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Abstract

:

Recent evidence shows that obesity correlates negatively with bone mass. However, traditional anthropometric measures such as body mass index could not discriminate visceral adipose tissue from subcutaneous adipose tissue. The visceral adiposity index (VAI) is a reliable sex-specified indicator of visceral adipose distribution and function. Thus, we aimed to identify metabolomic profiles associated with VAI and low bone mineral density (BMD). A total of 602 individuals from the Health Workers Cohort Study were included. Forty serum metabolites were measured using the targeted metabolomics approach, and multivariate regression models were used to test associations of metabolomic profiles with anthropometric, clinical, and biochemical parameters. The analysis showed a serum amino acid signature composed of glycine, leucine, arginine, valine, and acylcarnitines associated with high VAI and low BMD. In addition, we found a sex-dependent VAI in pathways related to primary bile acid biosynthesis, branched-chain amino acids, and the biosynthesis of pantothenate and coenzyme A (CoA). In conclusion, a metabolic profile differs by VAI and BMD status, and these changes are gender-dependent.
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1. Introduction


Obesity is related to metabolic disturbances such as type 2 diabetes (T2D), hypertension, insulin resistance, and osteoporosis [1,2,3]. According to the World Health Organization (WHO), more than 1.9 billion adults are overweight, of which more than 650 million are obese [4]. The latest National Health and Nutrition Survey 2018 in Mexico (ENSANUT 2018) reported that the percentage of adults with overweight and obesity was 75.2% [5], and osteopenia and osteoporosis in 2019 was 56% and 16%, respectively [6]. Osteoporosis is a common metabolic bone disorder characterized by low bone mineral density (BMD) and microstructural deterioration of bone tissues, which increases bone fragility and the risk of fractures [7]. BMD is the standard predictor for evaluating the bone quality in clinical diagnosis of osteoporosis and fracture risk, and serves as a surrogate marker for evaluating the effectiveness of treatment for osteoporosis [8].



Obesity and osteoporosis have strong genetic determinants. The heritability for BMD is estimated at 50–90% [9], and for body mass index (BMI) is at >40% [10]. In addition, they have specific pathogenesis and a shared biological basis [11,12]. Diverse studies have suggested that visceral adiposity is negatively associated with bone microarchitecture [13,14]. Some potential mechanisms that might explain this association include: (1) visceral adiposity generates an increase in the production of proinflammatory cytokines that could promote osteoclast differentiation [15], (2) the visceral adiposity is associated with a reduction of serum 25(OH)D levels which negatively impact in the BMD [16], and (3) systemic changes in lipid and polar metabolites could promote the production of cytokines and differentiation of osteoclast altering bone metabolism [17].



In most studies, obesity is ascertained, resorting to BMI. The BMI is a ratio between the weight to the squared height (kg/m2) of a subject, used to approximate body fat percentage. However, it is not ideal for measuring obesity because it cannot differentiate between visceral and subcutaneous fat, leading to considerable misclassification. Due to the complex metabolic role of the adipose tissue, it is necessary to classify obesity based on body fat composition and distribution [18].



The Visceral Adiposity Index (VAI) has recently been proven to indicate adipose distribution and function that indirectly expresses adverse effects of obesity [19]. The VAI is a mathematical model, gender-specific, based on anthropometric [(BMI and waist circumference (WC)] and functional parameters [triglycerides (TG) and HDL-cholesterol (HDL-c)]. Earlier reports have proposed that VAI is a good predictor for insulin resistance [20], T2D [21,22], cardiometabolic risk [23], and disturbances in glucose and lipid metabolism [24]. So far, there are no cut-off points to classify individuals with a low and high score of VAI in BMD; however, several studies have reported tertiles, quartiles, or quintiles [20,21,22,23]. Moreover, the VAI efficiently substitutes imaging modalities for assessing adipose tissue distribution, such as computed tomography and magnetic resonance imaging, which are usually inconvenient and expensive; and have radiation hazards [25]. Therefore, the VAI can be utilized as a reliable surrogate marker for evaluating obesity and the effects of obesity on BMD.



Recently, studies of obesity [26,27,28] and osteoporosis [29,30] with a metabolomic approach have pointed out the dynamic profile of metabolic changes associated with disease progression by quantifying metabolites in biological samples [31]. These changes are part of the subclinical stages of the disease and form a functional imprint of these individuals’ present and future responses. Interestingly, studies show sex-specific metabolic differences; for example, women incorporate free fatty acids (FFAs) into TG and have lower circulating acylcarnitines, whereas men oxidize FFAs [24]. Thus, sex differences affect physiology of several diseases and are organ and parameter specific, influencing the metabolism and homeostasis of amino acids, fatty acids, and sugars linked to the onset of diseases [32].



Hence, to date, no studies have investigated the possible modification of serum metabolites and their relationship between VAI and BMD status sex-dependent in the Mexican population. Our current study aimed to assess the relationship between VAI and BMD to examine possible modifications in the composition of serum metabolites in Mexican individuals.




2. Results


2.1. Population Demographic and Clinical Characteristics


This study included 602 individuals from the Health Workers Cohort Study (HWCS). The median age in the overall population was 60 years; though, women were older than men (p = 0.003). The median of WC, blood pressure, and BMD were higher in men than women (p < 0.05), additional features are presented in Table 1. In this study, women possess higher VAI than men; however, this difference was not statistically significant. Furthermore, we categorize the population by BMD status (Table S1) and age (Table S2). We observed that individuals with low-BMD were older than individuals with normal-BMD. In addition, they had a lower median of BMI, WC, body fat proportion, and BMD, as well as less prevalence of obesity (both categorized as total population or by sex) (p < 0.05). When we categorized the demographics by age groups, we found that the oldest individuals (≥70 years) had medians highest of WC, body fat proportion, glucose, HDL-c, and blood pressure (p < 0.05); as well as a higher prevalence of overweight, impaired glucose tolerance, T2D and lower values of BMD.




2.2. Serum Metabolite Profile According to Sex


As mentioned above, sex-related considerations are increasingly being recognized in metabolic pathways and diseases. To understand sex contribution to metabolome, we performed a partial least-squares discriminant analysis (PLS-DA) and variable importance in projection (VIP) score. PLS-DA score plots separated subjects according to sex (Figure 1a). The VIP plot showed that glycine, leucine, proline, valine, octadecadienyl-carnitine, stearoyl-carnitine, isovaleryl-carnitine, arginine, palmitoyl-carnitine, hexanoyl-carnitine, alanine, and free carnitine (Figure 1b) are responsible for the separation between the groups.




2.3. Serum Metabolite Profile According to VAI


Although VAI, according to sex, did not have significant differences, it was borderline value (p = 0.06). Therefore, it was decided to categorize the VAI in tertiles (Table 2).



Regards serum metabolites, a total of 40 metabolites were quantified. The PLS-DA score plots revealed slight evidence of separation according to VAI tertiles (Q2 = 0.099: permutation test: p-value < 5.0 × 10−4) (Figure 2a). Despite this slight separation between the groups, the VIP plot showed those metabolites responsible for discrimination between the groups. Interestingly, glycine, alanine, decanoyl-carnitine, citrulline, propionyl-carnitine, hexanoyl-carnitine, tetradecenoyl-carnitine, leucine, acetyl-carnitine, and valine, showed VIP scores above 1.0 on VIP analysis, which made them potentially useful for discrimination (Figure 2b). Furthermore, unsupervised hierarchical clustering of abundance heatmap showed a separation between the VAI tertiles (Figure 2c). A distinctive pattern dependent on VAI tertile can be observed (Figure 2d). Briefly, the higher VAI, the higher the concentration of leucine, alanine, valine, and lower concentrations of glycine, free carnitine, and citrulline.




