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Abstract


Sarcopenia is linked with an increased risk of falls, osteoporosis and mortality and is an increasing problem for healthcare systems. No satisfying biomarkers for sarcopenia diagnosis exist, connecting bone, fat and muscle. Matrix-GLA-protein (MGP) is an adipokine that regulates bone metabolism and is associated with decreased muscle strength. Associations of dp-ucMGP were analyzed in the BioPersMed cohort (58 ± 9 years), including 1022 asymptomatic subjects at moderate cardiovascular risk. Serum measurements of dp-ucMGP in 760 persons were performed with the InaKtif MGP Kit with the IDS-iSYS Multi-Discipline Automated System. DXA data (792 persons) measured with the Lunar iDXA system and physical performance data (786 persons) were available. Dp-ucMGP plasma levels correlate with sarcopenia parameters like gait speed (ρ = −0.192, p < 0.001), appendicular skeletal muscle mass (ρ = 0.102, p = 0.005) and appendicular skeletal muscle mass index (ρ = 0.112, p = 0.001). They are lower in persons with sarcopenia (p < 0.001) and higher in persons with reduced physical performance (p = 0.019). Persons in the lowest dp-ucMGP quartile have the highest risk for reduced muscle mass, decreasing with each quartile, whereas persons in the highest quartile have the highest risk of reduced muscle strength. Dp-ucMGP might be a good biomarker candidate in sarcopenia characterization.
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1. Introduction


Sarcopenia is an increasing problem for healthcare systems since the number of people older than 60 years is expected to increase further in the future. In elderly individuals, sarcopenia leads to increased physical frailty and disability [1] and thus a loss of independence [2,3,4] and an increasing need for assistance during progression, often leading to long-term care placement [5]. Sarcopenia also contributes to mortality risk [6,7,8,9].



Sarcopenia is essentially a combination of a loss of muscle mass and function [8,10]. The onset of muscle mass loss is quite early: Healthy adults at the age of 40 years lose about 8% muscle mass per decade, which increases to 15% per decade past 70 years [11]. The impact of sarcopenia worsens with age, due to muscle strength decline, which shows an even more pronounced decrease due to changes in muscle quality [12].



The development of sarcopenia is mostly driven by three tissues: muscle, fat and bone. Bone and muscle interact directly along adjacent surfaces and via paracrine and endocrine factors. This interaction is mediated by fat, as several mechanistic crosslinks between bone and muscle are modulated by cells located in adipose tissue [13]. Matrix-GLA (γ-carboxyglutamate)-protein (MGP) might be a link connecting the three tissues since it is present and active in all of them. All three tissues express vitamin K-dependent gamma-glutamylcarboxylase, the enzyme responsible for the carboxylation of MGP during the vitamin K cycle. Carboxylated MGP is able to bind calcium and acts protectively in vascular calcification. In adipose tissue, MGP is highly secreted from adipocytes and acts as an adipokine [14]; in bone, it is expressed in osteoclasts and thus may play a role in bone metabolism [15,16]; and in muscle, lower vitamin K status is associated with decreased muscle and lower leg strength [17,18]. Furthermore, MGP might also influence muscle function via the preservation of the muscular microcirculation [19,20].



MGP is a small protein that can undergo two posttranslational modification steps, a vitamin-K dependent γ-glutamate carboxylation and serine phosphorylation [21], leading to the existence of four isoforms (phosphorylated-uncarboxylated (p-ucMGP), dephosphorylated-carboxylated (dp-cMGP), phosphorylated-carboxylated (p-cMGP), and dephosphorylated-uncarboxylated MGP (dp-ucMGP)) [22]. It is actually not clear, which isoforms are in general biologically active and what their systemic or tissue-specific functions might be. In the last 10 years, scientific approaches mostly focused on dp-ucMGP as an inactive form of MGP and surrogate parameter of vitamin K deficiency.



Since MGP is expressed and active in all three tissues mainly involved in sarcopenia development, it might be a good candidate as a biomarker in sarcopenia definition, especially since satisfactory molecules in this aspect are missing.



The aims of this work were to examine the role of dp-ucMGP as a potential biomarker in sarcopenia characterization by investigating its association with sarcopenia-related parameters and defining its influence on the risk to develop sarcopenia.




2. Materials and Methods


Participants, study description and definition of comorbidities: Data were generated in a population-based, single-center, prospective, observational study, the “Biomarkers of Personalized Medicine” cohort (BioPersMed), to evaluate novel biomarkers for the assessment of cardiovascular and metabolic disease and related complications [23]. The study cohort consists of asymptomatic subjects without manifest cardiovascular disease (CVD) but at least one classical risk factor for CVD defined by the European Society of Cardiology [1]. Community-dwelling adult persons (n = 1022) were recruited at the Divisions of Cardiology and Endocrinology and Diabetology at the Medical University of Graz. The study was approved by the institutional review board of the Medical University of Graz (EK-number 24-224 ex 11/12), and written informed consent was obtained from each participant. The BioPersMed study is conducted in compliance with Good Clinical Practice Guidelines Procedures (GCP) and complies with the Declaration of Helsinki and the Austrian laws. The design of the BioPersMed study, data management, biobanking and data analyses are compliant with the STROBE, STROBE-ME and STREGA recommendations.



Assessment of functional performance: Muscle strength was determined by handgrip test in 786 individuals (see Figure 1). Handgrip strength (HGS) was measured with a hand-held Jamar hydraulic hand dynamometer according to the manufacturer (Patterson Medical Ltd., Huthwaite, Sutton-in-Ashfield, UK). The measurements were performed in triplicate for both hands and calculated as means for each hand in kilograms. For the definition of sarcopenia, the results of the weaker hand were used. We did not collect information about the dominant hand in this study. Physical performance was determined in 995 individuals by a modified 400 m walk test and chair stand test. The participants were asked to walk for 6 min as fast as possible and the distance in meters was measured. Gait speed was calculated for each participant: meters/second [m/s]: distance [m] divided by 360 [s]. Anthropometric measurements: body weight, precise to 0.1 kg, was determined using an electronic scale (model SECA 764, seca Deutschland, Germany); height, to 0.1 cm, was determined using a fixed stadiometer; waist circumference was measured in a standing position with a Lufkin tape positioned at the level of the umbilicus according to a MESA study [24,25]. The waist-to-height ratio was calculated by the division of waist circumference (cm) by height (cm). BMI was calculated as weight in kilograms divided by height in meters, squared (kg/m2). Study participants were allocated to three BMI classes (normal weight, overweight, obesity) according to the WHO (SuRF2 (who.int) [26]).



DXA measurements: Bone density and whole, as well as regional body composition, were measured in 792 individuals via dual-energy X-ray absorptiometry (DXA) with the Lunar iDXA system (GE Healthcare GmbH, Vienna, Austria) (see Figure 1). The least significant change of BMD (femur and lumbar spine) at 95% precision: root squared mean of 0.030/0.026 g/cm2, respectively, with a coefficient of variability (CV) of 0.024/0.032 g/cm2, respectively (2.43/3.24 percent), determined by the International Society For Clinical Densitometry’s advanced Precision Calculator tool (https://my.iscd.org/ accessed on 6 June 2022). The bone mass of extremities was calculated by the addition of the bone mass of arms and the bone mass of legs. The lean mass of arms and the lean mass of legs were measured by DXA.



