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摘要 

背景：近期已有研究指出骨質疏鬆症與體內不斷循環的特定代謝物具有相關；然

而，若單靠過去研究所探討的少數幾項代謝物，很難對此複雜的致病機轉做詳確

的解釋。如今，代謝體學方法可全面性的檢視人體中代謝情形和潛在的臨床意義。

截至目前為止，未有研究加以驗證人體中代謝體特徵和骨質密度之間的相關。 

方法：本研究橫斷式研究設計，自 2009到 2010年間招募 610位年齡介於 40至

55歲之間在台北美兆健康檢查中心參加健康檢查的台灣女性。使用雙能量放射線

儀測量隻腰椎骨質密度，以骨質密度值的高低排序後研究族群依人數均分為三等

份，定義骨質密度最高的第二和第三分群為「高骨質密度」組別，而最低的第一

群為「低骨質密度」組別。而血漿代謝體特徵資料是透過核磁共振氫譜實驗分析

所收集而成。運用無監督的主成分分析、監督的偏最小二乘法判別分析法及邏輯

斯迴歸模式，來分析代謝體特徵與骨質密度的相關。 

結果：研究結果顯示，無監督的主成分分析的分數散佈圖無法完善地分離高低骨

質密度的組別；監督的偏最小二乘法判別分析法亦沒有能力區別高低骨質密度的

組別。根據停經狀態加以分層之後，可透過偏最小二乘法判別分析法於停經婦女

群體觀察到其代謝體特徵與高低骨質密度顯著的差異(R²= 0.12；Q²=0.04； 

Ppermutation=0.03)。此外，在停經婦女身上，會隨著 glutamine 的濃度升高，使得低

骨質密度的風險增加；同時，低骨質密度也與 lactate、acetone、lipid 和 very low 

density lipoprotein 濃度降低具有相關。
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結論： 這是第一篇研究透過核磁共振氫譜實驗所建立的代謝體學與骨質密度之

研究，我們成功地於停經婦女群體辨識出一群代謝物和低骨質密度具有關聯。其

中，特別是 glutamine 的濃度升高會增加低骨質密度發生的風險，可能會因此導

致骨骼流失。 

 

關鍵詞：代謝體特徵、代謝體學、核磁共振氫譜、骨質疏鬆症、停經、女性
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Abstract 

Background. Osteoporosis has been related to the alteration of specific circulating 

metabolites previously. However, studies with few metabolites may have difficulty to 

explain the pathogenesis of this complex syndrome. Metabolome provide an overview 

of the metabolism status in human body and potential clinical implication. Up to date, 

no study has investigated the association between metabolome and bone mineral 

density (BMD).  

Methods. This is a cross-sectional study. A total of 610 healthy Taiwanese women 

aged 40 to 55 were recruited from MJ Health Screening Center between 2009 and 

2010. High and low bone mineral density (BMD) was defined as the 2
nd

 plus 3
rd

 

tertiles and the 1
st
 tertile of BMD, respectively. The plasma metabolome were 

evaluated by 
1
H-nuclear magnetic resonance spectroscopy. Principal components 

analysis (PCA), partial least-squares discriminant analysis (PLS-DA), and logistic 

regression model were used to assess the association between metabolome and BMD. 

Results. The unsupervised PCA showed no visual separation between low and high 

BMD levels; the supervised PLS-DA model was also unable to distinguish high and 

low BMD groups. After stratification by menopausal status, high and low BMD 

groups can be differentiated in post-menopausal women using PLS-DA (R²= 0.12;
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Q²=0.04; Ppermutation=0.03). In addition, elevated level of glutamine was associated with 

the risk of low BMD among postmenopausal women; while low BMD is characterized 

by decreased levels of lactate, acetone, lipid, and very low density lipoprotein in the 

same sub-population.  

Conclusion. This is the first study using ¹H NMR-based metabolomic approach and 

successfully identified a group of metabolites representative for postmenopausal 

women with low BMD. Especially, elevated level of glutamine may lead to bone loss 

via increased risk of low BMD. 

 

Keywords. Metabolome, metabolic profiles, metabolomics, metabonomics, nuclear 

magnetic resonance, NMR, bone mineral density, osteoporosis, menopause, women. 
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Chapter 1. Introduction 

1.1 Importance of Osteoporosis 

  Osteoporotic fractures are a major cause of morbidity, disability, and the 

subsequent premature death in the elderly.
1
 According to World Health Organization 

criteria, osteoporosis is defined as bone mineral density (BMD) is 2.5 standard 

deviations (SD) below the mean. In the United States, spinal osteoporosis was more 

prevalent among Mexican American (24.4% for women and 4.6% for men) than that 

among either non-Hispanic blacks (5.3% for women) or non-Hispanic whites (10.9% 

for women and 2.2% for men) aged 50 years or older in National Health and Nutrition 

Examination Survey (NHANES) from 2005 to 2008.
2
 In the 2005 to 2008 Nutrition 

and Health Survey in Taiwan (NAHSIT 2005-2008), the prevalence of osteoporosis at 

lumbar spine is 12.6 % in women and 4.3% in men aged 50 years or older.
3
 

Furthermore, BMD testing, impaired vision, and neuromuscular deficits before age 65 

are recommended for predicting the risk of future fracture
4
, which has known to 

associated with high mortality. As the population aging fast worldwide, osteoporosis 

has become an important public health issue. 
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1.2 Bone-Related Proteins and Metabolites 