2.4. Metabolic Profile According to Sex-Dependent VAI


Sex is also a determinant for the percentage and distribution of body fat. A PLS-DA was performed to evaluate a difference in VAI by sex (Figure 3a). After stratification according to sex, the metabolome was more distinct (Q2 0.15: permutation p-value < 5.0 × 10−4) compared to when only the VAI was evaluated (Q2 = 0.099). The VIP plot showed those metabolites responsible for the separation between the groups according to VAI and sex. Alanine, decanoyl-carnitine, glycine, hexanoyl-carnitine, propionyl-carnitine, acetyl-carnitine, citrulline, tetradecenoyl-carnitine, leucine, octenoyl-carnitine, hydroxyhexadecenoyl-carnitine, carnitine, and decanoyl-carnitine, showed VIP scores above 1.0 on VIP analysis (Figure 3b). Unsupervised hierarchical clustering of abundance heatmap showed a separation by sex and among the VAI groups (Figure 3c). Women with higher VAI had more leucine, alanine, valine and lower glycine, free carnitine, and citrulline concentrations than women with lower VAI (Figure 3d). Men with higher VAI had a greater abundance of leucine and valine and lower glycine and citrulline concentrations than men with lower VAI (Figure 3e).




2.5. Metabolite Set Enrichment Analysis


To identify biologically meaningful patterns, we performed a metabolite set enrichment analysis (MSEA) in males and females with VAI_1 (reference group), compared to VAI_2 and VAI_3 groups, respectively (Figure 4a,b, respectively).



The metabolic pathways found include the metabolism of different amino acids, primary bile acid biosynthesis, pantothenate and coenzyme A (CoA) biosynthesis, glyoxylate and dicarboxylate metabolism, porphyrin, and chlorophyll metabolism, aminoacyl-tRNA biosynthesis, glutathione metabolism, and fatty acid degradation. The metabolites associated with these metabolic pathways are glycine, alanine, ornithine, arginine, citrulline, valine, leucine, carnitine, and palmitoyl-carnitine.




2.6. Metabolic Profile According to BMD Status


Obesity is related to several metabolic diseases, such as osteoporosis, characterized by low-BMD. Thus, we categorize the population by BMD status (Table S1). To know if there was a difference in BMD status, a PLS-DA was performed. The PLS-DA score plot revealed a slight separation between high and low BMD clusters (Q2 = 0.069: permutation test: p-value < 5.0 × 10−4). Despite this slight separation between the groups, the VIP plot showed the citrulline, tiglyl-L-carnitine, methionine, dodecenoyl-carnitine, succinylacetone, free carnitine, leucine, and myristoyl-carnitine were associated with BMD status (Figure 5a,b).




2.7. Metabolic Profile According to Sex-Dependent VAI and BMD Status


PLS-DA was performed to determine a metabolic profile related to sex-dependent VAI and BMD (Figure 6a–d). The VIP plot showed leucine, glycine, C10, valine, alanine, citrulline, free carnitine, C16, C14:1, and C18 responsible for separating BMD groups and VAI in a sex-dependent manner (Figure 6e). Unsupervised hierarchical clustering of abundance heatmap showed a separation by sex and among the VAI groups (Figure 6f). Briefly, leucine, valine, C16, free carnitine, and C18 tend to be higher in men regardless of BMD and VAI status. In addition, regardless of their VAI, women with low BMD have higher glycine, C10, citrulline, and C14:1 concentration. Interestingly, women with a VAI_1 and normal BMD present concentrations like women with low BMD. Interestingly, both men with low BMD and VAI_1/2 have similar concentrations of citrulline and C14:1.





3. Discussion


To the best of our knowledge, this is the first metabolomics study showing the serum profile of amino acids and free carnitines associated with the VAI and BMD status conducted in the Mexican population. We found that serum levels of branched-chain amino acids (BCAAs), glycine, citrulline, alanine, and free carnitine were significantly related to VAI. Our results are consistent with previous studies reporting impaired amino acids and carnitine metabolism in many metabolic diseases associated with obesity, such as hepatosteatosis, insulin resistance, and T2D [33,34,35,36,37,38,39]. Thus, high leucine, valine, and alanine concentrations were significantly associated with high VAI, whereas glycine levels were decreased. Studies in humans and rodents related to leucine and valine have indicated that an impaired adipose BCAA catabolic pathway contributes to the rise of plasma BCAAs and is associated with insulin resistance in obesity [40].



Otherwise, the literature indicates that elevated levels of BCAA interfere with the oxidation of fatty acids, leading to accumulation in the circulation of acylcarnitines. This assertion is in concordance with our results because we found that individuals with the highest level of VAI had increased levels of short- and medium-chain acylcarnitines and low levels of long-chain acylcarnitines. It has been proposed that the plasma concentrations of medium- and long-chain acylcarnitines can predict the intracellular energy metabolism pattern and be associated with the progression of several diseases, including insulin resistance, T2D, obesity, and cardiovascular disease [41,42,43,44].



In the present study, low glycine, arginine, and citrulline levels were associated with high VAI. Several studies have associated the non-essential amino acids (glycine and arginine), and citrulline, a metabolite of arginine, with an improved glycemic control [45,46,47], lower adiposity, and decreased risk factors for developing metabolic syndrome [48]. Interestingly, we found enrichment in glycine, serine, and threonine metabolism in our metabolic pathway analysis. Simmons et al. pointed out that a possible explanation for the low glycine concentrations in obese subjects could be the hepatic glycine cleavage system upregulation [49]. In addition, it has been described that arginine can activate AMPK and mTOR, resulting in greater insulin secretion and glucose uptake [50], thus being associated with better glycemic control.



On the other hand, citrulline is an amino acid synthesized mainly by enterocytes with antioxidant properties, participates in the urea cycle and the arginine and proline metabolism. Eshreif et al. indicated that this amino acid reduces muscle wasting and augmenting muscle performance. Moreover, it has been suggested that citrulline arises from elevations in mitochondrial function [51]. Ramírez-Zamora et al. highlighted an inverse correlation between plasma citrulline levels and glucose homeostasis in non-diabetic subjects [52]. In old rats, citrulline supplementation increased muscle mass, muscle fiber size, and the expression and activity of mitochondrial proteins [53]. Recently, Bouillanne et al. have also reported increased lean mass and decreased fat mass following citrulline supplementation [54]. The trophic effect of citrulline could be related to its ability to increase muscle apolipoprotein B editing complex 2 (APOBEC2) [53]. The preceding could indicate that those individuals in the highest tertile of the VAI would present lower muscle mass, which could have lower insulin sensitivity.



As mentioned above, sex is also a determinant for the distribution of body fat. In the present study, a differential metabolic pattern associated with VAI sex-dependent was observed. Women had lower amounts of BCAAs and higher concentrations of glycine and citrulline than men. These results are consistent with previous observations indicating that females have lower plasma levels of BCAAs than males [55,56]. Regulation of BCAA catabolism differs between sex; this could be due to hormonal influence [57]. It has been reported that elevated estrogen levels in women may partially contribute to the lower oxidation of amino acids than men [58]. Those findings highlight the need to consider sex differences when using these markers for risk assessment in metabolic disorders.



Another interesting finding from our study was the altered metabolite profile associated with BMD status, VAI, and sex. We identified six amino acids in serum, glycine, citrulline, leucine, arginine, valine, and several acylcarnitine significantly associated with high VAI and low BMD levels. Our findings are consistent with Su et al., which point out that higher serum valine level was associated with a lower risk of low BMD. A similar but weaker association was observed for leucine and isoleucine [59]. Previous reports indicate that amino acids play a crucial role in bone health and remodeling. Osteoporotic patients have lower circulating amino acids levels, which have been associated with low BMD. This association could be explained because amino acids modulate bone marrow stem cell (BMSC) function associated with signaling, proliferation, and differentiation in the bone marrow [17].