Definition of sarcopenia: Cut-off values used in this work for the definition of sarcopenia are given in Table 1.



Sarcopenia was defined via HGS (handgrip strength), AMMI, ASM and gait speed.



Measurement of dp-ucMGP: Dp-ucMGP serum levels were measured in 760 persons (see Figure 1) using the InaKtif MGP Kit with the IDS-iSYS Multi-Discipline Automated System (both Immunodiagnostic Systems Holdings PLC, Tyne and Wear, UK). Dp-ucMGP quartiles were: Quartile 1 included the lowest plasma levels to 384 pmol/L, quartile 2: 385 to 462 pmol/L, quartile 3: 463 to 551 pmol/L and quartile 4: 552 pmol/L to the highest dp-ucMGP plasma level.



Data of sarcopenia-related parameters were available for 753 patients.



Statistical analysis: The nonparametric Mann–Whitney U test or Student’s t-test was used to compare quantitative variables between the groups, dependent on the absence or presence of normal distribution. Correlations between muscle, fat or bone parameters and dp-ucMGP were determined by using Spearman’s or Pearson correlation dependent on the normal distribution of data. The Chi-square test or Fisher exact probability test was used to compare categorical variables between groups and to test for linear trends across quartiles.



Binary logistic regression model analyses were performed. We used the presence of sarcopenia defined by AMMI, ASM or HGS as dependent variables in separate analyses, respectively. Dp-ucMGP quartiles (with quartile 1 as a reference) alone (unadjusted) or with age [years], alcohol consumption [drinks per week], smoking [pack years] and cardiorespiratory fitness (model 1) or additionally sex (model 2) as covariates were used. Since the number of covariates was limited due to only 80 cases of sarcopenia in total, we did not include sex (since the definition of sarcopenia is gender-specific) in our main analysis (model 1). To reduce the number of covariates, factor analysis was used to define cardiorespiratory fitness (extraction: maximum likelihood, based on Eigenwert > 1, varimax rotation, score calculated by regression). The parameters included were maximum oxygen uptake (VO2max) [mL/kg/min], anaerobic threshold [watt], maximum respiratory minute volume [l/min], maximum loading [watt] and maximum time of loading [sec] measured by ergospirometry (described in [1]).



Data are expressed as mean ± SD or percentages unless noted otherwise. A p-value < 0.05 was considered to indicate a significant difference for all performed analyses. SPSS Software version 26 (IBM Corp., New York, NY, USA) was used for all analysis.




3. Results


3.1. Description of Study Participants


Baseline data of sarcopenia-related parameters in all study participants with and without sarcopenia are given in Table 2. The sarcopenia-related parameters, HGS, gait speed and ASM, were selected as muscle proxies, fat mass, waist-to-height ratio and BMI to represent fat tissue and BMD and its normalized T-score as bone parameters.



As expected, the muscle parameters, HGS of the weaker hand, ASM and AMMI, differed significantly in persons deemed sarcopenic by AMMI. Additionally, the selected fat and bone parameters differed significantly between the two groups (see Table 2).



In total, 46 persons had decreased muscle strength measured by HGS; decreased muscle mass by AMMI was found in 126 persons and 102 persons by the use of ASM. No person showed a gait speed higher than 0.8 m/s. The definition of sarcopenia in 14 persons according to gait speed was only due to the non-completion of the task. No individuals were identified as sarcopenic by the stand up and walk test.




3.2. Dp-ucMGP Levels in Sarcopenia


Dp-ucMGP levels in individuals with and without sarcopenia significantly differed regardless of whether gait speed, AMMI or ASM was used for sarcopenia definition (see Figure 2). The Dp-ucMGP levels were significantly higher in persons with reduced muscle function according to gait speed (716 +/− 306.6 vs. 491 +/− 164.4 pmol/L) and significantly lower in persons with reduced muscle mass according to AMMI (472 +/− 202.9 vs. 497 +/− 165 pmol/L) or ASM (449 +/− 183.2 vs. 499 +/− 167.5 pmol/L) compared to persons with normal muscle mass and function. Dp-ucMGP did not significantly differ between persons with and without reduced HGS (514 +/− 259 pmol/L and 493 +/− 163 pmol/L, respectively). For details, see Figure 2.




3.3. Dp-ucMGP Serum Levels and Sarcopenia-Related Parameters


In all study participants, dp-ucMGP correlated positively with ASM, AMMI (see Figure 3), fat mass (ρ = 0.438, p < 0.001) and waist-to-height ratio (ρ = 0.405, p < 0.001) and negatively with gait speed (see Figure 3). No correlation was seen with the bone parameters investigated (BMD: Pearson correlation ρ = 0.013, p = 0.724), T-score: (Pearson correlation ρ = 0.015, p = 0.698). In sarcopenic individuals, according to AMMI, the dp-ucMGP levels correlated negatively with gait speed and positively with fat mass (Pearson correlation ρ = 0.226, p = 0.023) and waist-to-height ratio (Pearson correlation ρ = 0.289, p = 0.003).



As dp-ucMGP correlated positively with the parameters of fat distribution, we performed a subgroup analysis in all individuals with and without sarcopenia according to AMMI in normal and overweight/obese study participants (see Table 3).



In overweight/obese persons, dp-ucMGP correlated with HGS, gait speed and ASM negatively and positively with fat mass and the waist-to-height ratio (see Figure 3). In sarcopenic overweight persons, no correlations were seen with dp-ucMGP.




3.4. Analysis of Dp-ucMGP Quartiles in Sarcopenia


3.4.1. Baseline Characteristics of the Subgroups


Details of the baseline characteristics of the study cohort subgrouped in dp-ucMGP quartiles are given in Table 4.



Chi-square analysis of all dp-ucMGP quartiles in individuals with and without sarcopenia defined by AMMI and ASM revealed a significant difference between the number of sarcopenic persons (p = 0.023 and p = 0.002, respectively). A linear-by-linear association (AMMI: 6.214; df = 1, p = 0.013 and ASM: 13.935; df = 1; p < 0.001) was found among all dp-ucMGP quartiles




3.4.2. Dp-ucMGP and Sarcopenia Risk


We performed binary logistic regression analysis to determine the effect of dp-ucMGP (in quartiles) on the odds ratio for sarcopenia defined by AMMI, ASM or HGS. We used an unadjusted and two adjusted models: Model 1 was adjusted for age [years], alcohol consumption [drinks per week], smoking [pack years] and cardiorespiratory fitness; Model 2 included all parameters of model 1 and, in addition, sex. The odds ratios for each dp-ucMGP quartile on sarcopenia risk and sarcopenia features are given in Table 5 and Figure 4.






4. Discussion


The aims of this work were to examine the role of dp-ucMGP as a potential biomarker in sarcopenia characterization by investigating its association parameters of the three main tissues involved in sarcopenia development and with sarcopenia-related parameters and defining its influence on the risk to develop sarcopenia.



The main findings of the study were:




	
Dp-ucMGP plasma levels correlate with the parameters of the three main tissues involved in sarcopenia development (muscle, fat and bone)



	
Dp-ucMGP plasma levels correlate with sarcopenia parameters



	○

	
gait speed, ASM and AMMI in all study participants




	○

	
gait speed in sarcopenic participants




	○

	
gait speed, HGS and ASM in all overweight/obese participants




	○

	
gait speed in normal-weight sarcopenic participants







	
Dp-ucMGP plasma levels are lower in persons with sarcopenia defined by AMMI and ASM in all persons and higher in persons with reduced physical performance.



