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Abstract

:

Prostaglandin signaling pathways are closely related to inflammation, but also muscle regeneration and processes associated with frailty and sarcopenia, whereas β-catenin (CTNNB1 gene) as a part of Wnt signaling is also involved in the differentiation of muscle cells and fibrosis. The present study analyzed the association between selected prostaglandin pathway genes and clinical parameters in patients with sarcopenia and frailty syndrome. The present study was conducted on patients with sarcopenia, frailty syndrome, and control older patients (N = 25). Additionally, two healthy controls at the age of 25–30 years (N = 51) and above 50 years old (N = 42) were included. The expression of the PTRGER4, PTGES2 (COX2), PTGS2, and CTNNB1 genes in whole blood was checked by the qPCR method. The serum cytokine levels (IL-10, TNFα, IFN-y, IL-1α, IL-1β) in patients and controls were checked by the Q-Plex Human Cytokine Panel. The results showed a significant effect of age on PTGER4 gene expression (p = 0.01). A negative trend between the appendicular skeletal muscle mass parameter (ASSM) and the expression of PTGER4 has been noted (r = −0.224, p = 0.484). PTGES2 and PTGS2 expressions negatively correlated with creatine phosphokinase (r = −0.71, p = 0.009; r = −0.58, p = 0.047) and positively with the functional mobility test timed up and go scale (TUG) (r = 0.61, p = 0.04; r = 0.63, p = 0.032). In the older control group, a negative association between iron levels and the expression of PTGS2 (r = −0.47, p = 0.017) was observed. A similar tendency was noted in patients with sarcopenia (r = −0.112, p = 0.729). A negative trend between appendicular skeletal muscle mass (ASMM) and PTGER4 seems to confirm the impairment of muscle regeneration associated with sarcopenia. The expression of the studied genes revealed a trend in associations with the clinical picture of muscular dystrophy and weakening patients. Perhaps PTGS2 and PTGES2 is in opposition to the role of the PTGER4 receptor in muscle physiology. Nevertheless, further, including functional studies is needed.
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1. Introduction


Frailty is defined as a state of decreased physiological reserve and compromised capacity to maintain homeostasis. It is a result of multiple accumulated deficits associated with the aging process and with several inter-related physiological systems [1]. One of the factors contributing to the development of frailty is the loss of skeletal muscle mass and strength, defined as sarcopenia [2].



Both described conditions are determined by genetic and environmental factors in combination with epigenetic mechanisms, which regulate the differential expression of genes in cells and could be especially important in aging [1]. Until now, there is no known effective treatment or intervention for frailty [3]. Moreover, failure to diagnose frailty exposes patients to interventions from which they might not benefit and could be harmed [1].



Prostaglandins are well known for their physiological role in the inflammatory response [4]. Depending on the interaction with different prostaglandin E receptors (EP1, EP2, EP3, and EP4) located on the cell membrane or organelle membrane, the response and biological effect on PGE2 vary [5]. PGE2 regulates different stages of the immune response during several pathologies [6]. One of the important pathways for muscle development or regeneration is activated by prostanoid receptor EP4 (encoded by PTGER4 gene)–prostaglandin E2 (PGE2) signaling [7]. EP4 belongs to the G-protein coupled receptor family and activates adenylyl cyclase, increasing intracellular cAMP. Moreover, prostaglandins and the cyclooxygenase (COX) pathway are also crucial in the regulation of aging and exercise adaptation in the skeletal muscle [8]. PGE2 inhibits collagen production and induces matrix metallopeptidase 1 (MMP1) [9,10] associated with aging. Minthas et al. revealed a significant association between increased synthesis of PGE2 in human monocyte-derived macrophages (MDMs) with age [11]. On the other hand, a recent study noted that aged tissues, including skeletal muscle (myofibers and interstitial cells within muscle) are characterized by high levels of 15-hydroxyprostaglandin dehydrogenase (15-PGDH), which takes part in the degradation of PGE2. Therefore, according to the authors, reduction in PGE2 signaling is a major contributor to muscle atrophy associated also with sarcopenia [12].



Additionally, sarcopenia and frailty syndrome are associated with tissue fibrosis, particularly in the liver and lungs [13,14]. Evidence from several human diseases and data from animal models revealed that one of the pathological fibrosis pathways leads to Wnt/β-catenin signaling [15]. β-catenin is encoded by the CTNNB1B gene, so-called protein moonlight, which means that its cellular functions may be radically different, from the adhesion to signaling role [16]. Nevertheless, the majority of prior studies, including its relationship with prostaglandin signaling, have focused on the oncological role of β-catenin [17,18,19,20].