In the same way, carnitines play an essential role in bone metabolism. It has also been reported that 40% to 80% of energy demands in osteoclast and osteoclast are from fatty acid oxidation [60]. L-carnitine has been shown to stimulate human osteoblast functions and intracellular calcium signaling. Noteworthy, carnitines display a direct effect on human osteoblast by significantly increasing osteoblast activity and proliferation, as well as the expression of collagen type I, bone sialoproteins (BSPs), and osteopontin (OPN) [60].



Finally, the MESEA analysis showed that sex depending on VAI plays an essential role in enriched metabolic pathways, thus in men, the metabolism of BCAAs and the biosynthesis of pantothenate and CoA allow us to differentiate men in the lowest VAI of those in the top tertile. A urinary metabolomic study elucidated the perturbances of the high-fat diet on metabolomic profiling, consisted of higher concentrations of pantothenic acid and citrate and lower concentrations of proline and glycine [61]. The mechanism by which it is proposed that the concentrations of citrate and pantothenic acid are associated with weight gain is through the decrease in the ATP/AMP ratio, which promotes the inactivation of AMPK and the increase in lipogenesis [61].



Interestingly in the female low VAI group, top pathways were related to primary bile acid biosynthesis, glycine, serine, and threonine metabolism. Bile acids play a central role in the absorption of dietary lipid and have been recognized as essential modulators of glucose metabolism, insulin sensitivity, and energy expenditure [62]. Potential sex differences in bile acid homeostasis remain mostly unexplored. Recently, Baars et al. demonstrated a sex-specific regulation of bile acid homeostasis; thus, females showed higher serum concentrations of taurocholic acid (TCA), tauroalpha-muricholic acid (TAMCA), and taurobeta-muricholic acid (TBMCA) compared to males. The authors also suggest that these differences are partly microbiota-driven [63,64]. Several studies indicate apparent differences in lipid metabolism between sex, including cholesterol synthesis [65]. Our results point to alterations in lipid metabolism in women with a high VAI. The alterations are mainly in the metabolic pathways related to BCAAs and pantothenate and CoA biosynthesis in men.



The present study has several strengths. First, to our knowledge, this is the first such direct metabolomics study about VAI and BMD in the Mexican-Mestizo population. The population involved in our study is not only large (n = 602); however, it includes men and women with various statuses in terms of menopausal status and BMD loss progression, which raises the consistency of our results. Second, some of the metabolites (e.g., glycine, arginine, leucine, and valine) identified in this analysis have been previously associated with bone metabolism. This antecedent increases the confidence of our findings and may represent a valid and interesting metabolites-set associated with BMD. In addition, this motivates further studies to explore the identified metabolites in more detail. Third, we used the VAI, a recent extrapolated index that may be used as a surrogate marker of adipose tissue dysfunction, as a phenotype to maximize the identification of metabolites that could distinguish individuals at different risks for low BMD. There are, however, some limitations to this study. First, participants enrolled were recruited from the central region of Mexico (Cuernavaca, Morelos); therefore, additional studies are required before findings may be generalized to individuals in other areas of Mexico. Second, the sample size could limit the study to detect metabolites with minor effects on BMD. Third, we did not analyze the diet of individuals (one of the main determinants of human blood metabolites). We did not measure the main clinical biomarkers of bone metabolism, such as ALP, Trapcp5b, PINP, and CTX-I. Finally, the Neo-Base kit used does not determine isoleucine; therefore, the results on BCAAs may be taken with caution. Further studies are needed, including a broader panel of metabolites, to confirm our findings and clarify the potential molecular mechanisms of the detected associations between blood-identified metabolites, VAI, and BMD.




4. Materials and Methods


4.1. Study Population


This study is a cross-sectional analysis with data collected in the third wave (2016–2017) of the HWCS. The HWSC addresses a wide range of lifestyle and genetic factors to assess their association with several health outcomes. The details of this study cohort and methods have been previously described [66]. This cohort in the baseline measurement briefly recruited men and women ages 5 to 85 years from the Mexican Institute of Social Security (IMSS, by its acronym in Spanish) in Morelos, Mexico. This project was approved by the ethics committee of the IMSS. All participants signed informed consent. Exclusion criteria were individuals under 18 years of age or without a blood sample. A total of 602 individuals were included in this analysis.




4.2. BMD Measurements


Participants underwent dual-energy X-ray absorptiometry (DXA; Lunar DPX-GE, Lunar Radiation, software version 1.35, fast scan mode) to determine BMD at multiple sites (femoral neck, hip, and lumbar spine) in g/cm2 and their T-score [66]. The procedures were performed according to the manufacturer’s instructions. Standardized densitometry technicians ensured that the daily variation coefficient was within normal operational standards and the in vivo variation coefficient was lower than 1.5%. According to WHO criteria, low BMD was defined as a T-score less than −1 at the total hip [67].




4.3. Other Measurements


Demographic (age and sex), clinical (prior diagnosis of T2D), and lifestyle data (leisure-time physical activity) were obtained through self-administered questionnaires [66]. Height was measured without shoes on a standing stadiometer (SECA). Weight was measured using a calibrated electronic scale (BC-533; Tanita) with minimal clothing and bare feet. BMI was calculated as weight [kg/height (m)2]. Following exhalation, WC was determined with a tape measure to the nearest 0.1 cm at the top of the iliac crest.



Fasting plasma glucose, TG, and HDL-c were processed using a Selectra XL instrument (Randox), concordance with the International Federation of Clinical Chemistry and Laboratory Medicine [68].



VAI is a sex-specific index that was determined using the following equations [23]:


  V A  I  m e n   :  [    W  C  c m     39.68 +  (  1.88 × B M I  )     ]  ×   T  G  m m o l / L     1.03   ×   1.31   H D  L  m m o l / L      










  V A  I  w o m e n   :  [    W  C  c m     36.58 +  (  1.89 × B M I  )     ]  ×   T  G  m m o l / L     0.81   ×   1.52   H D  L  m m o l / L H      











All participants were divided into three groups based on VAI tertiles.




4.4. Metabolomics Analysis


Concentrations of serum acyl-carnitines, free carnitine, and amino acids were measured using the approach of targeted metabolomics by electrospray tandem mass spectrometry (Quattro Micro API tandem MS, Waters Inc., Milford, MA, USA). Metabolite levels in serum were analyzed using the commercial kit (NeoBase Non-derivatized MS/MS Kit, Perkin Elmer, Waltham, MA, USA), as previously described [69]. NeoBase MSMS kit is intended for the quantitative determination of Acylcarnitines: C0, C2, C3, C6DC, C4, C5, C5:1, C6, C8, C8:1, C16, C16:1, C16:1OH, C16OH, C10, C10:1, C10:2, C12, C12:1, C14, C14:1, C14:2, C14OH, C18, C18:1, C18:1OH, C18:2 and C18OH. Amino acids: Glycine, Alanine, Valine, Leucine, Methionine, Phenylalanine, Tyrosine, Ornithine, Citrulline, Arginine, and Proline. Ketone: Succinylacetone. Briefly, 20 µL of serum were poured onto filter paper cards (Whatman 903, Dassel, Germany) and dried at room temperature. The spot was cut into 2-mm circles and placed in a 96-well plate. The extraction solution was added to the plate and incubated for 30 min at 30 °C at 650× g. Finally, 10 µL of each sample were injected into the flow at 4-min intervals. The Micromass Quattro equipment (Waters Inc., Milford, MA, USA) was coupled with an ESI source in positive mode. Nitrogen gas was used for desolvation and nebulization, and argon was the collision gas.