	
Persons in dp-ucMGP quartile 1 have the highest odds ratio for reduced muscle mass, decreasing with each quartile.



	
Persons in dp-ucMGP quartile 4 tend to have the highest risk of reduced muscle strength








Muscle mass and muscle strength decline during aging, whereas the decline in muscle strength is higher than one would expect according to the decrease in muscle mass due to the loss of muscle quality [12]. The accumulation of fat in muscle is one of the mechanisms reducing muscle quality and is associated with lower muscle strength. Additionally, Baumgartner et al. showed that elderly persons with sarcopenic obesity had an elevated risk of becoming disabled (reviewed in [33]), further emphasizing the role of fat in the development of frailty. In this context, MGP might be interesting since in mice it is not only highly expressed in visceral fat but also contributes to adipogenesis and adiposity and is involved in adipocyte metabolism-like differentiation, the regulation of lipid storage and lipolysis [34]. MGP is also secreted from adipocytes but its actions as an adipokine request further investigation [14,35]. MGP is directly active in the skeletal muscle, where it regulates the expression of myogenic regulatory factors and myostatin [36]. In muscular microvasculature, MGP regulates angiogenesis and capillary function, as shown in animal models, which could additionally influence muscle mass and strength [37]. Muscle and bone are well connected since mechanical loading increases skeletal muscle mass, which in turn increases bone mineral content, bone mass and bone strength (reviewed in [38]). MGP might also influence the development of sarcopenia via bone since it seems to be important in bone metabolism. MGP is further potentially involved in the maintenance of bone health, since in mice, it promotes osteoblast proliferation, differentiation and mineralization, and in cell culture experiments, it inhibits osteoclast differentiation and bone resorption [39,40]. A further indication of MGP’s importance is a negative association of dp-ucMGP with BMD at the lumbar spine and a positive association with BMI [41]. The increased risk of reduced muscle strength in persons in the highest quartile of dp-ucMGP plasma levels might be explained by its relatively high positive correlation with fat mass. A high total fat mass might be a hint to increased fat incorporation in the muscle and declining muscle strength and quality. This effect seems to be vitamin K independent. The increased risk of muscle loss of persons in quartile 1 indicates the presence of a vitamin K-dependent action of MGP in muscle maintenance, where ucMGP would be inactive. Furthermore, the loss of muscle mass in these people is in line with the findings of Ahmad et al. [2], who demonstrated that the knockdown of MGP leads to the downregulation of myostatin expression (although also surprisingly of myotube formation). Chew and colleagues showed that high Myostatin serum levels correlate with frailty and low muscle mass in older adults [3]. MGP might thus be targeting the muscle on a structural basis too. Vitamin K was identified as possibly contributing to osteosarcopenic obesity development by Kelly and colleagues [42]. Since Van den Heuvel et al. proposed that high plasma levels of dp-ucMGP are a marker of vitamin K deficiency, it is used as a surrogate parameter for vitamin K [43]. Clinical studies on aging or frailty create evidence in favor of both findings: Higher plasma concentrations of vitamin K1 and lower dp-ucMGP levels were associated with better physical performance in community-dwelling older adults, and a higher dp-ucMGP level was associated with weaker handgrip strength, indicating a vitamin K dependent mechanism of action of MGP [17,18]. In our opinion, a reduction in its effects on vitamin K should be taken with care since it is not clear if dp-ucMGP is biologically active or not. It would be only valid for actions requiring MGP interactions with calcium since vitamin K is essential for the gamma-carboxylation of MGPs GLA residues and enables cMGP to bind calcium. It is not known whether cMGP plays a role in intramuscular calcium homeostasis [36], but the regulatory function of tissue or intracellular calcium homeostasis is proposed in other tissues [34], [44,45,46]. Furthermore, vitamin K might exert direct actions (as shown for menatetrenone (MK-4) [47]) or contribute to sarcopenia development through other vitamin K-dependent proteins. Some evidence for the distinct functions of dp-ucMGP and vitamin K in sarcopenia development are given by clinical studies since neither did vitamin K1 supplementation change the appendicular lean mass nor did menaquinone-7 supplementation increase physical performance or handgrip strength in older individuals (reviewed in [47]). Furthermore, in the longitudinal aging study Amsterdam, the decline of muscle function was not related to vitamin K status [17,48]. Our data indicate both mechanisms: they are in line with findings of van Ballegooijen et al. and Shea et al., showing an association of higher dp-ucMGP with decreased gait speed, which we additionally find in overweight/obese but not normal weight persons, and lower handgrip strength, although we only detected the latter in overweight/obese individuals. We also saw only an association by trend with the muscle mass parameter ASM in overweight/obese sarcopenic persons. In sarcopenic persons, especially normal-weight individuals, dp-ucMGP was negatively associated with gait speed. Interestingly, in our cohort, the persons in the lowest dp-ucMGP quartile showed the highest odds ratio for decreased muscle mass and for sarcopenia defined by AMMI.



For sarcopenia therapy, currently, no satisfying medication exists, so it is limited to resistance training and dietary strategies involving protein supplements. In this context, the addition of vitamin K and vitamin D have been proposed to have positive effects [49,50] which might be attributed partly to cMPG or ucMGP actions. Another important part of the dietary intervention is its anti-inflammatory components. MGP might act as an anti-inflammatory agent and thus muscle protective since it is expressed in leucocytes and is able to suppress the cytokine production of activated T cells [51,52]. MGP is able to exert further functions, although not well investigated yet, by interaction with binding partners as shown for BMP2, Fibronectin or Stat5 [53,54,55]. In total, the composition of the protein taken in, the sufficient supply of all vitamins as well as a good portion of antioxidant and anti-inflammatory nutrients might help to prevent sarcopenia and improve sarcopenia-related parameters such as muscle mass, strength and gait speed and might also be important in sarcopenia progression and the prevention of cognitive impairment [56,57].



The main limitation of this study is the lack of availability of direct measurements of vitamin K to distinguish clearly between the effects of low vitamin K levels and dp-ucMGP action. Another limitation is the relatively low mean age of the study participants leading to low numbers of persons with reduced muscle mass or function. In this study, we decided to define sarcopenia only via decreased muscle mass or hand-grip strength, due to the low number of persons with reduced physical performance, which made a definition of sarcopenia by combining both data impossible. Another limitation is the use of BMI to determine the presence of overweight or obesity since it has various limitations and does not well represent body composition [58]. We diagnosed sarcopenia mostly by AMMI, which represents only an approximation of the true muscle mass [8,48], although it might underestimate sarcopenia in overweight/obese individuals [59]. People identified as having reduced physical performance mostly did not finish the task rather than exceeding the limits of 0.8 m/s. Although the reason for test abortion was not noted, we tried to exclude reasons due to injury or cardiovascular complications by carefully examining the medical histories and the data generated in the study.