Prostaglandins are synthesized from arachidonic acid, and their production depends on prostaglandin-endoperoxide synthase (PTGS, COX) activity, also known as cyclooxygenase [4] and prostaglandin E synthases (PTGES) [8]. PTGS/COX occurs in two isoforms, COX-1 and -2, where COX-2 seems more significant in prostanoid formation in inflammation and proliferative diseases [4]. In the case of PTGES, there are three forms known (microsomal—PTGES1, cytosolic—cPTGES, and membrane-associated PTGES2). The physiological role of cPTGES is not well known. PTGES1 appears to be mostly involved in inflammation [3,4,5]. On the contrary, PTGES2 is not induced by inflammatory stimuli and is constitutively expressed in various tissues that show relatively a low expression of PTGES1. Therefore, it is assumed that PTGES2 is important in total PGE2 production/synthesis [8]. Muscle samples of elderly people with sarcopenia also showed alterations in ferroptosis-related factors, including prostaglandin-endoperoxide synthase 2 (PTGS2/COX2) [21]. It is suggested that ferroptosis may play a role in the pathogenesis of sarcopenia [22]. Upregulated PTGS2 expression also has an impact on the aging process [23]. The expression of PTGES2 similarly seems to increase with age [24].



In summary, prostaglandin signaling pathways are closely related to aging, muscle development and regeneration, inflammation, and other processes, such as tissue fibrosis or ferroptosis, which are associated with frailty and sarcopenia. Therefore, we assume that prostaglandins play a crucial role in the frailty syndrome and sarcopenia. The present study aimed to examine the effects of aging (healthy subjects: 25–30 and >50 years old) on the profile of PTGS2 (COX2), PTGES2, PTGER4, and CTNNB1 mRNA levels in whole blood. Furthermore, this research also aims to compare the expression profile of the above-mentioned genes and find their association with clinical parameters and selected cytokine concentrations in patients with frailty syndrome and sarcopenia.




2. Results


2.1. Clinical Characteristics of Study Groups


All groups of analyzed patients matched the female/male ratio (p = 0.45). Clinical parameters were compared between three groups of patients (Table 1). If significant differences were observed, pairwise post hoc analysis was performed (Table S2).



In the present study, patients with frailty syndrome were significantly older than geriatric control (p = 0.006). We also observed that the control group was characterized by higher concentrations of iron (p < 0.001), hemoglobin (p = 0.02), total cholesterol (p = 0.02), and LDL (p = 0.004) compared with frailty syndrome patients.



The significant difference between TUG time was noted when comparing geriatric patients with sarcopenia (p = 0.002) (Figure 1). FI-CGA and TUG time were the lowest in geriatric patients. FI-CGA was significantly different in all three analyzed groups. The highest FI-CGA was observed in frailty patients (mean 0.36 ± 0.09). Patients with sarcopenia were classified as prefrail (mean FI-CGA value of 0.21 ± 0.11) and geriatric patients as fit (mean of 0.21 ± 0.11).



Patients with sarcopenia were characterized by significantly lower BMI levels than geriatric control (p = 0.003). In the group of patients with sarcopenia, there was no patient with obesity, and half of the patients had normal weight, whereas, in the group with frailty syndrome or geriatrics, 38% and 48% were obese, respectively (Table S3).



According to the criteria, the ASMM parameter was significantly lower in sarcopenia patients compared with both geriatric control (p < 0.001) and frailty syndrome patients (p < 0.001, Figure 1).



Despite the fact that patients with sarcopenia had the lowest level of triglycerides, the difference was not significant. Patients of all analyzed groups were characterized by similar levels of CRP, albumin, creatinine, and B12. Fifty percent of patients with sarcopenia suffered from osteopenia, whereas only 11% and 8% of patients with frailty and geriatric control, respectively, revealed this condition. Differences in osteopenia prevalence were statistically significant. Further analysis showed that sarcopenia patients had 11.5 ((95% CI) = (2.08, 93.95), p = 0.009) times higher odds of osteopenia than geriatric control and 8 times higher odds ((95% CI) = (1.79, 40.78), p = 0.008) than frailty syndrome patients. However, both 25% of sarcopenia and frailty syndrome patients suffered from osteoporosis, but in comparison with the geriatric control group (16% of patients with osteoporosis), the ratio was not statistically significant (Figure 2).