4.5. Statistics


Descriptive analysis by sex and BMD status was performed using the Stata 14.0. Categorical data are presented as percentage and continuous data as median and 25–75th percentiles shown in parentheses. Proportion tests and Wilcoxon–Mann–Whitney tests were used to compare demographic and clinical characteristics by sex and BMD status, as appropriate. PLS-DA was used to visualize discrimination among samples. Permutation testing was carried out to minimize the possibility that the observed separation on PLS-DA was by chance. In addition to cross-validation, model validation was also performed by a 2000 times permutation test. A loading scatter plot was constructed to determine the variables discriminating between the groups. A VIP plot was performed for ranking the metabolites based on their importance in discriminating studies from both groups. VIP cutoff >1.0 was selected since the number of variables in this study was less than 100. We performed an MSEA to confirm biologically meaningful patterns between subjects. All statistical analyses were performed in Metabo Analyst 5.0 (McGill University, Toronto, ON, Canada). PLS-DA is a versatile algorithm used for predictive and descriptive modeling and the discriminative variable selection, which was performed to identify independent predictors that best correlated with VAI and bone status.





5. Conclusions


For the first time, this study has presented a cross-sectional assessment of a subset of metabolites (forty compounds) in serum obtained from Mexican men and women, using a metabolomic approach. Furthermore, we identified a metabolomic profile that varied among individuals with different VAI and BMD status, and ever these changes are gender-dependent. We identified leucine, glycine, C10, valine, alanine, citrulline, free carnitine, C16, C14:1, and C18 serum metabolites that distinguished the female and men groups, according to VAI and BMD in a Mexican population. This study adds evidence about the importance of amino acids and bile acids in obesity, providing new and additional clues to the pathogenic studies of gender and obesity.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/metabo11090604/s1, Table S1: Demographics categorized by sex and bone mineral density status of individuals belonging to the Health Workers Cohort Study, Table S2: Clinical and demographic data categorized by age groups, Table S3: Database from HWCS used in the study, Table S4: Description of analyzed metabolites.





Author Contributions


Conceptualization, R.V.-C.; methodology, I.I.-G. and M.V.-A.; formal analysis, B.P.-G. and B.R.-P.; investigation, R.V.-C., B.P.-G., G.L.-R., B.R.-P. and Y.N.F.; resources, R.V.-C. and S.C.-Q.; data curation, B.R.-P.; writing—original draft preparation, R.V.-C., B.P.-G., G.L.-R. and B.R.-P.; writing—review and editing, R.V.-C., B.P.-G., G.L.-R., B.R.-P., S.C.-Q., Y.N.F. and J.S.; supervision, R.V.-C.; project administration, R.V.-C.; funding acquisition, J.S., S.C.-Q. and R.V.-C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by: Mexican Council of Science and Technology (CONACyT): (Grant numbers: 7876, 87783, 262233, 26267M, SALUD-2010-01-139796, SALUD-2011-01-161930, 548, and CB-2013-01-221628). YNF was supported by NIH/NCI K07CA197179. RVC was supported by grants from the CONACyT: Grant INFR-2016-01-270405 and partially supported by the Instituto Nacional de Medicina Genómica project 346-05/2018/I.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Research and Ethics Committee from the Instituto Mexicano del Seguro Social (IMSS, by its Spanish acronym) (No. 12CEI 09 006 14).




Informed Consent Statement


Written informed consent has been obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available in the article or Supplementary Material.




Acknowledgments


We would like to sincerely thank the HWCS team and the study population for their participation. We also acknowledge the technical assistance provided by Jeny Flores Morales (Genomics of Bone Metabolism Laboratory, National Institute of Genomic Medicine (INMEGEN, INMEGEN) and Hugo Villamil-Ramírez (Unit of Genomics of Population Applied to Health, Faculty of Chemistry, National Autonomous University of Mexico (UNAM)/National Institute of Genomic Medicine (INMEGEN).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Singh, R.K.; Kumar, P.; Mahalingam, K. Molecular genetics of human obesity: A comprehensive review. C. R. Biol. 2017, 340, 87–108. [Google Scholar] [CrossRef]

	



Yuan, Y.; Mu, J.-J.; Chu, C.; Zheng, W.-L.; Wang, Y.; Hu, J.-W.; Ma, Q.; Yan, Y.; Liao, Y.-Y.; Chen, C. Effect of metabolically healthy obesity on the development of arterial stiffness: A prospective cohort study. Nutr. Metab. 2020, 17, 50. [Google Scholar] [CrossRef]

	



Fassio, A.; Idolazzi, L.; Rossini, M.; Gatti, D.; Adami, G.; Giollo, A.; Viapiana, O. The obesity paradox and osteoporosis. Eat. Weight Disord. 2018, 23, 293–302. [Google Scholar] [CrossRef]

	



Zamani, M.; Zamani, V.; Heidari, B.; Parsian, H.; Esmaeilnejad-Ganji, S.M. Prevalence of osteoporosis with the World Health Organization diagnostic criteria in the Eastern Mediterranean Region: A systematic review and meta-analysis. Arch Osteoporos. 2018, 13, 129. [Google Scholar] [CrossRef]

	



Instituto Nacional de Salud Pública (INSP) Encuesta Nacional de Salud y Nutrición 2018 (ENSANUT-2018-2019). Available online: https://ensanut.insp.mx/encuestas/ensanut2018/doctos/informes/ensanut_2018_presentacion_resultados.pdf (accessed on 17 May 2021).

	



National Osteoporosis Foundation. Annual Report. Available online: https://cdn.nof.org/wp-content/uploads/Annual-Report-2019-2.pdf (accessed on 17 May 2021).

	



Drake, M.T.; Clarke, B.L.; Lewiecki, E.M. The Pathophysiology and Treatment of Osteoporosis. Clin. Ther. 2015, 37, 1837–1850. [Google Scholar] [CrossRef]

	



Pedersen, S.B.; Rand, M.S.; Eiken, P.A.; Jørgensen, N.R. Monitoring anti-osteoporotic therapy: Bone mineral density or markers of bone turnover. Ugeskr. Laeger 2018, 180. [Google Scholar]

	



Liu, L.; Yang, X.-L.; Zhang, H.; Zhang, Z.-J.; Wei, X.-T.; Feng, G.-J.; Liu, J.; Peng, H.-P.; Hai, R.; Shen, H.; et al. Two novel pleiotropic loci associated with osteoporosis and abdominal obesity. Hum. Genet. 2020, 139, 1023–1035. [Google Scholar] [CrossRef]

	



Fall, T.; Ingelsson, E. Genome-wide association studies of obesity and metabolic syndrome. Mol. Cell. Endocrinol. 2014, 382, 740–757. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, L.-J.; Liu, Y.-J.; Liu, P.-Y.; Hamilton, J.; Recker, R.R.; Deng, H.-W. Relationship of obesity with osteoporosis. J Clin. Endocrinol. Metab. 2007, 92, 1640–1646. [Google Scholar] [CrossRef] [PubMed]

	



Kushwaha, P.; Wolfgang, M.J.; Riddle, R.C. Fatty acid metabolism by the osteoblast. Bone 2018, 115, 8–14. [Google Scholar] [CrossRef]

	



Cohen, A.; Dempster, D.W.; Recker, R.R.; Lappe, J.M.; Zhou, H.; Zwahlen, A.; Müller, R.; Zhao, B.; Guo, X.; Lang, T.; et al. Abdominal fat is associated with lower bone formation and inferior bone quality in healthy premenopausal women: A transiliac bone biopsy study. J. Clin. Endocrinol. Metab. 2013, 98, 2562–2572. [Google Scholar] [CrossRef] [PubMed]

	