The strengths of the study are the extensive clinical characterization of the study participants, the comparison of associations in sarcopenic and non-sarcopenic persons and the determination of the association of dp-ucMGP with sarcopenia risk. The relatively low mean age is not only a limitation but also a strength, since the age range between 40 to 60 years is ideal to detect the beginning of sarcopenia development, facilitating a higher impact of therapeutic actions.



Further work is needed to determine which MGP forms are biologically active and to identify the vitamin K-dependent and -independent actions involved in sarcopenia development.




5. Conclusions


Several facts hint that MGP might be a promising biomarker candidate in sarcopenia. Dp-ucMGP plasma levels are associated with the parameters of the three main tissues involved in sarcopenia development, muscle, fat and bone. Additionally, its plasma levels correlate, although not very strongly, with sarcopenia-related parameters. Dp-ucMGP levels are significantly different in persons with reduced muscle mass and physical performance. Furthermore, dp-ucMGP is associated with the odds of reduced muscle mass.



Further studies with more sarcopenic persons and vitamin K measurements are needed to fully determine the usefulness of uc-dpMGP as a sarcopenia biomarker and to investigate whether other MGP isoforms might be possible biomarkers for sarcopenia characterization or definition.







Author Contributions


Conceptualization, N.S. and B.O.-P.; Data curation, N.S., C.W.H. and E.K.; Formal analysis, N.S.; Funding acquisition, A.S., T.R.P. and B.O.-P.; Investigation, N.S., O.T., A.L., E.K. and I.M.; Methodology, N.S.; Project administration, A.S., D.S., T.R.P., N.V. and B.O.-P.; Resources, D.S., A.Z., T.R.P. and B.O.-P.; Software, C.W.H.; Supervision, T.R.P. and B.O.-P.; Validation, N.V. and B.O.-P.; Visualization, N.S.; Writing—original draft, N.S.; Writing—review and editing, N.S., O.T. and N.V. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by BioPersMed (COMET K-project 825329), which is funded by the Federal Ministry of Transport, Innovation and Technology (BMVIT) and the Federal Ministry of Economics and Labor/the Federal Ministry of Economy, Family and Youth (BMWA/BMWFJ) and the Styrian Business Promotion Agency (SFG).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of the Medical University of Graz, Austria (EC Number 24-224 ex 11/12, date of approval 21 June 2012).




Informed Consent Statement


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




Data Availability Statement


Restrictions apply to the availability of these data. Data are available upon request. To receive access, a proposal must be submitted to Univ.-Prof. Dr. Barbara Obermayer-Pietsch (barbara.obermayer@medunigraz.at). Additional information can be obtained via the Research Management of the Medical University of Graz (tanja.ball@medunigraz.at).




Acknowledgments


We thank Barbara Hutz, Roswitha Gumpold, Astrid Berger and Elisabeth Weiss for assistance with the patients, Michaela Goschnik for dp-ucMGP measurements, Cornelia Missbrenner and Dorrit Münzer-Ornik for continuous lab support, the team of the Endocrinology Lab Platform and all our participants in the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Morley, J.E.; Abbatecola, A.M.; Argiles, J.M.; Baracos, V.; Bauer, J.; Bhasin, S.; Cederholm, T.; Coats, A.J.S.; Cummings, S.R.; Evans, W.J.; et al. Sarcopenia with limited mobility: An international Consensus. J. Am. Med. Dir. Assoc. 2011, 12, 403–409. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



dos Santos, L.; Cyrino, E.S.; Antunes, M.; Santos, D.A.; Sardinha, L.B. Sarcopenia and physical independence in older adults: The independent and synergic role of muscle mass and muscle function. J. Cachexia Sarcopenia Muscle 2016, 8, 245–250. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Akune, T.; Muraki, S.; Oka, H.; Tanaka, S.; Kawaguchi, H.; Tokimura, F.; Yoshida, H.; Suzuki, T.; Nakamura, K.; Yoshimura, N. Incidence of certified need of care in the long-term care insurance system and its risk factors in the elderly of Japanese population-based cohorts: The ROAD study. Geriatr. Gerontol. Int. 2013, 14, 695–701. [Google Scholar] [CrossRef] [Scilit]

	



Steffl, M.; Bohannon Rw Sontakova, L.; Tufano, J.J.; Shiells, K.; Holmerova, I. Relationship-between-sarcopenia-and-physical-activity-in-the. Clin. Interv. Aging 2017, 12, 835–845. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Beaudart, C.; Rizzoli, R.; Bruyère, O.; Reginster, J.-Y.; Biver, E. Sarcopenia: Burden and challenges for public health. Arch. Public Health 2014, 72, 45. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



RCooper, R.; Kuh, D.; Hardy, R. Objectively measured physical capability levels and mortality: Systematic review and meta-analysis. BMJ 2010, 341, 639. [Google Scholar] [CrossRef] [Scilit]

	



Vetrano, D.L.; Landi, F.; Volpato, S.; Corsonello, A.; Meloni, E.; Bernabei, R.; Onder, G. Association of sarcopenia with short- and long-term mortality in older adults admitted to acute care wards: Results from the CRIME study. J. Gerontol.-Ser. A Biol. Sci. Med. Sci. 2014, 69, 1154–1161. [Google Scholar] [CrossRef] [Scilit]

	



ACruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.; et al. Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 16–31. [Google Scholar] [CrossRef] [Scilit]

	



De Buyser, S.L.; Petrovic, M.; Taes, Y.E.; Toye, K.R.C.; Kaufman, J.-M.; Lapauw, B.; Goemaere, S. Validation of the FNIH sarcopenia criteria and SOF frailty index as predictors of long-term mortality in ambulatory older men. Age Ageing 2016, 45, 603–609. [Google Scholar] [CrossRef] [Scilit]

	



Cruz-Jentoft, A.J.; Landi, F.; Schneider, S.M.; Zúñiga, C.; Arai, H.; Boirie, Y.; Chen, L.-K.; Fielding, R.A.; Martin, F.C.; Michel, J.-P.; et al. Prevalence of and interventions for sarcopenia in ageing adults: A systematic review. Report of the International Sarcopenia Initiative (EWGSOP and IWGS). Age Ageing 2014, 43, 748–759. [Google Scholar] [CrossRef] [Scilit]

	



Grimby, G.; Saltin, B. The ageing muscle. Clin. Physiol. 1983, 3, 209–218. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Goodpaster, B.H.; Park, S.W.; Harris, T.B.; Kritchevsky, S.B.; Nevitt, M.; Schwartz, A.V.; Simonsick, E.M.; Tylavsky, F.A.; Visser, M.; Newman, A.B.; et al. The loss of skeletal muscle strength, mass, and quality in older adults: The Health, Aging and Body Composition Study. J. Gerontol.-Ser. A Biol. Sci. Med. Sci. 2006, 61, 1059–1064. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hirschfeld, H.P.; Kinsella, R.; Duque, G. Osteosarcopenia: Where bone, muscle, and fat collide. Osteoporos. Int. 2017, 28, 2781–2790. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hoggard, N.; Cruickshank, M.; Moar, K.-M.; Bashir, S.; Mayer, C.-D. Using gene expression to predict differences in the secretome of human omental vs. subcutaneous adipose tissue. Obesity 2012, 20, 1158–1167. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Akbari, S.; Rasouli-Ghahroudi, A.A. Vitamin K and Bone Metabolism: A Review of the Latest Evidence in Preclinical Studies. BioMed. Res. Int. 2018, 2018, 4629383. [Google Scholar] [CrossRef] [Scilit]