2.2. Significant Impact of Age on the Expression of the PTGER4 Gene


Healthy subjects, regardless of age (25–30 and >50 years old), were characterized by the lowest PTGES2 expression (Figure 3B). The mRNA level of PTGES2 was significantly the lowest in healthy subjects at the age of 25–30 years in comparison with geriatric control, patients with frailty syndrome and sarcopenia, but not healthy subjects at age above 50 years. Older healthy subjects (above 50 years old) were characterized by a significantly lower PTGES2 mRNA level than geriatric control (p = 0.03). Patients with frailty syndrome revealed a lower expression of PTGES2 than geriatric control and patients with sarcopenia; however, the difference was not statistically significant.



The expression between both healthy groups was not statistically significant. Geriatric control and patients with frailty syndrome and sarcopenia were characterized by a similar PTGS2 mRNA level. The analyzed groups (geriatric control and patients with frailty syndrome and sarcopenia) all had significantly different mRNA levels of PTGS2 compared with healthy subjects at age 25–30 and above 50 years old (Figure 3A).



Healthy subjects at age 25–30 and above 50 years old were characterized by a significantly lower mRNA level of PTGER4 in comparison with all analyzed groups of patients (geriatric control, patients with frailty syndrome and sarcopenia) (Figure 3C). Moreover, healthy subjects aged 25–30 had a significantly lower mRNA level of PTGER4 than healthy subjects aged above 50 (p = 0.01). The differences in expression of PTGER4 between geriatric control and patients with frailty syndrome and sarcopenia were not statistically significant. However, the highest median of PTGER4 mRNA level was observed in patients with sarcopenia (Figure 3C).



The difference in CTNNB1 expression between both healthy groups, regardless of age, was not statistically significant (Figure 3D). In the meanwhile, compared with the healthy subjects aged 25–30 and over 50, all analyzed groups revealed a higher mRNA level of CTNNB1. The highest median of the CTNNB1 mRNA level was observed in patients with sarcopenia, but it was not statistically significant compared with the geriatric control and patients with frailty syndrome.




2.3. Serum Cytokines Level


The serum IFN-y, IL-1α level in all analyzed groups was below the detection level (approximately 90–100% of patients included in the analysis). IL-10 was below the detection level in about 70% of the analyzed groups (Supplementary Table S4).



Healthy subjects at age 20–30 and above 50 years had a significantly lower level of TNF-α than all groups of patients (Figure 4C). In almost 50% of healthy subjects at age 20–30 and 26% of healthy subjects above 50 years old, the serum TNF-α concentration was below the detection level.



In almost 70% of healthy subjects at age 20–30 and 90% of healthy subjects above 50 years old, the IL-1β concentration was below the detection level. The serum IL-10 concentration was below detection in 90–97% of both groups of healthy subjects. The IL-1β and IL-10 levels were significantly higher in frailty syndrome patients compared with healthy controls.




2.4. Negative Trend between ASSM and the Expression of PTGER4


We did not find significant correlations between the analyzed gene expression level and selected clinical parameters, such as CRP, vitamin D3 and B12 levels, albumin concentration.



Nevertheless, in patients with sarcopenia, we noticed a significant negative correlation between the mRNA level of PTGES2 and PTGS2 and serum creatine kinase (CK) concertation (Figure 5A,B). On the other hand, positive correlations between these genes and TUG were observed in sarcopenia patients (Figure 5C,D). In patients with frailty syndrome, an average significant correlation between the expression of CTNNB1 and the FI-CGA parameter was observed (r = 0.395, p = 0.017). In the case of PTGER4, a negative trend with the ASMM parameter was noted. However, the correlation between these factors was not significant (r = −0.224, p = 0.484).



Interestingly, in geriatric patients, a significant negative correlation was found between iron concentration and PTGS2 mRNA level (r = −0.47, p = 0.017); a similar but statistically not significant trend was also observed in the patients with sarcopenia.





3. Discussion


The self-reliance and vitality of elderly patients are one of the main challenges of modern medicine. Sarcopenia and frailty syndrome, as two of the geriatric complexities, deprive people of this opportunity and affect mortality. Currently, there are no blood tests to diagnose sarcopenia, which would be particularly important in the early stages of the disease.