Decreased bone mass occurs when bone resorption is excessive or bone 

formation is decreased. Bone turnover markers (e.g., alkaline phosphatase, osteocalcin, 

type I collagen cross-linked N-telopeptide, hydroxyproline and the pyridinium 

crosslinks, etc.) have been used to monitor bone homeostasis and predict fracture 

risk.
5,6 However, 20% to 30% of women with high bone turnover rate may be 

misclassified as osteoporosis patients in the future.
7
 On the other hand, some studies 

found that elevated homocysteine, which interferes with the cross-linking of collagen 

in bone, may predict osteoporotic fractures.
8-10

 However, the association between 

homocysteine and BMD has been inconsistent.
8,9,11,12

 Moreover, in vitro and in vivo 

studies showed that nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB) essential modulator -binding domain (NBD) peptide
13

 and polyunsaturated 

fatty acids
14

 inhibit osteoclastogenesis for bone loss. In summary, past studies only 

explored few metabolites and thus may have difficulty on predicting the complex 

syndrome, osteoporosis. 

 

1.3 NMR-based Metabolomics 

Metabolomics based on Nuclear Magnetic Resonance spectroscopy (NMR) 
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spectrometry allow the detection of a wide range of structurally diverse metabolites 

simultaneously as well as metabolome for the discovery of novel biomarkers.
15

 The 

NMR spectrum is made up of peaks from each chemically distinct hydrogen atom in 

the molecule, and the peak position of a given hydrogen on the frequency axis is 

known as a chemical shift [unit: parts per million (ppm), often termed a δ value] from 

that of a reference substance.
15-17

 In addition, NMR is a robust and reliable technique 

for metabolomic applications with high reproducibility.
15,18,19

 The NMR-based 

spectroscopic method usually uses urine or blood plasma/serum as the primary sample 

sources of metabolic fingerprint data.
20,21

 Generally, as compared with urine, blood 

sample has less pH variations, dietary or drug effects.
15,22

 Therefore, NMR-based 

metabolomics gradually become an important tool in predicting metabolites for 

different research purpose, e.g., drugs, diet, lifestyle, environment, stimuli and genetic 

modulations.
15

 

 

1.4 Aims 

Previous studies evaluated limited number of candidate metabolites, which is 

hard to address the overview of the metabolism status in human body. Up to date, the 

association between metabolome and BMD has only been explored in ovariectomized 
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rats.
23,24

 Therefore, this study adopted the high-throughput
 1

H NMR-based 

‘metabonomic/metabolomic’ approach
20,21

 to assess the association between plasma 

metabolome and BMD in healthy middle-aged women. In addition, because estrogen 

deficiency-induced bone loss is observed in postmenopausal women, who are more 

susceptible to fragility fractures than premenopausal women,
25

 this study further 

accessed the effect modification by menopausal status.  
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Chapter 2. Materials and Methods 

2.1 Study Population 

This was a cross-sectional study. A total of 773 Taiwanese women aged 40 to 55 

were recruited from MJ Health Screening Center, Taipei, Taiwan, between October 

2009 and August 2010. Each participant filled out a self-reported questionnaire and 

provided a blood sample. The outcome of this study was BMD (g/cm
2
) at lumbar spine. 

Participants with the following conditions or diseases were excluded (n=163): (1) 

received hormone replacement therapy (n=34) or other medications (e.g., steroid, n=3) 

that may affect BMD, (2) lack of BMD at lumbar spine (n = 51), (3) lack of blood 

samples (n=45), (6) or lack of NMR data (n=30). A total of 610 women were included 

for data analyses (Figure 1). Informed consent was obtained from each participant. 

The study protocol has been approved by the institutional review boards of MJ Health 

Screening Center and College of Public Health, National Taiwan University. 

A self-report questionnaire was administered to collect information on 

demography, life style (e.g., smoking, alcohol consumption, calcium supplement, and 

regular exercise), menopausal status, disease history (e.g., hypertension and diabetes), 

and medication history (e.g., steroid, anti-inflammatory drugs, Chinese herb, and 

gastrointestinal drugs).  
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2.2 Measurement of Bone Mineral Density 

BMD (g/cm
2
) was measured at the lumbar spine by using dual-energy X-ray 

absorptiometry (DXA, GE Lunar Health Care, DPX-L, USA), which was calibrated by 

a standard automated test program provided by the manufacturer. BMD was tertiled 

(T1, T2, and T3) based the whole population. High BMD was defined as T2 plus T3 

(reference group) and low BMD was defined as T1 (comparison group, Figure 2).  

 

2.2 Sample Collection and Preparation 

Fasting blood samples were collected in tubes containing sodium ethylene 

diamine tetraacetic acid (EDTA) from each participant. After centrifugation, plasma 

samples were stored in a −80°C freezer. Before NMR procedures, 200 µl of plasma 

was diluted with a ratio of 1:2 in physiological saline [0.9% (w/v) NaCl solution] with 

10% D2O. Solution in Eppendorf tubes were then centrifuged at 15,000g for 5 min at 

4°C, and 550 µl of supernatant was transferred into 5 mm NMR tubes. 