	



Wen, L.; Chen, J.; Duan, L.; Li, S. Vitamin K-dependent proteins involved in bone and cardiovascular health (Review). Mol. Med. Rep. 2018, 18, 3–15. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



van Ballegooijen, A.J.; van Putten, S.R.; Visser, M.; Beulens, J.W.; Hoogendijk, E.O. Vitamin K status and physical decline in older adults—The Longitudinal Aging Study Amsterdam. Maturitas 2018, 113, 73–79. [Google Scholar] [CrossRef] [Scilit]

	



Shea, M.K.; Loeser, R.F.; Hsu, F.-C.; Booth, S.L.; Nevitt, M.; Simonsick, E.M.; Strotmeyer, E.S.; Vermeer, C.; Kritchevsky, S.B. Vitamin K Status and Lower Extremity Function in Older Adults: The Health Aging and Body Composition Study. J. Gerontol.-Ser. A Biol. Sci. Med. Sci. 2016, 71, 1348–1355. [Google Scholar] [CrossRef] [Scilit]

	



Wei, F.-F.; Drummen, N.E.; Thijs, L.; Jacobs, L.; Herfs, M.; Hoofd, C.V.; Vermeer, C.; Staessen, J.A. Vitamin-K-Dependent Protection of the Renal Microvasculature: Histopathological Studies in Normal and Diseased Kidneys. Pulse 2016, 4, 85–91. [Google Scholar] [CrossRef] [Scilit]

	



Wei, F.-F.; Huang, Q.-F.; Zhang, Z.-Y.; Van Keer, K.; Thijs, L.; Trenson, S.; Yang, W.-Y.; Cauwenberghs, N.; Mujaj, B.; Kuznetsova, T.; et al. Inactive matrix Gla protein is a novel circulating biomarker predicting retinal arteriolar narrowing in humans. Sci. Rep. 2018, 8, 15088. [Google Scholar] [CrossRef] [Scilit]

	



Schurgers, L.J.; Cranenburg, E.C.M.; Vermeer, C. Matrix Gla-protein: The calcification inhibitor in need of vitamin K. Thromb. Haemost. 2008, 100, 593–603. [Google Scholar] [PubMed]

	



Cranenburg, E.C.M.; Koos, R.; Schurgers, L.J.; Magdeleyns, E.J.; Schoonbrood, T.H.M.; Landewé, R.B.; Brandenburg, V.M.; Bekers, O.; Vermeer, C. Characterisation and potential diagnostic value of circulating matrix Gla protein (MGP) species. Thromb. Haemost. 2010, 104, 811–822. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Haudum, C.W.; Kolesnik, E.; Colantonio, C.; Mursic, I.; Url-Michitsch, M.; Tomaschitz, A.; Glantschnig, T.; Hutz, B.; Lind, A.; Schweighofer, N.; et al. Cohort profile: ‘Biomarkers of Personalised Medicine’ (BioPersMed): A single-centre prospective observational cohort study in Graz/Austria to evaluate novel biomarkers in cardiovascular and metabolic diseases. BMJ Open 2022, 12, e058890. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Boone, S.C.; van Smeden, M.; Rosendaal, F.R.; le Cessie, S.; Groenwold, R.H.H.; Jukema, J.W.; van Dijk, K.W.; Lamb, H.J.; Greenland, P.; Neeland, I.J.; et al. Evaluation of the Value of Waist Circumference and Metabolomics in the Estimation of Visceral Adipose Tissue. Am. J. Epidemiol. 2022, 191, 886–899. [Google Scholar] [CrossRef] [Scilit]

	



Ostchega, Y.; Seu, R.; Isfahani, N.S.; Zhang, G.; Hughes, J.P.; Miller, I.M. Waist Circumference Measurement Methodology Study: National Health and Nutrition Examination Survey, 2016; Vital and health statistics. Series 2; National Center for Health Statistics: Hyattsville, MD, USA, 2019; pp. 1–20.

	



World Health Organization. The SuRF Report 2, Surveillance Risk Factors Reports Series. 2005, p. 22. Available online: SuRF2(who.int) (accessed on 23 November 2022).

	



RDodds, R.M.; Syddall, H.E.; Cooper, R.; Benzeval, M.; Deary, I.J.; Dennison, E.M.; Der, G.; Gale, C.R.; Inskip, H.M.; Jagger, C.; et al. Grip strength across the life course: Normative data from twelve British studies. PLoS ONE 2014, 9, e113637. [Google Scholar] [CrossRef] [Scilit]

	



Gould, H.; Brennan, S.L.; Kotowicz, M.A.; Nicholson, G.C.; Pasco, J.A. Total and appendicular lean mass reference ranges for Australian men and women: The Geelong osteoporosis study. Calcif. Tissue Int. 2014, 94, 363–372. [Google Scholar] [CrossRef] [Scilit]

	



Studenski, S.A.; Peters, K.W.; Alley, D.E.; Cawthon, P.M.; McLean, R.R.; Harris, T.B.; Ferrucci, L.; Guralnik, J.M.; Fragala, M.S.; Kenny, A.M.; et al. The FNIH sarcopenia project: Rationale, study description, conference recommendations, and final estimates. J. Gerontol.-Ser. A Biol. Sci. Med. Sci. 2014, 69, 547–558. [Google Scholar] [CrossRef] [Scilit]

	



Cruz-Jentoft, A.J.; Baeyens, J.P.; Bauer, J.M.; Boirie, Y.; Cederholm, T.; Landi, F.; Martin, F.C.; Michel, J.-P.; Rolland, Y.; Schneider, S.M.; et al. Sarcopenia: European consensus on definition and diagnosis. Age Ageing 2010, 39, 412–423. [Google Scholar] [CrossRef] [Scilit]

	



Studenski, S.; Perera, S.; Patel, K.; Rosano, C.; Faulkner, K.; Inzitari, M.; Brach, J.; Chandler, J.; Cawthon, P.; Connor, E.B.; et al. Gait speed and survival in older adults. JAMA 2011, 305, 50–58. [Google Scholar] [CrossRef] [Scilit]

	



Newman, A.B.; Simonsick, E.M.; Naydeck, B.L.; Boudreau, R.M.; Kritchevsky, S.B.; Nevitt, M.C.; Pahor, M.; Satterfield, S.; Brach, J.S.; Studenski, S.A.; et al. Association of long-distance corridor walk performance with mortality, cardiovascular disease, mobility limitation, and disability. J. Am. Med. Assoc. 2006, 295, 2018–2026. [Google Scholar] [CrossRef] [Scilit]

	



Stenholm, S.; Harris, T.B.; Rantanen, T.; Visser, M.; Kritchevsky, S.B.; Ferrucci, L. Sarcopenic obesity: Definition, cause and consequences. Curr. Opin. Clin. Nutr. Metab. Care 2008, 11, 693–700. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Li, C.; Li, J.; He, F.; Li, K.; Li, X.; Zhang, Y. Matrix Gla protein regulates adipogenesis and is serum marker of visceral adiposity. Adipocyte 2020, 9, 68–76. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Mutch, D.M.; Rouault, C.; Keophiphath, M.; Lacasa, D.; Clément, K. Using gene expression to predict the secretome of differentiating human preadipocytes. Int. J. Obes. 2009, 33, 354–363. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ahmad, S.; Jan, A.T.; Baig, M.H.; Lee, E.J.; Choi, I. Matrix gla protein: An extracellular matrix protein regulates myostatin expression in the muscle developmental program. Life Sci. 2017, 172, 55–63. [Google Scholar] [CrossRef] [Scilit]