Considering gene expression as a potential biomarker, two factors should be taken into account, i.e., age and pathogenesis. These factors may affect independently, and sometimes they can complement each other, leading to, e.g., a synergistic effect. A recent analysis revealed that changes in gene expression and its dynamics in blood cells are age related compared with other tissues [25].



Sarcopenia and frailty are two geriatric syndromes, sharing partially a phenotype. Loss of muscle mass and function associated with aging itself is defined as primary sarcopenia, which usually precedes frailty. Frailty, according to the phenotypic model, includes exhaustion, weakness, and slowness, whereas sarcopenia combines the mass and function of the muscle. Frailty is age related, while sarcopenia is also associated with illness, starvation, and disuse. In general, there is an overlap in the criteria for these two conditions, but frailty requires weight loss, while sarcopenia requires muscle loss [26]. Only a few studies have shown the potential role of the prostaglandin pathway and its impact on these conditions [26,27,28,29], but according to our knowledge, this is the first study that focuses on gene expression in whole blood.



Interest in biomarkers as rapid and quantitative measures in all areas of biomedical research, as well in in the field of aging and age-related diseases, has increased. In the present study, all the analyzed genes, excluding PTGER4, were characterized by a lower mRNA level in healthy subjects (both in the age group 25–30 years and in the group above 50 years). Geriatric patients without sarcopenia or frailty syndrome had a significantly upregulated gene expression compared with both groups of healthy subjects. The present study revealed only a significant impact of age on the expression of the PTGER4 gene. Healthy subjects at age 25–30 had significantly downregulated this gene compared with healthy subjects at age above 50. Although we did not find a similar study to ours in the literature, the work of Acevedo et al. may suggest similar conclusions. The authors described age-related methylation in PTGER2 and PTGER4. The methylation in leukocytes and, thus, the possible activity of these genes decreased with age [30]. Despite the fact that the common denominator is age, the current study showed an increase with age, but our analysis was performed in whole blood and not in individual subpopulations of cells. Unfortunately, the present study does not examine serum PGE2 or PGDH2 concentration, which could have shown a more complete picture of this pathway.



Patients with sarcopenia were characterized by the highest expression of PTGER4 and CTNNB1 in whole blood samples. However, the impact of the analyzed conditions/diseases on the mRNA level of these genes was not significant. More interestingly, a negative trend between the appendicular skeletal muscle mass parameter (ASSM) and the expression of PTGER4 was noted. Ho et al. revealed that the major effect of PGE2 during muscle regeneration is on satellite cells (muscle-specific stem cells) and that this effect is direct and mediated by the EP4 receptor encoded by the PTGER4 gene [31]. The negative trend of ASMM and PTGER4 seems to confirm the impairment of muscle regeneration associated with sarcopenia. Research on animal models shows poor regeneration of muscles with age [32] and the reduction of the satellite cells’ ability to self-renew [33]. According to a study conducted by Brack et al., differentiation of muscle cells and fibrosis are also associated with Wnt signaling [34], in which CTNNB1 may be implemented. Florian et al. described the reduced protein levels of β-catenin (CTNNB1) upon aging and switching from the canonical Wnt signaling to noncanonical Wnt signaling in aging hematopoietic stem cells [35], which may, in general, result in the prevention of the self-renew ability. Additionally, in patients with sarcopenia, a negative correlation was also observed between creatine phosphokinase and the expressions of PTGES2 (COX2) and PTGS2. An increase in CK in the bloodstream indicates muscular damage [36]. The expression of these genes was also positively correlated with the functional mobility test TUG in patients with sarcopenia. Despite the fact that the generalizability of the expression level of single genes with a complex functional test seems to be inadequate, the clinical picture presented thus far supports the idea that PTGES and PTGS2 may play a role in the pathology of sarcopenia. If the roles of PTGES2 and PTGS2 in relation to the receptor EP4 (PTGER4) are opposite in muscle physiology (degeneration, ferroptosis versus regeneration), then the question remains, why does receptor activity increase with age? Is this a homeostatic mechanism of physiology? Is it just a result of the medications taken?