 

2.3 1D 
1
H NMR Spectroscopy 

 All NMR spectra were acquired at 500.13 MHz using Avance-500 spectrometers 

(Bruker, Fremont, CA) at a 
1
H frequency with 300 K internal probe temperature at 
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High Field Nuclear Magnetic Resonance Center in Academia Sinica, Taiwan. 

For the plasma samples, Carr-Purcell-Meiboom-Gill (CPMG)-presat pulse 

sequence (relaxation delay-90°-(t -180°-t)n -90°-acquired-free induction decay) was 

acquired from 1D 
1
H NMR analysis. For each sample, 128 scans were collected into 

64K computer data points using a spectral width of 10,000 Hz (20 ppm), with a total 

echo time of 64 ms (t= 400 µs) during the relaxation delay (RD, 2.0 s) and an 

acquisition time of 1.63 s.
15

 Additionally, all 1D spectra were applied for analysis 

before Fourier transformation with zero-filled to exponential line-broadenings of 

0.5 Hz. The acquired NMR spectra were phased, baseline-corrected, and then 

calibrated by the methyl lactate doublet (δ 4.12 ppm) using TopSpin 2.0 (Bruker 

Biospin Ltd.).  

 

2.4 NMR Spectral Pre-Processing 

After acquisition of the NMR data, each spectrum was then segmented into 

1,880 chemical shift bins between δ 0.2 and δ 10.0, corresponding to a bin width of 

0.005 ppm (2.5 Hz), using custom-written ProMetab software Version 3.3 in 

MATLAB (Version 7.0.1, The MathWorks, Natick, MA).
26

 Following the removal of 

the residual water (δ 4.50-6.00 ppm) and EDTA (δ 3.58-3.65 ppm and δ 3.17-3.23 

ppm),
27

 the area within each spectral bin was integrated to yield a 1×1572 vectors 
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containing intensity-based descriptors of the original spectrum. The total spectral area 

of the remaining bins was normalized to unity to facilitate comparison between the 

spectra. The binned data was subject to the generalized log transformation 

(λ = 8 × 10
−9

),
28

 and the columns were mean-centered by Pareto scaling
29,30

 before 

multivariate analysis. 

 

2.5 Statistical Analyses 

The reduced and normalized NMR spectral binned data were uploaded to 

Metaboanalyst 2.0 (http://www.metaboanalyst.ca)31
 for principal components analysis 

(PCA), an unsupervised approach, and partial least-squares discriminant analysis 

(PLS-DA), a supervised method, to identify which metabolites contributed to specific 

clusters. PCA is used to reduce high-throughput metabolomic data into principal 

components without referring to the BMD level, and then the low-dimensional PCA 

score plots were visually inspected for natural separation of the two BMD levels (low 

vs. high, Figure 2). In contrast, PLS-DA uses previous knowledge about the BMD 

level during the classification process by multiple linear regression technique to find 

the direction of maximum covariance between metabolome and the BMD level. The 

PLS-DA score plots were used to assess if the metabolome can be separated based on 

BMD levels. Furthermore, PLS-DA was determined by the number of latent variables 

http://www.metaboanalyst.ca/
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below to build the model. A default 10-fold internal cross validation was employed, 

from which Q
2 

(expressing the cross-validated predictive capability), R
2
 (explained 

variance) and variable importance in projection (VIP) score (coefficient reflects the 

relative importance of each variable) were used to extract important plasma 

metabolites (threshold>1.5) in the PLS-DA model. 

Student’s t test (for normally-distributed continuous variables) and Pearson’sχ2
 

test (for categorical variables) were performed to compared the baseline distribution of 

potential confounders by BMD level (T1 vs. T2 plus T3). Logistic regression model 

was used to estimate odds ratios (ORs) and 95% confidence intervals (CIs) in women 

with low BMD (T1) versus high BMD (T2 plus T3) for selective metabolites 

(VIP>1.5). All models were adjusted for age, menopausal status (yes vs. no), body 

weight (continuous), height (continuous), waist circumference (continuous), creatinine 

(>79 mg/dL, yes vs. no), regular exercise (≥2 times/week for 30 minutes or more, yes 

vs. no), and serum alkaline phosphatase (ALP≥ 60 IU, yes vs. no). These variables 

were selected by either stepwise model selection (Slentry=0.15, Slstay=0.15) or 

because of its biological importance to BMD level. Serum creatinine and ALP were 

dichotomized by its median because quite few participants had abnormal level in this 

healthy population. 

Because menopausal status significantly affect BMD level, effect modification 
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by menopausal status (yes/no) was explored by comparing a model with terms for 

main effects and interaction terms to the models for main effect only using the 

likelihood ratio test. Stratified analysis was performed to assess the relationship 

between metabolome and BMD by menopausal status. Areas under the receiver 

operating characteristic (ROC) curve (AUC) were calculated to evaluate the 

performance of the candidate metabolites. An AUC value of 1.0 represents a prediction 

model with 100% sensitivity and 100% specificity, while an AUC value of 0.5 

correspond to a poor predictive model. All analyses were performed by using SAS 9.2 

(SAS Institute, Cary, NC). All statistical tests were two-sided and a P value less than 

0.05 was considered statistically significant. 
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Chapter 3. Results 

3.1 Characteristics of the Study Population 

This cross-sectional study included 610 healthy women aged 40 to 55. As 

compared to women with high BMD, women with low BMD were older (47.6 vs. 45.4 

years old), had lower body weight (53.1 vs. 57.0 kg), body mass index (21.5 vs. 22.7 

kg/m
2
), waist circumference (71.6 vs.73.6 cm), fasting glucose level (97.2 vs. 101.4 

mg/dL), and creatinine level (0.78 vs. 0.80 mg/dL), and had higher alkaline 

phosphatase level (67.3 vs. 60.2 IU), and more postmenopausal women (36.5% vs. 