	



Sharma, B.; Albig, A.R. Matrix Gla protein reinforces angiogenic resolution. Microvasc. Res. 2012, 85, 24–33. [Google Scholar] [CrossRef] [Scilit]

	



Goodman, C.A.; Hornberger, T.A.; Robling, A.G. Bone and skeletal muscle: Key players in mechanotransduction and potential overlapping mechanisms. Bone 2015, 80, 24–36. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, J.; Ma, Z.; Yan, K.; Wang, Y.; Yang, Y.; Wu, X. Matrix Gla Protein Promotes the Bone Formation by Up-Regulating Wnt/β-Catenin Signaling Pathway. Front. Endocrinol. 2019, 10, 891. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, Y.; Zhao, L.; Wang, N.; Li, J.; He, F.; Li, X.; Wu, S. Unexpected Role of Matrix Gla Protein in Osteoclasts: Inhibiting Osteoclast Differentiation and Bone Resorption. Mol. Cell. Biol. 2019, 39, e00012-19. [Google Scholar] [CrossRef] [Scilit]

	



Moore, A.E.; Kim, E.; Dulnoan, D.; Dolan, A.L.; Voong, K.; Ahmad, I.; Gorska, R.; Harrington, D.J.; Hampson, G. Serum vitamin K(1) (phylloquinone) is associated with fracture risk and hip strength in post-menopausal osteoporosis: A cross-sectional study. Bone 2020, 141, 115630. [Google Scholar] [CrossRef] [Scilit]

	



OKelly, O.J.; Gilman, J.C.; Kim, Y.; Ilich, J.Z. Micronutrient Intake in the Etiology, Prevention and Treatment of Osteosarcopenic Obesity. Curr. Aging Sci. 2016, 9, 260–278. [Google Scholar] [CrossRef] [Scilit]

	



van den Heuvel, E.G.H.M.; van Schoor, N.M.; Lips, P.; Magdeleyns, E.J.P.; Deeg, D.J.H.; Vermeer, C.; den Heijer, M. Circulating uncarboxylated matrix Gla protein, a marker of vitamin K status, as a risk factor of cardiovascular disease. Maturitas 2014, 77, 137–141. [Google Scholar] [CrossRef] [Scilit]

	



Ma, K.F.; Berends, B.; Vedder, I.R.; Levolger, S.; Gupta, M.; Schuurmann, R.C.; de Vries, J.P.P.M.; Bokkers, R.P. Quantification of muscle mass in the legs of patients with peripheral arterial occlusive disease: Associations between volumetric and cross-sectional single-slice measurements for identification of atrophy and focal sarcopenia. J. Cardiovasc. Surg. 2020, 60, 672–678. [Google Scholar] [CrossRef] [Scilit]

	



Southward, K. A hypothetical role for vitamin K2 in the endocrine and exocrine aspects of dental caries. Med. Hypotheses 2015, 84, 276–280. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Shepherd, C.; Reese, A.E.; Reynard, L.N.; Loughlin, J. Expression analysis of the osteoarthritis genetic susceptibility mapping to the matrix Gla protein gene MGP. Arthritis Res. Ther. 2019, 21, 149. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Azuma, K.; Inoue, S. Multiple modes of vitamin K actions in aging-related musculoskeletal disorders. Int. J. Mol. Sci. 2019, 20, 2844. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ilich, J.Z. Osteosarcopenic adiposity syndrome update and the role of associated minerals and vitamins. Proc. Nutr. Soc. 2021, 80, 344–355. [Google Scholar] [CrossRef] [Scilit]

	



Cheng, S.-H.; Chen, K.-H.; Chen, C.; Chu, W.-C.; Kang, Y.-N. The optimal strategy of vitamin d for sarcopenia: A network meta-analysis of randomized controlled trials. Nutrients 2021, 13, 3589. [Google Scholar] [CrossRef] [Scilit]

	



Batsis, J.A.; Villareal, D.T. Sarcopenic obesity in older adults: Aetiology, epidemiology and treatment strategies. Nat. Rev. Endocrinol. 2018, 14, 513–537. [Google Scholar] [CrossRef] [Scilit]

	



Viegas, C.S.B.; Costa, R.M.; Santos, L.; Videira, P.A.; Silva, Z.; Araújo, N.; Macedo, A.L.; Matos, A.P.; Vermeer, C.; Simes, D.C. Gla-rich protein function as an anti-inflammatory agent in monocytes/macrophages: Implications for calcification-related chronic inflammatory diseases. PLoS ONE 2017, 12, e0177829. [Google Scholar] [CrossRef] [Scilit]

	



Feng, Y.; Liao, Y.; Huang, W.; Lai, X.; Luo, J.; Du, C.; Lin, J.; Zhang, Z.; Qiu, D.; Liu, Q.; et al. Mesenchymal stromal cells-derived matrix Gla protein contribute to the alleviation of experimental colitis. Cell Death Dis. 2018, 9, 691. [Google Scholar] [CrossRef] [Scilit]

	



Zebboudj, A.F.; Imura, M.; Boström, K. Matrix GLA protein, a regulatory protein for bone morphogenetic protein-2. J. Biol. Chem. 2002, 277, 4388–4394. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nishimoto, S.K.; Nishimoto, M. Matrix gla protein binds to fibronectin and enhances cell attachment and spreading on fibronectin. Int. J. Cell Biol. 2014, 2014, 807013. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, Z.; Lai, S.-T.; Xie, L.; Zhao, J.-D.; Ma, N.-Y.; Zhu, J.; Ren, Z.-G.; Jiang, G.-L. Metformin is associated with reduced risk of pancreatic cancer in patients with type 2 diabetes mellitus: A systematic review and meta-analysis. Diabetes Res. Clin. Pract. 2014, 106, 19–26. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bagheri, A.; Hashemi, R.; Heshmat, R.; Motlagh, A.D.; Esmaillzadeh, A. Patterns of Nutrient Intake in Relation to Sarcopenia and Its Components. Front. Nutr. 2021, 8, 645072. [Google Scholar] [CrossRef] [Scilit]

	



Robinson, S.; Granic, A.; Sayer, A.A. Nutrition and muscle strength, as the key component of sarcopenia: An overview of current evidence. Nutrients 2019, 11, 2942. [Google Scholar] [CrossRef] [Scilit]

	



Heymsfield, S.B.; Scherzer, R.; Pietrobelli, A.; Lewis, C.E.; Grunfeld, C. Body mass index as a phenotypic expression of adiposity: Quantitative contribution of muscularity in a population-based sample. Int. J. Obes. 2009, 33, 1363–1373. [Google Scholar] [CrossRef] [Scilit]

	



Schweighofer, N.; Colantonio, C.; Haudum, C.W.; Hutz, B.; Kolesnik, E.; Mursic, I.; Pilz, S.; Schmidt, A.; Stadlbauer, V.; Zirlik, A.; et al. DXA-Derived Indices in the Characterisation of Sarcopenia. Nutrients 2021, 14, 186. [Google Scholar] [CrossRef] [Scilit]