Katzmarzyk, P.T.; Barreira, T.V.; Harrington, D.M.; Staiano, A.E.; Heymsfield, S.B.; Gimble, J.M. Relationship between abdominal fat and bone mineral density in white and African American adults. Bone 2012, 50, 576–579. [Google Scholar] [CrossRef] [PubMed]

	



Pou, K.M.; Massaro, J.M.; Hoffmann, U.; Vasan, R.S.; Maurovich-Horvat, P.; Larson, M.G.; Keaney, J.F.J.; Meigs, J.B.; Lipinska, I.; Kathiresan, S.; et al. Visceral and subcutaneous adipose tissue volumes are cross-sectionally related to markers of inflammation and oxidative stress: The Framingham Heart Study. Circulation 2007, 116, 1234–1241. [Google Scholar] [CrossRef]

	



Khazai, N.; Judd, S.E.; Tangpricha, V. Calcium and vitamin D: Skeletal and extraskeletal health. Curr. Rheumatol. Rep. 2008, 10, 110–117. [Google Scholar] [CrossRef] [PubMed]

	



Cabrera, D.; Kruger, M.; Wolber, F.M.; Roy, N.C.; Totman, J.J.; Henry, C.J.; Cameron-Smith, D.; Fraser, K. Association of Plasma Lipids and Polar Metabolites with Low Bone Mineral Density in Singaporean-Chinese Menopausal Women: A Pilot Study. Int. J. Environ. Res. Public Health 2018, 15, 45. [Google Scholar] [CrossRef]

	



De Lorenzo, A.; Soldati, L.; Sarlo, F.; Calvani, M.; Di Lorenzo, N.; Di Renzo, L. New obesity classification criteria as a tool for bariatric surgery indication. World J. Gastroenterol. 2016, 22, 681–703. [Google Scholar] [CrossRef]

	



Amato, M.C.; Giordano, C. Visceral adiposity index: An indicator of adipose tissue dysfunction. Int. J. Endocrinol. 2014, 2014, 730827. [Google Scholar] [CrossRef]

	



Bozorgmanesh, M.; Hadaegh, F.; Azizi, F. Predictive performance of the visceral adiposity index for a visceral adiposity-related risk: Type 2 diabetes. Lipids Health Dis. 2011, 10, 88. [Google Scholar] [CrossRef]

	



Liu, P.J.; Ma, F.; Lou, H.P.; Chen, Y. Visceral Adiposity Index Is Associated with Pre-Diabetes and Type 2 Diabetes Mellitus in Chinese Adults Aged 20–50. Ann. Nutr. Metab. 2016, 68, 235–243. [Google Scholar] [CrossRef]

	



Wei, J.; Liu, X.; Xue, H.; Wang, Y.; Shi, Z. Comparisons of Visceral Adiposity Index, Body Shape Index, Body Mass Index and Waist Circumference and Their Associations with Diabetes Mellitus in Adults. Nutrients 2019, 11, 1580. [Google Scholar] [CrossRef]

	



Amato, M.C.; Giordano, C.; Galia, M.; Criscimanna, A.; Vitabile, S.; Midiri, M.; Galluzzo, A. Visceral adiposity index: A reliable indicator of visceral fat function associated with cardiometabolic risk. Diabetes Care 2010, 33, 920–922. [Google Scholar] [CrossRef]

	



Jabłonowska-Lietz, B.; Wrzosek, M.; Włodarczyk, M.; Nowicka, G. New indexes of body fat distribution, visceral adiposity index, body adiposity index, waist-to-height ratio, and metabolic disturbances in the obese. Kardiol. Pol. 2017, 75, 1185–1191. [Google Scholar] [CrossRef]

	



Cornier, M.-A.; Després, J.-P.; Davis, N.; Grossniklaus, D.A.; Klein, S.; Lamarche, B.; Lopez-Jimenez, F.; Rao, G.; St-Onge, M.-P.; Towfighi, A.; et al. Assessing adiposity: A scientific statement from the American Heart Association. Circulation 2011, 124, 1996–2019. [Google Scholar] [CrossRef] [PubMed]

	



Adams, S.H. Emerging perspectives on essential amino acid metabolism in obesity and the insulin-resistant state. Adv. Nutr. 2011, 2, 445–456. [Google Scholar] [CrossRef] [PubMed]

	



Morris, C.; O’Grada, C.; Ryan, M.; Roche, H.M.; Gibney, M.J.; Gibney, E.R.; Brennan, L. The relationship between BMI and metabolomic profiles: A focus on amino acids. Proc. Nutr. Soc. 2012, 71, 634–638. [Google Scholar] [CrossRef]

	



Newgard, C.B. Metabolomics and Metabolic Diseases: Where Do We Stand? Cell Metab. 2017, 25, 43–56. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Yan, D.; Zhao, A.; Hou, X.; Zheng, X.; Chen, P.; Bao, Y.; Jia, W.; Hu, C.; Zhang, Z.-L.; et al. Discovery of potential biomarkers for osteoporosis using LC-MS/MS metabolomic methods. Osteoporos. Int. 2019, 30, 1491–1499. [Google Scholar] [CrossRef]

	



Zhang, X.; Xu, H.; Li, G.H.; Long, M.T.; Cheung, C.-L.; Vasan, R.S.; Hsu, Y.-H.; Kiel, D.P.; Liu, C.-T. Metabolomics Insights into Osteoporosis through Association with Bone Mineral Density. J. Bone Miner. Res. 2021, 36, 729–738. [Google Scholar] [CrossRef] [PubMed]

	



Qi, H.; Bao, J.; An, G.; Ouyang, G.; Zhang, P.; Wang, C.; Ying, H.; Ouyang, P.; Ma, B.; Zhang, Q. Association between the metabolome and bone mineral density in pre- and post-menopausal Chinese women using GC-MS. Mol. Biosyst. 2016. [Google Scholar] [CrossRef]

	



Varlamov, O.; Bethea, C.L.; Roberts, C.T.J. Sex-specific differences in lipid and glucose metabolism. Front. Endocrinol. 2014, 5, 241. [Google Scholar] [CrossRef]

	



Connelly, M.A.; Wolak-Dinsmore, J.; Dullaart, R.P.F. Branched Chain Amino Acids Are Associated with Insulin Resistance Independent of Leptin and Adiponectin in Subjects with Varying Degrees of Glucose Tolerance. Metab. Syndr. Relat. Disord. 2017, 15, 183–186. [Google Scholar] [CrossRef] [PubMed]

	



Lackey, D.E.; Lynch, C.J.; Olson, K.C.; Mostaedi, R.; Ali, M.; Smith, W.H.; Karpe, F.; Humphreys, S.; Bedinger, D.H.; Dunn, T.N.; et al. Regulation of adipose branched-chain amino acid catabolism enzyme expression and cross-adipose amino acid flux in human obesity. Am. J. Physiol. Endocrinol. Metab. 2013, 304, E1175–E1187. [Google Scholar] [CrossRef] [PubMed]

	



Kahn, B.B.; Myers, M.G.J. mTOR tells the brain that the body is hungry. Nat. Med. 2006, 12, 615–617. [Google Scholar] [CrossRef] [PubMed]

	



Siddik, M.A.B.; Shin, A.C. Recent Progress on Branched-Chain Amino Acids in Obesity, Diabetes, and Beyond. Endocrinol. Metab. 2019, 34, 234–246. [Google Scholar] [CrossRef] [PubMed]

	



Neeland, I.J.; Ross, R.; Després, J.-P.; Matsuzawa, Y.; Yamashita, S.; Shai, I.; Seidell, J.; Magni, P.; Santos, R.D.; Arsenault, B.; et al. Visceral and ectopic fat, atherosclerosis, and cardiometabolic disease: A position statement. Lancet Diabetes Endocrinol. 2019, 7, 715–725. [Google Scholar] [CrossRef]

	