11.4%, Table 1). The distributions of diastolic blood pressure, triglyceride, 

high-density lipoprotein cholesterol, total cholesterol, hypertension status, smoking 

history, alcohol consumption, calcium supplement, and regular exercise were similar 

between high and low BMD. 

 

3.2 Metabolome of the BMD Levels 

Metabolome obtained from unsupervised PCA showed no visual separation 

between low and high BMD levels as well as after stratified by menopausal status 

(Figure 3).  
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For supervised approach, PLS-DA score plots revealed little evidence of 

separation between high and low BMD clusters (Figure 4a). Some parameters of 

PLS-DA model were applied to compare high and low BMD and results using one 

component again showed little evidence of classification (variation: R
2
=0.03, 

predictive capability: Q
2
 of 10-fold cross validation=-0.002, 1000 random permutation 

test: p=0.07, Table 2). After stratification by menopausal status, metabolome showed 

better separation by high and low BMD levels in menopausal women (Figure 4b and 

4c; R
2
=0.12, Q

2
=0.04, permutation test p=0.03) but not in premenopausal women 

(R
2
=0.01, Q

2
=-0.02, permutation test p=0.76). 

 

3.3 Candidate Metabolites and the Risk of Low BMD 

Given the success of the PLS-DA model in classifying high and low BMD 

among postmenopausal women (Table 2), a total of 7 significantly altered metabolites 

(VIP > 1.5) were identified based on published data
16,17

 and Chenomx NMR suite 

(Chenomx Inc., Alberta, Canada). As compared with high BMD, low BMD was 

related to decreased levels of plasma lactate, acetone, lipid, very low lipoprotein 

(VLDL), and glucose, and elevated acetate and glutamine (Table 3).  
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For multivariate logistic regression, women who had an elevated level of 

glutamine was significantly associated with 1.6-fold increased risk of low BMD 

(AOR=1.55, 95% CI=1.03-2.33, Table 4). In addition, no significant difference 

between high and low BMD level was found for lactate, acetone, acetate, lipid, VLDL, 

and glucose (Table 4). However, menopausal status significantly modified the 

association between lactate (P interaction=0.004), acetone (P interaction=0.01), 

acetatate (P interaction=0.02), lipid (P interaction=0.04), VLDL (P interaction=0.02), 

glutamine (P interaction=0.04) and the risk of low BMD (Table 5). After stratification, 

postmenopausal women with elevated level of lactate (AOR=0.55, 95% CI= 

0.33-0.92), acetone (AOR=0.51, 95% CI= 0.31-0.85), lipid (AOR=0.04, 95% 

CI=0.001-0.91), and VLDL (AOR=0.49, 95% CI=0.27-0.90) had a significantly 

decreased risk of low BMD (Table 5). No significant association was observed for 

premenopausal women. In contrast, postmenopausal women with elevated level of 

glutamine had an increased risk of low BMD (AOR=6.04, 95% CI=1.57-23.21, Table 

5). No significant association was observed for acetate and glucose in either pre- or 

postmenopausal women.  

Comparing the ROC curves of model 1 (lactate, acetone, lipid, VLDL, and 

glutamine), model 2 (variables in model 1 plus acetate and glucose), and glutamine 

alone, the AUC was 0.59 for model 1 (95% CI=0.55-0.64, Figure 5a), 0.60 for model 2 
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(95% CI=0.55-0.65), and 0.54 for glutamine alone (95% CI=0.50-0.59) with limited 

ability to classify high and low BMD. After stratification by menopausal status, the 

AUC became 0.57 for model 1 (95% CI=0.52-0.63, Figure 5b), 0.60 for model 2 (95% 

CI=0.55-0.66), and 0.53 (95% CI=0.48-0.58) for glutamine alone for premenopausal 

women; AUC was 0.69 for model 1 (95% CI= 0.67-0.72, Figure 5c), 0.70 for model 2 

(95% CI= 0.67-0.73), and 0.65 (95% CI= 0.63-0.68) for glutamine alone in 

postmenopausal women. For pairwise comparisons between models using ROC 

contrast tests, ROC curves were different between model 2 and glutamine alone in all 

participants (p=0.03), premenopausal women (p=0.02), and postmenopausal women 

(p=0.01, Table 6), respectively. In addition, ROC curve of glutamine alone was 

significant different to ROC curve of model 1 in postmenopausal women (p=0.03, 

Table 6). 
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Chapter 4. Discussion 

4.1 Main findings 

This is the first epidemiologic study used 
1
H NMR-based metabolomic approach 

to investigate the association between plasma metabolome and the risk of low BMD. 

Before stratification by menopausal status, metabolome were not associated with the 

risk of low BMD; significant association was observed in postmenopausal women 

only. Reactive oxygen species has been related to age-related and estrogen-dependent 

bone loss.
32

 Therefore, estrogen plays an important role in maintaining bone strength 

by diminish oxidative stress in bone and bone marrow in women. As estrogen level 

decreases significantly after menopause, this may explain menopausal status affect the 

association of metabolome with BMD level.  