[image: Nutrients 14 05400 g001] 





Figure 1. Flow chart of available measurements in the BioPersMed study participants: PP: physical performance; HGS: handgrip strength; DXA: energy X-ray absorptiometry; dp-ucMGP: dephosphorylated, uncarboxylated matrix-GLA-protein; n: number. 
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Figure 2. Dp-ucMGP levels in persons with and without reduced muscle mass or physical performance. Dark grey box plots represent the presence of decreased muscle mass or physical performance, whereas light grey boxes represent their absence. Dp-ucMGP: dephosphorylated, uncarboxylated Matrix-GLA-protein; pmol: picomol; L: liters, n: number; ASM: appendicular skeletal muscle mass; AMMI: appendicular skeletal muscle mass index; HGS: handgrip strength. Stars represent high extreme values and light or dark grey dots high potential outliers. 
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Figure 3. Circulating dp-ucMGP levels and correlations with sarcopenia-relevant parameters in all (A) and normal and overweight/obese (B) individuals. Correlation analysis between circulating dp-ucMGP and muscle parameters. Spearman’s rho (ρ) and p values are indicated. In all individuals, the 95% confidence interval is indicated by light grey lines. HGS: handgrip strength; ASM: appendicular skeletal muscle mass; AMMI: appendicular skeletal muscle mass index; WHR: waist-to-hip ratio; BMI: body mass index; kg: kilogram; min: minutes, L: liter; nw: normal weight; ow: overweight; ob: obese. 
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Figure 4. Odds ratios with 95% confidence intervals for prevalent sarcopenia features according to dp-ucMGP quartiles in 700 study participants. Adjustment: age [years], alcohol consumption [drinks per week], smoking [pack years] and cardiorespiratory fitness. Boxes with darkening shades of grey represent the dp-ucMGP quartiles. 
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Table 1. Reference values for decreased muscle mass or function.
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Definition of Sarcopenia




	

	
Unit

	
Calculation

	
Cut-Off Values

	
Reference






	

	

	

	
males

	
females

	




	
HGS

	
kg

	
direct measurement

	
<27

	
<16

	
[27]




	
AMMI

	
kg/m2

	
ASM/height2

	
<7

	
<5.5

	
[28]




	
ASM

	
kg

	
lean mass of arms and legs–bone mass of arms and legs

	
<20

	
<15

	
[29]




	
gait speed

	
m/s

	
direct measurement

	
≤0.8 m/s

	
[30]




	

	

	

	

	

	
[31]




	
400 m walk test

	
min

	
direct measurement

	
non-completion or ≥6 min for completion

	
[32]








HGS: handgrip strength; AMMI: appendicular skeletal muscle mass index; ASM: appendicular skeletal muscle mass; m: meters; s: second; kg: kilograms; min: minutes.













 





Table 2. Sarcopenia-related parameters in all persons and persons with and without sarcopenia according to AMMI.
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All Individuals

	
Sarcopenia According to AMMI




	

	
n = 753

	
no

	
n = 651

	
yes

	
n = 102

	




	

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
p-Value






	
age [years]

	
57.1

	
8.7

	
56.6

	
8.2

	
57.8

	
8.7

	
0.204




	
Muscle parameters

	

	

	

	

	

	

	




	
HGS weaker hand [kg]

	
31.8

	
10.8

	
32.2

	
10.9

	
29.5

	
9.8

	
0.019




	
gait speed [min]

	
1.4

	
0.3

	
1.4

	
0.3

	
1.4

	
0.2

	
0.297




	
ASM [kg]

	
21.1

	
5.2

	
21.8

	
5.1

	
17.0

	
3.7

	
<0.001




	
AMMI [kg/m2]

	
7.3

	
1.3

	
7.5

	
1.2

	
5.8

	
0.8

	
<0.001




	
Fat parameters

	

	

	

	

	

	

	




	
fat mass [kg]

	
26.6

	
9.3

	
27.5

	
9.4

	
20.7

	
5.4

	
<0.001




	
waist-to-height ratio

	
0.54

	
0.08

	
0.55

	
0.08

	
0.48

	
0.06

	
<0.001




	
BMI [kg/m2]

	
26.5

	
4.6

	
27.1

	
4.4

	
22.5

	
2.6

	
<0.001




	
Bone parameters

	

	

	

	

	

	

	




	
BMD [mg/cm3]

	
1.19

	
0.13

	
1.20

	
0.13

	
1.15

	
0.13

	
0.001




	
T-score

	
0.61

	
1.13

	
0.67

	
1.12

	
0.23

	
1.10

	
<0.001








dp-ucMGP: dephosphorylated, uncarboxylated matrix-GLA-protein; HGS: handgrip strength; ASM: appendicular skeletal muscle mass; AMMI: appendicular skeletal muscle mass index; BMI: body mass index; BMD: bone mineral density; kg: kilogram; pmol: picomol; L: litre; min: minutes; m: meters; cm: centimeters; mg: milligrams; SD: standard deviation; n: number. Significant results are given in bold numbers.













 





Table 3. Correlations of dp-ucMGP levels with sarcopenia-related muscle parameters, fat and bone parameters according to BMI subgroup.
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All Individuals

	
Sarcopenia According to AMMI




	

	
Normal Weight

	
Overweight/Obese

	
Normal Weight

	
Overweight/Obese




	

	
CC

	
p-value

	
CC

	
p-value

	
CC

	
p-value

	
CC

	
p-value






	
Physical performance

	

	
n = 275

	

	
n = 423

	

	
n = 76

	

	
n = 18




	
HGS weaker hand [kg]

	
−0.064

	
0.290

	
−0.163

	
0.001

	
−0.113

	
0.331

	
−0.294

	
0.294




	
gait speed [min]

	
−0.092

	
0.112

	
−0.201

	
<0.001

	
−0.230

	
0.040

	
−0.319

	
0.170




	
Muscle mass

	

	
n = 298

	

	
n = 455

	

	
n = 82

	

	
n = 20




	
ASM [kg]

	
0.038

	
0.511

	
−0.086

	
0.067

	
0.069

	
0.540

	
−0.119

	
0.617




	
AMMI [kg/m2]

	
−0.031

	
0.595

	
−0.064

	
0.174

	
0.028

	
0.810

	
−0.031

	
0.897




	
Fat parameters

	

	
n = 281

	

	
n = 421

	

	
n = 80

	

	
n = 20




	
fat mass [kg]

	
0.270

	
<0.001

	
0.334

	
<0.001

	
0.230

	
0.040

	
−0.074

	
0.758




	
waist to height ratio

	
0.223

	
<0.001

	
0.300

	
<0.001

	
0.209

	
0.060

	
0.246

	
0.296




	
Bone parameters

	

	
n = 281

	

	
n = 421

	

	
n = 80

	

	
n = 20




	
BMD [mg/cm3]

	
−0.122

	
0.041

	
−0.048

	
0.327

	
−0.088

	
0.440

	
0.098

	
0.682




	
T-value

	
−0.154

	
0.010

	
0.004

	
0.934

	
−0.161

	
0.150

	
0.106

	
0.656








CC: correlation coefficient (either Spearman’s rho or Pearson coefficient); normal weight: BMI: body mass index < 25, overweight/obese: BMI ≥ 25; HGS: handgrip strength; ASM: appendicular skeletal muscle mass; AMMI: appendicular skeletal muscle mass index; BMD: bone mineral density; kg: kilogram; L: liter; min: minutes; m: meters; cm: centimeters; mg: milligrams; SD: standard deviation; n: number. Significant results are highlighted in bold script.