Kim, J.Y.; Park, J.Y.; Kim, O.Y.; Ham, B.M.; Kim, H.-J.; Kwon, D.Y.; Jang, Y.; Lee, J.H. Metabolic profiling of plasma in overweight/obese and lean men using ultra performance liquid chromatography and Q-TOF mass spectrometry (UPLC-Q-TOF MS). J. Proteome Res. 2010, 9, 4368–4375. [Google Scholar] [CrossRef] [PubMed]

	



Xie, G.; Ma, X.; Zhao, A.; Wang, C.; Zhang, Y.; Nieman, D.; Nicholson, J.K.; Jia, W.; Bao, Y.; Jia, W. The metabolite profiles of the obese population are gender-dependent. J. Proteome Res. 2014, 13, 4062–4073. [Google Scholar] [CrossRef]

	



Newgard, C.B.; An, J.; Bain, J.R.; Muehlbauer, M.J.; Stevens, R.D.; Lien, L.F.; Haqq, A.M.; Shah, S.H.; Arlotto, M.; Slentz, C.A.; et al. A Branched-Chain Amino Acid-Related Metabolic Signature that Differentiates Obese and Lean Humans and Contributes to Insulin Resistance. Cell Metab. 2009, 9, 311–326. [Google Scholar] [CrossRef]

	



Mai, M.; Tönjes, A.; Kovacs, P.; Stumvoll, M.; Fiedler, G.M.; Leichtle, A.B. Serum levels of acylcarnitines are altered in prediabetic conditions. PLoS ONE 2013, 8, e82459. [Google Scholar] [CrossRef]

	



Ramos-Roman, M.A.; Sweetman, L.; Valdez, M.J.; Parks, E.J. Postprandial changes in plasma acylcarnitine concentrations as markers of fatty acid flux in overweight and obesity. Metabolism 2012, 61, 202–212. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhang, C.; Chen, L.; Han, X.; Ji, L. Human serum acylcarnitine profiles in different glucose tolerance states. Diabetes Res. Clin. Pract. 2014, 104, 376–382. [Google Scholar] [CrossRef] [PubMed]

	



Adams, S.H.; Hoppel, C.L.; Lok, K.H.; Zhao, L.; Wong, S.W.; Minkler, P.E.; Hwang, D.H.; Newman, J.W.; Garvey, W.T. Plasma acylcarnitine profiles suggest incomplete long-chain fatty acid beta-oxidation and altered tricarboxylic acid cycle activity in type 2 diabetic African-American women. J. Nutr. 2009, 139, 1073–1081. [Google Scholar] [CrossRef] [PubMed]

	



Dadson, P.; Rebelos, E.; Honka, H.; Juárez-Orozco, L.E.; Kalliokoski, K.K.; Iozzo, P.; Teuho, J.; Salminen, P.; Pihlajamäki, J.; Hannukainen, J.C.; et al. Change in abdominal, but not femoral subcutaneous fat CT-radiodensity is associated with improved metabolic profile after bariatric surgery. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 2363–2371. [Google Scholar] [CrossRef]

	



Hartstra, A.V.; de Groot, P.F.; Mendes Bastos, D.; Levin, E.; Serlie, M.J.; Soeters, M.R.; Pekmez, C.T.; Dragsted, L.O.; Ackermans, M.T.; Groen, A.K.; et al. Correlation of plasma metabolites with glucose and lipid fluxes in human insulin resistance. Obes. Sci. Pract. 2020, 6, 340–349. [Google Scholar] [CrossRef]

	



Adamovich, Y.; Ladeuix, B.; Golik, M.; Koeners, M.P.; Asher, G. Rhythmic Oxygen Levels Reset Circadian Clocks through HIF1α. Cell Metab. 2017, 25, 93–101. [Google Scholar] [CrossRef]

	



Palmnäs, M.S.A.; Kopciuk, K.A.; Shaykhutdinov, R.A.; Robson, P.J.; Mignault, D.; Rabasa-Lhoret, R.; Vogel, H.J.; Csizmadi, I. Serum Metabolomics of Activity Energy Expenditure and its Relation to Metabolic Syndrome and Obesity. Sci. Rep. 2018, 8, 3308. [Google Scholar] [CrossRef]

	



Simmons, R.M.; McKnight, S.M.; Edwards, A.K.; Wu, G.; Satterfield, M.C. Obesity increases hepatic glycine dehydrogenase and aminomethyltransferase expression while dietary glycine supplementation reduces white adipose tissue in Zucker diabetic fatty rats. Amino Acids 2020, 52, 1413–1423. [Google Scholar] [CrossRef]

	



Sadria, M.; Layton, A.T. Interactions among mTORC, AMPK and SIRT: A computational model for cell energy balance and metabolism. Cell Commun. Signal. 2021, 19, 57. [Google Scholar] [CrossRef] [PubMed]

	



Eshreif, A.; Al Batran, R.; Jamieson, K.L.; Darwesh, A.M.; Gopal, K.; Greenwell, A.A.; Zlobine, I.; Aburasayn, H.; Eaton, F.; Mulvihill, E.E.; et al. l-Citrulline supplementation improves glucose and exercise tolerance in obese male mice. Exp. Physiol. 2020, 105, 270–281. [Google Scholar] [CrossRef]

	



Ramírez-Zamora, S.; Méndez-Rodríguez, M.L.; Olguín-Martínez, M.; Sánchez-Sevilla, L.; Quintana-Quintana, M.; García-García, N.; Hernández-Muñoz, R. Increased erythrocytes by-products of arginine catabolism are associated with hyperglycemia and could be involved in the pathogenesis of type 2 diabetes mellitus. PLoS ONE 2013, 8, e66823. [Google Scholar] [CrossRef] [PubMed]

	



Moinard, C.; Le Plenier, S.; Noirez, P.; Morio, B.; Bonnefont-Rousselot, D.; Kharchi, C.; Ferry, A.; Neveux, N.; Cynober, L.; Raynaud-Simon, A. Citrulline Supplementation Induces Changes in Body Composition and Limits Age-Related Metabolic Changes in Healthy Male Rats. J. Nutr. 2015, 145, 1429–1437. [Google Scholar] [CrossRef]

	



Bouillanne, O.; Melchior, J.-C.; Faure, C.; Paul, M.; Canouï-Poitrine, F.; Boirie, Y.; Chevenne, D.; Forasassi, C.; Guery, E.; Herbaud, S.; et al. Impact of 3-week citrulline supplementation on postprandial protein metabolism in malnourished older patients: The Ciproage randomized controlled trial. Clin. Nutr. 2019, 38, 564–574. [Google Scholar] [CrossRef]

	



Kochhar, S.; Jacobs, D.M.; Ramadan, Z.; Berruex, F.; Fuerholz, A.; Fay, L.B. Probing gender-specific metabolism differences in humans by nuclear magnetic resonance-based metabonomics. Anal. Biochem. 2006, 352, 274–281. [Google Scholar] [CrossRef]

	



Filho, J.C.; Bergström, J.; Stehle, P.; Fürst, P. Simultaneous measurements of free amino acid patterns of plasma, muscle and erythrocytes in healthy human subjects. Clin. Nutr. 1997, 16, 299–305. [Google Scholar] [CrossRef]

	



Kobayashi, R.; Shimomura, Y.; Murakami, T.; Nakai, N.; Fujitsuka, N.; Otsuka, M.; Arakawa, N.; Popov, K.M.; Harris, R.A. Gender difference in regulation of branched-chain amino acid catabolism. Biochem. J. 1997, 327 Pt 2, 449–453. [Google Scholar] [CrossRef]

	



Tarnopolsky, M.A. Gender differences in metabolism, nutrition and supplements. J. Sci. Med. Sport 2000, 3, 287–298. [Google Scholar] [CrossRef]

	