 

4.2 Evidences of Metabolites and Bone Metabolism 

Among the top 7 metabolites identified by PLS-DA model (VIP>1.5), elevated 

levels of lactate, acetone, lipid, and VLDL were significantly associated with 

decreased risk of low BMD; instead, glutamine showed significant increased risk of 

low BMD and acetate and glucose showed no association. Below details the postulated 
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mechanism of each metabolite with BMD (Figure 7). 

Lactate. Lactate is the end product of glycolysis derived from glucose under low 

oxygen conditions.
33

 Lactate is also a crucial intermediate for regulating collagen 

biosynthesis during osteogenesis.
34

 This may explain that increased level of lactate 

was associated with decreased risk of low BMD via increased bone formation. 

Acetone. Acetone is spontaneous produced in the body by the decarboxylation of 

acetoacetate, which refers to ketone bodies.
35

 In human plasma, concentration of 

acetone was (generally higher than acetoacetate) correlated with fasting and diabetic 

ketosis.
36

 However, recent studies suggested that BMD was increased in patient with 

Type 2 diabetes
37-39

 via increased mechanical loading and release of hormonal factors 

(oestrogen, leptin and adiponectin).
40,41

 This is also observed in our study, that is, 

women with the symptom of diabetes mellitus (i.e., fasting glucose > 100 mg/dL) had 

higher acetone (Figure 6) and lower risk of low BMD after menopause than those 

without elevated level of fasting glucose. 

Lipid & VLDL. Some evidence showed that the amount of body lipid across a broad 

range of body fat can be reflected by leptin levels,
42

 which related to differentiation of 

stromal cells to osteoblasts and thus prevent further loss of bone.
43,44

 This may explain 

our finding that lipid and VLDL were associated with decreased risk of low BMD, 

which was consistent with other studies.
45,46

 However, our findings do not support the 
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previous lipid hypothesis of osteoporosis, which suggests that LDL oxidation and 

atherogenic lipid profiles promote bone loss,
47-49

 probably because the characteristics 

of this study population was differ from previous studies and adjusted different 

confounding factors in models. 

Glutamine. Glutamine may regulate bone metabolism via osteoclast and can 

interconvert to glutamate (Glu), a major neuromediator of the central and peripheral 

nervous systems.
50,51

 In addition, Glu may lead to bone resorption via bone cells 

express Glu receptors, especially on osteoclast,
52

 this supports our finding that 

elevated glutamine was associated with elevated risk of low BMD. Moreover, some 

studies have reported that estrogen facilitates the neuroprotection against oxidative 

stress and reduces glutamatergic excitotoxicity.
53,54

 This further explains our finding 

that elevated glutamine was associated with increased risk of low BMD among 

postmenopausal women. However, this finding showed different metabolome as 

compared with those from ovariectomized rats.
23,24,55,56

 It is possible that 

epidemiologic and experimental studies differ in many ways, e.g., controlling for 

confounding effect, sample size, and biological mechanism, etc.  

 

4.3 Strengths and limitations 

This study had several strengths. First, this study had relatively large sample 
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size, especially for metabolomic study on human participants. Second, previous 

studies mainly focused on the association of limited metabolites with BMD in 

postmenopausal women.
57,58

 This study used high-throughput and unbiased approach 

to evaluate the metabolome and includes both pre- and postmenopausal women, which 

opens a broad view on research in similar topics. In addition, this study additionally 

adjusted for numerous important confounders (age, body weight, menopausal status, 

creatinine, waist circumference, serum alkaline phosphatase), which provides more 

reliable results.     

This study had some limitations. First, the cross-sectional design does not allow 

us to assess causal inference. Second, this population is relatively healthy and thus it is 

not easy to differentiate the metabolome between high and low BMD groups. This is 

also why this study did not use clinical cutoff points for BMD level (Figure 2) and 

some biochemical values, e.g., serum alkaline phosphatase and creatinine. Third, this 

study only assessed metabolome from plasma but not other biomarkers, e.g., urine. 

This is because plasma can provide data on lipid-soluble compounds,
22

 which has 

known with extensive association with osteoporosis.
45-49

 However, lipid profile is not 

available in urine sample as it is hydrophilic. Last, the use of sodium EDTA tubes for 

collecting blood samples prevented us from obtaining the information on some 

metabolites, e.g., glycerol, choline, and valine, etc.
16,27

 However, a recent study 
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showed that even though some endogenous metabolites might be obscured by the 

anticoagulant peaks, the information of these anticoagulants binding metabolites can 

be identified by other signals [e.g., glycerol (δ 3.87), choline (δ 3.50), valine (δ 2.28)], 

which are available in our NMR spectra.
27

 After removal of anticoagulants, the 

inter-sample variation in these lipoprotein signals would allow us to perform the 

statistical analyses.  