 





Table 4. Baseline characteristics of the study cohort by dp-ucMGP levels in quartiles.
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Dp-ucMGP Q1

	
Dp-ucMGP Q2

	
Dp-ucMGP Q3

	
Dp-ucMGP Q4

	
p-Value






	
dp-ucMGP range [pmol/L]

	
lowest to 384

	
385 to 462

	
463 to 551

	
552 to highest

	




	
n

	
190

	
190

	
189

	

	
191

	




	
dp-ucMGP [pmol/L]

	
345

	
±28

	
423

	
±22

	
502

	
±25

	
706

	
±200

	




	
males

	
40%

	
44%

	

	
49%

	

	
44%

	

	
0.405




	
age [years]

	
54

	
±7

	
55

	
±7

	
57

	
±8

	
61

	
±9

	
<0.001




	
Waist-to-hip ratio

	
0.89

	
±0.09

	
0.92

	
±0.08

	
0.93

	
±0.08

	
0.94

	
±0.08

	
<0.001




	
BMI [kg/m2]

	
24.5

	
±4.0

	
25.8

	
±3.7

	
26.8

	
±4.5

	
28.6

	
±4.4

	
<0.001




	
alcohol consumption [drinks/week]

	
3

	
±5

	
4

	
±7

	
3

	
±5

	
3

	
±6

	
0.050




	
bone mass extremities [kg]

	
1.34

	
±0.33

	
1.38

	
±0.34

	
1.44

	
±0.34

	
1.39

	
±0.33

	
0.053




	
ASM [kg]

	
20.21

	
±5.24

	
21.19

	
±5.59

	
21.80

	
±5.42

	
21.53

	
±4.99

	
0.012




	
AMMI [kg/m2]

	
6.99

	
±1.32

	
7.28

	
±1.44

	
7.38

	
±1.35

	
7.45

	
±1.27

	
0.004




	
HGS weaker hand [kg]

	
33.07

	
±10.75

	
31.30

	
±11.32

	
32.91

	
±11.35

	
30.59

	
±9.64

	
0.226




	
Gait speed [m/s]

	
1.47

	
±0.25

	
1.46

	
±0.23

	
1.44

	
±0.25

	
1.33

	
±0.24

	
<0.001




	
Smoking [pack years]

	
8.1

	
±13.1

	
8.6

	
±13.5

	
6.5

	
±11.3

	
8.3

	
±14.2

	
0.317








dp-ucMGP: dephosphorylated, uncarboxylated matrix-GLA-protein; T: tertiles; BP: blood pressure; BMI: body mass index; ASM: appendicular skeletal muscle mass; AMMI: appendicular skeletal muscle mass index; HGS: handgrip strength; pmol: picomol; L: liter; mm: millimeter; Hg: mercury; kg: kilograms; m: meters; SD: standard deviation; n: number. Numbers are given as mean +/− SD until otherwise stated; %: percent.













 





Table 5. Odds ratios for the association of dp-ucMGP quartiles with sarcopenia defined by AMMI, ASM or HGS.
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Dp-ucMGP Q1

	
Dp-ucMGP Q2

	
Dp-ucMGP Q3

	
Dp-ucMGP Q4




	

	
OR

	
p

	
OR

	
B-Value

	
CI

	
p

	
OR

	
B-Value

	
CI

	
p

	
OR

	
B-Value

	
CI

	
p






	
AMMI

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
unadjusted

	
1

	
0.026

	
0.523

	
−0.648

	
0.296

	
0.925

	
0.026

	
0.496

	
−0.700

	
0.279

	
0.884

	
0.017

	
0.493

	
−0.706

	
0.277

	
0.878

	
0.026




	
Model 1

	
1

	
0.083

	
0.476

	
−0.743

	
0.225

	
1.003

	
0.051

	
0.589

	
−0.530

	
0.272

	
1.272

	
0.178

	
0.389

	
−0.944

	
0.176

	
0.860

	
0.020




	
Model 2

	
1

	
0.049

	
0.463

	
−0.770

	
0.217

	
0.986

	
0.046

	
0.504

	
−0.685

	
0.229

	
1.109

	
0.088

	
0.346

	
−1.062

	
0.154

	
0.779

	
0.010




	
ASM

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
unadjusted

	
1

	
0.003

	
0.637

	
−0.450

	
0.369

	
1.101

	
0.106

	
0.496

	
−0.700

	
0.279

	
0.884

	
0.017

	
0.316

	
−1.153

	
0.165

	
0.605

	
0.001




	
Model 1

	
1

	
0.002

	
0.506

	
−0.681

	
0.241

	
1.063

	
0.072

	
0.430

	
−0.845

	
0.191

	
0.969

	
0.042

	
0.164

	
−1.809

	
0.064

	
0.418

	
<0.001




	
Model 2

	
1

	
0.003

	
0.511

	
−0.671

	
0.244

	
1.073

	
0.076

	
0.454

	
−0.790

	
0.199

	
1.034

	
0.060

	
0.171

	
−1.768

	
0.067

	
0.436

	
<0.001




	
HGS

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
unadjusted

	
1

	
0.795

	
1.084

	
0.081

	
0.465

	
2.257

	
0.851

	
1.325

	
0.282

	
0.544

	
3.230

	
0.536

	
1.536

	
0.429

	
0.612

	
3.855

	
0.360




	
Model 1

	
1

	
0.381

	
1.294

	
0.258

	
0.441

	
3.795

	
0.639

	
1.838

	
0.609

	
0.552

	
6.123

	
0.321

	
2.898

	
1.064

	
0.840

	
9.994

	
0.092




	
Model 2

	
1

	
0.205

	
1.330

	
0.285

	
0.444

	
3.990

	
0.611

	
2.458

	
0.899

	
0.714

	
8.458

	
0.154

	
3.688

	
1.305

	
1.007

	
13.502

	
0.049








Dp-ucMGP: dephosphorylated, uncarboxylated matrix-GLA-protein; OR: odds ratio, CI: 95% confidence intervals, p: p-value; AMMI: appendicular skeletal muscle mass index; ASM: appendicular skeletal muscle mass; HGS: handgrip strength; Q: quartile; Model 1 adjusted for age [years], alcohol consumption [drinks per week], smoking [pack years] and cardiorespiratory fitness; Model 2 adjusted as model 1 and, additionally, for sex. Nagelkerke R2 and Homer and Lemeshow Test p-values for the unadjusted model: 0.021/1 (AMMI), 0.035/1 (ASM) and 0.004/1 (HGS), respectively, for model 1: 0.11/0.018 (AMMI), 0.205/0.485 (ASM) and 0.085/0.269 (HGS), respectively, and for model 2: 0.134/0.245 (AMMI), 0.207/0.545 (ASM) and 0.139/0.292 (HGS), respectively. Significant results are highlighted in bold script.
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