Su, Y.; Elshorbagy, A.; Turner, C.; Refsum, H.; Chan, R.; Kwok, T. Circulating amino acids are associated with bone mineral density decline and ten-year major osteoporotic fracture risk in older community-dwelling adults. Bone 2019, 129, 115082. [Google Scholar] [CrossRef]

	



Colucci, S.; Mori, G.; Vaira, S.; Brunetti, G.; Greco, G.; Mancini, L.; Simone, G.M.; Sardelli, F.; Koverech, A.; Zallone, A.; et al. L-carnitine and isovaleryl L-carnitine fumarate positively affect human osteoblast proliferation and differentiation in vitro. Calcif. Tissue Int. 2005, 76, 458–465. [Google Scholar] [CrossRef]

	



Zhuang, T.; Liu, X.; Wang, W.; Song, J.; Zhao, L.; Ding, L.; Yang, L.; Zhou, M. Dose-Related Urinary Metabolic Alterations of a Combination of Quercetin and Resveratrol-Treated High-Fat Diet Fed Rats. Front. Pharmacol. 2021, 12, 655563. [Google Scholar] [CrossRef]

	



Tomkin, G.H.; Owens, D. Obesity diabetes and the role of bile acids in metabolism. J. Transl. Intern. Med. 2016, 4, 73–80. [Google Scholar] [CrossRef]

	



Baars, A.; Oosting, A.; Lohuis, M.; Koehorst, M.; El Aidy, S.; Hugenholtz, F.; Smidt, H.; Mischke, M.; Boekschoten, M.V.; Verkade, H.J.; et al. Sex differences in lipid metabolism are affected by presence of the gut microbiota. Sci. Rep. 2018, 8, 13426. [Google Scholar] [CrossRef]

	



Mittendorfer, B. Sexual dimorphism in human lipid metabolism. J. Nutr. 2005, 135, 681–686. [Google Scholar] [CrossRef]

	



Mischke, M.; Pruis, M.G.M.; Boekschoten, M.V.; Groen, A.K.; Fitri, A.R.; van de Heijning, B.J.M.; Verkade, H.J.; Müller, M.; Plösch, T.; Steegenga, W.T. Maternal Western-style high fat diet induces sex-specific physiological and molecular changes in two-week-old mouse offspring. PLoS ONE 2013, 8, e78623. [Google Scholar] [CrossRef]

	



Denova-Gutierrez, E.; Flores, Y.N.; Gallegos-Carrillo, K.; Ramirez-Palacios, P.; Rivera-Paredez, B.; Munoz-Aguirre, P.; Velazquez-Cruz, R.; Torres-Ibarra, L.; Meneses-Leon, J.; Mendez-Hernandez, P.; et al. Health workers cohort study: Methods and study design. Salud Publica Mex 2016, 58, 708–716. [Google Scholar] [CrossRef]

	



WHO. WHO Scientific Group on the Assessment of Osteoporosis at Primary Health Care Level. Available online: http://www.who.int/chp/topics/Osteoporosis.pdf (accessed on 17 March 2018).

	



Tate, J.R.; Berg, K.; Couderc, R.; Dati, F.; Kostner, G.M.; Marcovina, S.M.; Rifai, N.; Sakurabayashi, I.; Steinmetz, A. International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) Standardization Project for the Measurement of Lipoprotein(a). Phase 2: Selection and properties of a proposed secondary reference material for lipoprotein(a). Clin. Chem. Lab. Med. 1999, 37, 949–958. [Google Scholar] [CrossRef]

	



Moran-Ramos, S.; López-Contreras, B.E.; Canizales-Quinteros, S. Gut Microbiota in Obesity and Metabolic Abnormalities: A Matter of Composition or Functionality? Arch. Med. Res. 2017, 48, 735–753. [Google Scholar] [CrossRef]








[image: Metabolites 11 00604 g001 550] 





Figure 1. Serum metabolite profile according to sex. (a) PLS-DA plot shows separation between groups; female (red circles) and male (green circles). The explained variances are shown in brackets (accuracy: 0.80; R2: 0.24; Q2: 0.20: permutation p-value = 0.13); (b) VIP analysis represents the relative contribution of metabolites to the variance among groups. A high VIP score indicates a significant contribution of the metabolites to the group separation. Red and blue boxes indicate whether metabolite concentration is increased (red) or decreased (blue). 
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Figure 2. Serum metabolite profile according to visceral adiposity index. (a) PLS-DA plot shows separation between groups; VAI tertile 1 (red circles; reference group), VAI tertile 2 (green circles), and VAI tertile 3 (blue circles). The explained variances are shown in brackets (accuracy 0.43; R2 0.15; Q2 0.099: permutation p-value < 5.0 × 10−4); (b) VIP analysis represents the relative contribution of metabolites to the variance among groups. A high VIP score indicates a greater contribution of the metabolites to the group separation. Red and blue boxes indicate whether metabolite concentration is increased (red) or decreased (blue). (c) Hierarchical heatmap, red and green, indicate increase and decreased concentration, respectively. (d) Radar chart illustrating the abundance of amino acids and free carnitine among VAI tertiles: VAI tertile 1 (green; reference group), VAI tertile 2 (orange), and VAI tertile 3 (blue). 
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Figure 3. Metabolic profile according to sex-dependent visceral adiposity index. (a) PLS-DA plot shows discrimination between groups. Red circles represent females at first VAI tertile (VAI 1); yellow circles represent females at second VAI tertile (VAI 2); orange circles represent females at third VAI tertile (VAI 3); dark blue circles represent males at first VAI tertile (VAI 1); light blue circles represent males at second VAI tertile (VAI 2); green circles represent males at third VAI tertile (VAI 3).The explained variances are shown in brackets (accuracy 0.34; R2 0.19; Q2 0.15: permutation p-value < 5.0 × 10−4); (b) VIP analysis represents the relative contribution of metabolites to the variance among groups. A high VIP score indicates a greater contribution of the metabolites to the group separation. Red and blue boxes indicate whether metabolite concentration is increased (red) or decreased (blue). (c) Hierarchical heatmap, red and green, indicate increase and decreased concentration, respectively. (d) Radar chart illustrating the abundance of amino acids and free carnitine in females among VAI tertiles: VAI tertile 1 (green; reference group), VAI tertile2 (orange), and VAI tertile 3 (blue). (e) Radar chart illustrating the abundance of amino acids and free carnitine in males among VAI tertiles: VAI tertile 1 (green; reference group), VAI tertile 2 (orange), and VAI tertile 3 (blue). 
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Figure 4. Dot plot of enriched metabolite pathway affected by VAI and sex. (a) Male VAI_1 (reference group), compared to VAI_2 and VAI_3 groups. (b) Female VAI_1 (reference group), compared to VAI_2 and VAI_3 groups. Colors indicate the p-values and the circles’ size based on the enrichment ratio. 
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Figure 5. Serum metabolite profile according to BMD status. (a) PLS-DA plot shows separation between groups. Red circles represent individuals with high BMD; green circles represent individuals with low BMD. The explained variances are shown in brackets (accuracy 0.67; R2 0.11; Q2 0.069: permutation p-value < 5.0 × 10−4); (b) VIP analysis represents the relative contribution of metabolites to the variance among groups. A high VIP score indicates a greater contribution of the metabolites to the group separation. Red and blue boxes indicate whether metabolite concentration is increased (red) or decreased (blue). 
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Figure 6. Metabolic profile according to sex-dependent VAI and BMD status. PLS-DA plot shows the separation between groups. The explained variances C1 = 26.3% and C2 = 18.8% (accuracy 0.21; R2 0.22; Q2 0.20: permutation p-value < 5.0 × 10−4); (a) female; normal BMD VAI1-VAI3, (b) female; low BMD VAI1-VAI3, (c) male; normal BMD VAI1-VAI3, (d) male; low BMD VAI1-VAI3. (e) VIP analysis represents the relative contribution of metabolites to the variance among the groups. A high VIP score indicates a greater contribution of the metabolites to the group separation. (f) Hierarchical heatmap, red and green, indicate increase and decreased concentration, respectively. 
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Table 1. Demographics of individuals belonging to the Health Workers Cohort Study.