 

4.4 Conclusions 

This study, for the first time, identified metabolome for predicting the risk of 

low BMD in postmenopausal women. Metabolomics can quantify a large-scale of 

metabolites to characterize response to drugs, diet, lifestyle, environmental stimuli and 

genetic modulations.
15

 Future studies exploring gene-metabolite interactions using 

liquid chromatograph/mass spectrometry for low abundant metabolites and animal 

studies are warranted to shed light on the association between metabolome and BMD 

in human.  
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Figure 1. Flowchart of participant recruitment 

Participants for statistical 

analyses (610) 

Lack of blood sample (45) or 

NMR data (30) 

or NMR (30) 

Lack of BMD data at 

spine (51) 

Take steroid (3) or have 
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therapy (34) 

Women aged 40-55 (773) 
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Figure 2. The tertiles of bone mineral density  
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Figure 3. PCA score plots from the analysis of CPMG NMR spectra using 

women plasma samples 

(a) High BMD group: n=399; low BMD group: n=211 

(b) Premenopausal women. High BMD group: n=349; low BMD group: n=134 

(c) Postmenopausal women. High BMD group: n=45; low BMD group: n=77 

High BMD indicates the 2
nd

 and 3
rd

 tertiles of BMD; low BMD indicates the 1
st
 tertile 

of BMD. 

Abbreviations: PCA, principle components analysis; CPMG, Carr-Purcell-Meiboom-Gill; 

BMD, bone mineral density. 
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Figure 4. PLS-DA score plots from the analysis of CPMG NMR spectra 

using women plasma samples 

(a) High BMD group: n=399; low BMD group: n=211 

(b) Premenopausal women. High BMD group: n=349; low BMD group: n=134 

(c) Postmenopausal women. High BMD group: n=45; low BMD group: n=77 

High BMD indicates the 2
nd

 and 3
rd

 tertiles of BMD; low BMD indicates the 1
st
 tertile 

of BMD. 

Abbreviations: PCA, principle components analysis; CPMG, Carr-Purcell-Meiboom-Gill; 

BMD, bone mineral density. 
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Figure 5. Receiver operating characteristic curves of comparing models for 

classification of high and low BMD 

(a) All participants. Model 1: AUC= 0.59 (95% CI=0.55-0.64), Model 2: AUC=0.60 (95% 

CI=0.55-0.65). Glutamine alone: AUC=0.54 (95% CI=0.50-0.59). 

(b) Premenopausal women. Model 1: AUC=0.57 (95% CI= 0.52-0.63), Model 2: AUC=0.60 

(95% CI=0.55-0.66). Glutamine alone: AUC=0.53 (95% CI: 0.48-0.58). 

(c) Postmenopausal women. Model 1: AUC=0.69 (95% CI: 0.67-0.72), Model 2: AUC=0.70 

(95% CI: 0.67-0.73). Glutamine alone: AUC=0.65 (95% CI: 0.63-0.68). 

Model 1: lactate, acetone, lipid, VLDL, and glutamine. 

Model 2: Model 1 plus acetate and glucose. 

High BMD indicates the 2
nd

 and 3
rd

 tertiles of BMD; low BMD indicates the 1
st
 tertile of BMD. 

Abbreviations: AUC, area under the curve; BMD, bone mineral density; CI, confidence interval; 

VLDL, very low density lipoprotein.
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Figure 6. Acetone distribution by fasting glucose level (High: 

glucose> 100 mg/dL; Low: glucose ≤ 100 mg/dL) 
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Figure 7. Postulated mechanism relates important metabolites with bone 

mineral density among postmenopausal women Acetone is referred to ketone bodies 

which may be generated during diabetic ketosis
36

, and then promote to release hormonal factors 

that suppresses estrogen deficiency and the subsequent bone loss.
37-41

 Lactate may against bone 

loss via regulating collagen biosynthesis during osteogenesis.
34

 Lipid and very low density 

lipoprotein as well as lipid profiles can be reflected by leptin level which is related to 

differentiation of stromal cells to osteoblasts and thus prevent further loss of bone mass.
42-44

 

Bone resorption may occur when glutamine interconverts to excess amount of glutamate and 

then cause bone loss as the composition of osteoclast expresses glutamate receptors.
52 
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Table 1. Characteristics of the study population  

Variables            BMD  

High 

(n=399) 

Low 

(n=211) 

P* 

 Mean (S.E.)  

Age (year) 45.4 (0.19) 47.6 (0.34) <0.0001 

Body weight (kg) 57.0 (0.45) 53.1 (0.52) <0.0001 

Body mass index (kg/m
2
) 22.7 (0.16) 21.5 (0.20) <0.0001 

Waist circumference (cm) 73.6 (0.35) 71.6 (0.44) 0.0008 

Diastolic blood pressure (mmHg) 64.9 (0.51) 63.7 (0.64) 0.13 

Fasting glucose (mg/dL) 101.4 (1.16) 97.2 (0.61) 0.01 

Triglycerides (mg/dL) 94.1 (2.70) 87.3 (3.10) 0.10 

High-density lipoprotein cholesterol 

(mg/dL) 

69.8 (0.77) 72.7 (1.25) 0.05 

Total cholesterol (mg/dL) 198.4 (1.66) 202.7 (2.27) 0.13 

Alkaline phosphatase (IU) 60.2 (0.84) 67.3 (1.20) <0.0001 

Creatinine (mg/dL) 0.80 (0.005) 0.78 (0.006) 0.03 

  n (%)  

Menopause  45 (11.4) 77 (36.5) <0.0001 

Hypertension 72 (18.1) 30 (14.2) 0.23 

Ever smoker 40 (10.4) 16 (8.0) 0.34 

Alcohol consumption  15 (4.0) 14 (7.3) 0.09 

Calcium supplement  213 (53.9) 120 (56.9) 0.49 

Regular exercise ( ≥2 times/week) 168 (45.7) 91 (49.2) 0.43 

    

Abbreviation: BMD, bone mineral density. 

