resistance,
independent of BMI centile and waist circumference.*® Nielsen et al also reported that there may be a link between the
development of insulin resistance and low bone turnover, which was associated with development of brittle bone
structure and increased fracture risk in patients with abdominal obesity and diabetes.**

It has been reported that the bone transformation activity of obese individuals was decreased compared with the
healthy individuals. Garnero et al found that the bone biochemical indexes of obese individuals decreased compared with

healthy weight individuals, and bone resorption indexes decreased more than bone formation indexes. This partly
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explains the increase in bone density caused by obesity.*>**® But the current research is not uniform. For example, Melo
observed that 7 years after bariatric surgery, not only did BMI tend to be normal, but markers of bone formation and bone
resorption increased compared to themselves in the pre-operative state in severe obesity populations.*’” In our research,
a slight positive correlation between BMI and bone transformation markers was observed in obese people with similar
BMIs >30Kg/m”. We analyzed that the reason may be that the increase in bone transformation activity in the early stage
of pathological obesity without metabolic abnormalities may be a compensatory change in bone load-bearing capacity
with weight gain.*® However, with the emergence of metabolic abnormalities, the accumulation of visceral fat and the
rise of inflammatory response, the body’s bone metabolic activity is not enough to maintain normal bone mass, and then
the bone metabolism in MuHO population shows a slightly decreased trend. We speculate that this trend is also related to
pathological bone changes.

Some studies found that abdominal obesity was associated with osteopenia in similar BMI obesity subgroups and the
accumulation of visceral fat was associated with osteoporosis.***° Ghezelbash et al found that in individuals of the same
body weight and a high waist circumference experienced a 3- to 7-fold increase of spine-bearing and vertebral-fatigue
compression fractures compared with those having a smaller waist circumference.’’ In a longitudinal study of adoles-
cents, visceral adipose tissue measured by peripheral quantitative computed tomography was negatively associated with
tibia and radius strength, in girls but not in boys.>* Others have suggested that obese people have lower bone density per
kilogram of body weight.>?

Changes in calcium, phosphorus, and vitamin D were proved been essential for bone mineralization. Serum calcium
and 25-VitD3 and serum calcium do not differ in different obesity phenotypes. It is worth noting that PTH was slightly
increased in the MuHO group. We speculate that changes of PTH may be more sensitive indicators of obesity phenotype
than calcium and vitamin D, and may change early because of feedback regulation of blood calcium. Loureiro et al
reported decreased calcium and vitamin D in individuals with grade 3 obesity, but an association of PTH and MHO was
not seen.™

We observed a weak correlation between bone turnover markers and HDL level. Some research suggested an
association between hyperlipidemia and osteoporosis. Kim suggested that low bone mineral density in adult males is
closely related to hyperlipidemia.’® Wojciech J. found that TG, not HDL, was the best predictor of metabolic syndrome
in adolescent males and females.*> Recent data exhibited that there is a positive association between HDL and bone
mass.’® Some studies have shown that elevated HDL is associated with better bone quality and reduced risk of
osteoporosis, while other studies supported an inverse correlation between HDL levels and bone mass.’”>® Factors
such as genetic background, age, eating habits and metabolic status are thought to be responsible for this inconsistency.

We used multiple logistic regression models to identify factors independently associated with obesity phenotypes.
Increased B-CTX and BAP levels may be protective factor in those with the MHO phenotype. Patients with MHO and
without metabolic disorders had increased bone biological activity in early physiological stages, which helps to meet the
demands of increased body weight on bone strength. However, when metabolic disorders occur, the biological activity of
bone is not enough to compensate for the demand generated by excessive weight growth, and bone transformation
activity decreases, leading to osteoporosis and pathological bone diseases in obese patients. Previous studies found that in
obese children with type 2 diabetes, bone marrow fat increased and led to weak bones and bone-related diseases.>”

TRACP, B-CTX, and BAP were negatively correlated with severe MuHO after adjusting for clinical influencing
factors. We hypothesized that bone turnover activity tended to be lower when the number of items with metabolic
abnormalities increased. Logistic regression did not identify bone indexes that were independently associated with the
severity of MuHO, suggesting that changes in bone activity were not significant in obese people with metabolic disorders
of different severity.

A study limitation was the cross-sectional design without investigation of longitudinal changes and long-term risk of
osteoporosis in obese people with different metabolic phenotypes. In addition, bone density evaluation and dietary
surveys containing calcium intake were not performed. We will include more complete clinical indicators in future
studies.
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Conclusion

In conclusion, our study evaluated bone metabolic indexes in obese individuals with different metabolic phenotypes. We
found that BAP, TRACP, and B-CTX were increased within the physiological range in the MHO population, indicating
that the MHO phenotype had a slightly increased bone turnover activity, compared with the MuHO phenotype. This may

be an early compensatory response of the skeletal metabolism to an increased BMI.
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