Table 1. Demographics of individuals belonging to the Health Workers Cohort Study.





	

	
Total

	
Men

	
Women

	
p-Value




	

	
n = 602

	
n = 145

	
n = 457






	
Age (years) *

	
60 (50–68)

	
56 (46–65)

	
60 (52–68)

	
0.003




	
Age Categories, %




	
<30 years

	
5.2

	
8.3

	
4.2

	
0.052




	
30–39 years

	
6.3

	
5.5

	
6.6

	
0.636




	
40–49 years

	
11.6

	
15.9

	
10.3

	
0.067




	
50–59 years

	
26.7

	
29.7

	
25.8

	
0.355




	
60–69 years

	
29.6

	
24.1

	
31.3

	
0.098




	
>70 years

	
20.6

	
16.6

	
21.9

	
0.169




	
BMI (kg/m2) *

	
26.9 (24.1–30.5)

	
26.5 (24.3–29.5)

	
27.1 (23.8–30.8)

	
0.439




	
Nutritional Status, %




	
Overweight

	
39

	
41.4

	
38.3

	
0.505




	
Obesity

	
27.2

	
24.1

	
28.2

	
0.334




	
Waist circumference (cm) *

	
93 (86–100)

	
97 (91–105)

	
91 (84–99)

	
<0.001




	
Body fat proportion *

	
42.9 (37.0–47.9)

	
32.3 (28.6–36.3)

	
45.3 (40.5–49.8)

	
<0.001




	
Leisure time physical activity (min/day) *

	
12.9 (3.2–30)

	
12.9 (3.2–47.1)

	
12.8 (3.2–30.0)

	
0.06




	
Active (≥150/week), %

	
28.7

	
32.4

	
27.6

	
0.818




	
Missing, %

	
15.9

	
15.2

	
16

	
-




	
Glucose (mg/dL) *

	
99 (92–109)

	
101 (93–110)

	
98 (91–109)

	
0.162




	
Impaired Glucose tolerance (≥100–<126 mg/dL), %

	
32.1

	
35.9

	
30.9

	
0.261




	
Type 2 diabetes, %

	
18.3

	
20.7

	
17.5

	
0.385




	
Total cholesterol (mg/dL) *

	
197.5 (169–224)

	
196 (162–220)

	
198 (172–225)

	
0.096




	
Triglyceride (mg/dL) *

	
141 (105–197)

	
148 (106–207)

	
138 (105–194)

	
0.157




	
HDL-C (mg/dL) *

	
50.7 (42.3–59.8)

	
44.6 (38.7–52.2)

	
52.8 (45.2–61.9)

	
<0.001




	
LDL-C (mg/dL) *

	
113.1 (90.9–135.8)

	
113.2 (89.4–135.9)

	
113.1 (91.6–135.6)

	
0.785




	
Systolic blood pressure (mmHg) *

	
120 (109–134)

	
123 (114–137)

	
118 (107–133)

	
0.0004




	
Diastolic blood pressure (mmHg) *

	
75 (69–82)

	
79 (73–85)

	
74 (68–80)

	
<0.001




	
Femoral neck-BMD (g/cm2) *

	
0.91 (0.81–1.01)

	
0.99 (0.89–1.16)

	
0.88 (0.78–0.98)

	
<0.001




	
Lumbar spine-BMD (g/cm2) *

	
1.07 (0.95–1.18)

	
1.14 (1.06–1.27)

	
1.04 (0.93–1.15)

	
<0.001




	
Visceral Adiposity Index *

	
2.2 (1.5–3.3)

	
2.0 (1.4–3.2)

	
2.2 (1.5–3.4)

	
0.063








* Median (P25–P75). p value from the Wilcoxon–Mann–Whitney tests.
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Table 2. Demographics classified by tertiles of the visceral adiposity index.






Table 2. Demographics classified by tertiles of the visceral adiposity index.





	

	
VAI




	

	
Tertile 1

	
Tertile 2

	
Tertile 3

	
p-Value




	

	
n = 201

	
n = 201

	
n = 200






	
Sex, %




	
Women

	
71.1

	
76.1

	
80.5

	
0.003




	
Age (years) *

	
58 (47–68)

	
61 (51–68)

	
60 (52–68)

	
0.043




	
Age Categories, %




	
<30 years

	
7.5

	
3.5

	
4.5

	
0.206




	
30–39 years

	
10

	
6

	
3

	
0.005




	
40–49 years

	
11

	
11

	
13

	
0.538




	
50–59 years

	
26.4

	
26.9

	
27

	
0.892




	
60–69 years

	
23.4

	
33.8

	
31.5

	
0.069




	
>70 years

	
21.9

	
18.9

	
21

	
0.083




	
BMI (kg/m2) *

	
25.2 (23.0–28.1)

	
27.3 (24.5–30.8)

	
28.3 (25.8–31.8)

	
0.043




	
Nutritional Status, %




	
Overweight

	
34.3

	
37.8

	
45

	
0.028




	
Obesity

	
18.4

	
28.9

	
34.5

	
0.0003




	
Waist circumference (cm) *

	
89 (82–96)

	
94 (87–100)

	
96 (88–104.5)

	
<0.001




	
Body fat proportion *

	
41.1 (33.3–46.1)

	
43.3 (36.3–49.1)

	
45.6 (38.9–49.0)

	
0.0001




	
Leisure time physical activity (min/day) *

	
12.9 (3.2–42.9)

	
7.7 (3.2–30.0)

	
12.9 (3.2–30.0)

	
0.145




	
Active (≥150/week), %

	
31.3

	
24.4

	
30.5

	
0.862




	
Missing, %

	
20.9

	
14.9

	
11.5

	
0.011




	
Glucose (mg/dL)

	
96 (88–102)

	
99 (91–108)

	
104 (95–121)

	
<0.001




	
Impaired glucose tolerance (≥100–<126 mg/dL), %

	
24.9

	
32.3

	
39

	
0.003




	
Type 2 diabetes, %

	
13.4

	
16.9

	
24.5

	
0.005




	
Total cholesterol (mg/dL) *

	
193 (163–214)

	
198 (167–225)

	
201 (177–236)

	
0.0008




	
Triglyceride (mg/dL) *

	
95 (72–113)

	
141 (121–164)

	
224 (186–283)

	
<0.001




	
HDL-C (mg/dL) *

	
60 (52–70)

	
51 (44–57)

	
43 (37–50)

	
<0.001




	
LDL-C (mg/dL) *

	
111 (90–132)

	
118 (94–141)

	
112 (87–133)

	
0.344




	
Systolic blood pressure (mmHg) *

	
116 (108–132)

	
120 (109–133)

	
122 (111–136)

	
0.013




	
Diastolic blood pressure (mmHg) *

	
74 (69–80)

	
74 (69–82)

	
77 (70–83)

	
0.014




	
Femoral neck-BMD (g/cm2) *

	
0.89 (0.80–1.02)

	
0.92 (0.81–1.01)

	
0.92 (0.81–1.01)

	
0.209




	
Lumbar spine-BMD (g/cm2) *

	
1.08 (0.97–1.19)

	
1.06 (0.95–1.17)

	
1.06 (0.95–1.16)

	
0.212








* Median (P25–P75). p-value for comparisons between tertile 1 and tertile 3. p-value from the Wilcoxon–Mann–Whitney tests.
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