*P-values were obtained from Student’s t tests (normally distributed continuous variables) 

and Chi-square tests (categorical variables) by comparing participants with high and low 

BMD. 

Number in bold indicates statistically significant finding.
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Table 2. The PLS-DA parameters and permutation test for differentiating high and 

low BMD levels 

 

Comparison Groups 

PLS-DA parameters Ppermutation test
c 

No.
b 

 R
2
 Q

2† 

High BMD－Low BMD
a 

 2 0.03 -0.002 0.07 

Premenopause     

 High BMD－Low BMD 1 0.01 -0.02 0.76 

Postmenopause     

 High BMD－Low BMD 1 0.12 0.04 0.03 

Abbreviations: PLS-DA, partial least squares-discriminant analysis; BMD, bone mineral 

density. 
a 
High BMD indicates the 2

nd
 and 3

rd
 tertiles of BMD; low BMD indicates the 1

st
 tertile of 

BMD. 
b 

The number of components based on Q
2
 indicates the best classifier of PLS-DA using  

10-fold cross-validation method. 
c 
Distribute 1000 permutations. 

†Predictive capability.  

Number in bold indicates statistically significant finding.
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Table 3. The change of plasma metabolites in postmenopausal women to distinguish high and low BMD 

Metabolites
 

Multiplicity
a
 Signal assignment

b 

 

δH  

(ppm) 

VIP
c
 High BMD

d
 

Low 

BMD
c
 

Pathways* 

Lactate d CH3 1.33 1.74-3.31 ↑ ↓ Glycolysis/Gluconeogenesis 

Acetone s CH3 2.22 1.84-3.16 ↑ ↓ 
Synthesis and degradation of 

ketone bodies 

Acetate s CH3 1.91 1.56-1.82 ↓ ↑ Pyruvate metabolism 

Lipid m 
CH3CH2CH2, (CH2)n 

CH3CH2(CH2)n, 

1.20-1.26 2.59 ↑ ↓ 
Fatty acid metabolism 

VLDL m CH2CH2CO 1.53-1.6 1.63-2.49 ↑ ↓ 

Glucose ddd Histone H2, H3, H4, H5 3.37-3.57 2.75 ↑ ↓ Carbohydrate metabolism 

Glutamine m half γ-CH2 2.42-2.48 1.55-2.09 ↓ ↑ 
D-Glutamine and D-glutamate 

metabolism 

Abbreviations: BMD, bone mineral density; VLDL, very low density lipoprotein; δH, chemical shift; ppm, parts per million. 
a 
s,singlet; d, doublet; t, triplet; m, complex multiplet; ddd, doublet of doublets of doublets.  

b 
Signal assignment provides precise bioanalytical and dynamic information. 

c
 All metabolites with variable importance in projection (VIP) score >1.5. 

d 
High BMD indicates the 2

nd
 and 3

rd
 tertiles of BMD; low BMD indicates the 1

st
 tertile of BMD. 

*Pathway information was obtained from KEGG PATHWAY Database (http://www.genome.jp/kegg/). 

http://www.genome.jp/kegg/
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Table 4. Association between plasma metabolites and bone mineral density (T1 vs. T2 + T3) 

Abbreviations: AOR, adjusted odds ratio; BMD, bone mineral density; VLDL, very low density 

lipoprotein; CI, confidence intervals. 
a 
All metabolites with variable importance in projection (VIP) score >1.5.  

b 
High BMD indicates the 2

nd
 and 3

rd
 tertiles of BMD; low BMD indicates the 1

st
 tertile of BMD. 

c 
All models were adjusted for age (continuous), body weight (continuous), height (continuous), 

waist circumference (continuous), menopausal status (yes/no), creatinine (> median, 79 mg/dL, 

yes/no), regular exercise (≥2 times/week, yes/no), serum alkaline phosphatase (≥ median, 60 IU, 

yes/no). 

Number in bold indicates statistically significant finding. 

Metabolites
a 

 High BMD
b
 

(n=399) 

 Low BMD
b
 

(n=211) 

 OR  OR (95% CI) P value AOR
 
(95%CI)

c
 P value 

Lactate  1.00  0.92 (0.81-1.04) 0.16 0.90 (0.76-1.05) 0.18 

Acetone  1.00  0.90 (0.79-1.02) 0.09 0.87 (0.74-1.03) 0.11 

Acetate  1.00  1.40 (0.97-2.03) 0.07 1.32 (0.83-2.10) 0.24 

Lipid  1.00  1.08 (0.44-2.66) 0.87 0.72 (0.24-2.18) 0.56 

VLDL  1.00  0.88 (0.75-1.04) 0.13 0.85 (0.69-1.04) 0.11 

Glutamine  1.00  1.47 (1.07-2.03) 0.02 1.55 (1.03-2.33) 0.04 

Glucose  1.00  0.96 (0.91-1.02) 0.18 0.99 (0.93-1.06) 0.83 



 

41 
 

Table 5. Association between plasma metabolites and bone mineral density stratified by menopausal status (T1 vs. T2+T3) 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: AOR, adjusted odds ratio; BMD, bone mineral density; VLDL, very low density lipoprotein; CI, confidence intervals. 
a 
All metabolites with variable importance in projection (VIP) score >1.5.  

b 
High BMD indicates the 2

nd
 and 3

rd
 tertiles of BMD; low BMD indicates the 1

st
 tertile of BMD. 

c
 All models were adjusted for age (continuous), body weight (continuous), height (continuous), waist circumference (continuous), 

menopausal status (yes/no), creatinine (> median, 79 mg/dL, yes/no), regular exercise ≥2 times/week (yes/no), serum alkaline 

phosphatase (≥ median, 60 UI, yes/no). 

Number in bold indicates statistically significant finding.  

Metabolites
a
 

Premenopause  Postmenopause p interaction 

Low BMD/High BMD
b
 

(134/349) 

Low BMD/ High BMD 

(77/45) 

 

 

OR (95% CI) AOR
 
(95%CI)

b
  OR (95% CI) AOR

 
(95%CI)

b
  

Lactate 0.96 (0.83-1.11) 1.01 (0.85-1.21)  0.65 (0.49-0.86) 0.55 (0.33-0.92) 0.004 

Acetone 0.90 (0.77-1.06) 0.97 (0.81-1.17)  0.64 (0.48-0.86) 0.51 (0.31-0.85) 0.01 

Acetate 1.13 (0.72-1.75) 1.01 (0.60-1.68)   4.02 (1.67-9.67) 3.31 (0.83-13.19) 0.02 

Lipid 0.97 (0.33-2.89) 1.32 (0.38-4.56)  0.12 (0.02-0.98) 0.04 (0.001-0.91) 0.04 

VLDL 0.89 (0.73-1.08) 0.95 (0.76-1.18)  0.62 (0.43-0.88) 0.49 (0.27-0.90) 0.02 

Glutamine 1.32 (0.90-1.95) 1.24 (0.78-1.96)  2.88 (1.45-5.72) 6.04 (1.57-23.21) 0.04 

Glucose 0.96 (0.90-1.03) 0.97 (0.90-1.04)  0.95 (0.85-1.06) 1.14 (0.92-1.40) 0.38 



 

42 
 

Table 6. Receiver operating characteristic contrast tests of pairwise comparison 

between different models to classify high and low BMD 

a
 Model 1 included lactate, acetone, lipid, VLDL, and glutamine; model 2 included variables 

in model 1 plus acetate and glucose. 

*P-values were obtained from Chi-square tests. 

Number in bold indicates statistically significant finding.

Contrast models 
All participants  Premenopause Postmenopause 

P value* 

Model 2 vs. Mode 1
a 

0.38 0.16 0.74 

Glutamine alone vs. Model 1
 

0.05 0.12 0.03 

Glutamine alone vs. Model 2 0.03 0.02 0.01 
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Table 7. Model comparisons for the association between plasma metabolites and bone mineral density (T1 vs. T2+T3) 

 

Lactate Acetone Acetate Lipid VLDL Glutamine Glucose 

Low BMD
a
 (399) / High BMD

a
 (211) 

AOR (95% CI) 

Model 1
b 0.92 (0.81-1.04) 0.90 (0.79-1.02) 0.42 (0.97-1.03) 1.08 (0.44-2.66) 0.88 (0.75-1.04) 1.47 (1.07-2.03) 0.96 (0.91-1.02) 

Model 2
c 

0.86 (0.76-0.99) 0.82 (0.71-0.95) 1.55 (1.05-2.30) 0.56 (0.21-1.48) 0.80 (0.67-0.95) 1.67 (1.19-2.35) 0.96 (0.91-1.02) 

Model 3
d 0.99 (0.86-1.15) 0.95 (0.82-1.10) 1.07 (0.70-1.63) 1.04 (0.37-2.90) 0.93 (0.77-1.11) 1.22 (0.84-1.76) 0.99 (0.93-1.06) 

Model 4
e 0.94 (0.80-1.09) 0.92 (0.78-1.08) 1.17 (0.74-1.83) 0.85 (0.29-2.51) 0.89 (0.74-1.09) 1.40 (0.94-2.09) 1.00 (0.93-1.07) 

Model 5
f 0.90 (0.76-1.05) 0.87 (0.74-1.03) 1.32 (0.82-2.10) 0.72 (0.24-2.12) 0.85 (0.69-1.04) 1.55 (1.03-2.33) 0.99 (0.93-1.06) 

Abbreviations: AOR, adjusted odds ratio; BMD, bone mineral density; VLDL, very low density lipoprotein; CI, confidence intervals. 
a 
High BMD indicates the 2

nd
 and 3

rd
 tertiles of BMD; low BMD indicates the 1

st
 tertile of BMD. 

b 
Model 1: Unadjusted model. 

c 
Model 2: Adjusted for age (continuous), menopausal status (yes/no). 

d 
Model 3: Adjusted variables in model 2 plus body weight (continuous) and height (continuous) 

e 
Model 4: Adjusted variables in model 3 plus serum alkaline phosphatase (≥ median, 60 IU, yes/no) and regular exercise (≥2 times/week, 

yes/no) 
f 
Model 5: Adjusted variables in model 4 plus waist circumference (continuous) and creatinine (> median, 79 mg/dL, yes/no). 

 

 