The present study also revealed a negative association between the iron level in blood and the expression of PTGS2 in geriatric patients. A similar, but statistically not significant, tendency was also noted in patients with sarcopenia. Interestingly, PTGS2 is considered to be a genetic hallmark of ferroptosis—a novel form of iron-dependent programmed cell death forms [37]. One of the new approaches to treating iron-related disorders is iron chelators, which effectively prevent ferroptosis [38]. Since the studies conducted by Yang et al. and Sun et al, an upregulated mRNA PTGS2 level is reported to be a pharmacodynamic marker of ferroptotic tissues. However, studies do not indicate that it is a contributing factor to ferroptosis [39,40]. As Chen et al. rightly pointed out, the great challenge for PTGS2 as a biomarker of ferroptosis is that the upregulation of PTGS2 is observed in various inflammatory conditions, at least some of which are nonferroptotic [41]. Recently, Xu et al. concluded that after cerebral ischemia reperfusion injury, the inhibition of ferroptosis inactivates the COX-2/PGE2 pathway [42]. Another aspect of this correlation is the source of serum iron in patients from different groups (patients with or without sarcopenia). In general, serum iron levels should not be used to diagnose iron deficiency but serum ferritin level [43]. Iron absorption is upregulated by iron deficiency and increased erythropoiesis and downregulated in inflammation [44]. It is well known that iron deficiency in the skeletal muscle is associated with reduced a concentration of myoglobin, which has an impact on tissue physiology. In terms of whole blood analysis and immune cells, iron is a key component of the enzymes that generate superoxide and nitric oxide, which are critical for the proper enzymatic functioning of cells [45]. Furthermore, iron is involved in the regulation of cytokine production in T cells [46]. In the context of sarcopenia and frailty syndrome, low iron blood serum concentrations are thought to be associated with poor physical performance [45].



Moreover, patients with frailty syndrome and sarcopenia were characterized by a higher serum TNF-α concentration than geriatric patients; however, the difference was not significant. We found a correlation between PTGES2 expression and serum TNF-α concentration in geriatric patients. Despite the fact that several studies have shown that TNF-α induces PGE2 production via PTGS2 (COX2) in different tissues [47,48,49], the particular role of PTGES2 remains unclear. So far, studies determining the effect of TNF-α on PTGES2 expression in in vitro models are inconclusive [50,51].



In the majority of the subjects from the healthy groups, the tested serum cytokines were not detected. The present study also did not reveal significant differences in serum cytokine level between geriatric patients and patients with frailty syndrome or sarcopenia.



A major source of limitation of the present study is the sample size, particularly for patients with sarcopenia. Another limitation of this research is the very heterogenous group of geriatric patients who suffered from various diseases and were treated with multiple medications, which may have an impact on gene expression. Moreover, different factors associated with lifestyle, such as smoking and diet, were also not taken into account during the analysis. Therefore, further studies on a larger sample size and protein level analysis will need to be undertaken.




4. Materials and Methods


4.1. Patients


A total of 166 participant samples were included in the study. Participants in the groups of sarcopenic patients (N = 12), frailty syndrome patients (N = 36), and geriatric control (patients without sarcopenia or frailty syndrome, N = 25) were recruited in the Geriatrics Clinic and Polyclinic, National Institute of Geriatrics, Rheumatology, and Rehabilitation in Warsaw, Poland. EDTA–whole blood samples were collected and transported immediately to the laboratory and stored at −80 °C until further analysis. Blood from participants in groups of healthy subjects at age 25–30 (N = 51, first healthy control) and above 50 years old (N = 42, second healthy control) was obtained from the blood donation facility.



Patients with sarcopenia enrolled in the study met the classification criteria of the European Working Group on Sarcopenia in Older People 2 (EWGSOP2) for this disease, which include low muscle strength and quantity. Low muscle strength was evaluated by the hand dynamometer measurement of grip strength (cut-off points for women < 16 kg, for men < 27 kg). Low muscle quantity was assessed by the measurement of appendicular skeletal muscle mass (ASMM) by dual-energy X-ray and calculated as ASMM/height2 (cut-off points for women < 5.5 kg/m2, for men < 7 kg/m2) [52].



Patients with frailty syndrome included in the study met the classification criteria of the frailty index based on a standard comprehensive geriatric assessment (FI-CGA—frailty index based on a comprehensive geriatric assessment). This test is based on the evaluation of 10 domains: cognitive status, mood and motivation, communication, mobility, balance, bowel function, bladder function, instrumental activity of daily living and activity of daily living (IADLs and ADLs), nutrition, and several noncommunicable chronic diseases [53].



Patients diagnosed with both sarcopenia and frailty syndrome were not included in the study. Participants from the geriatric control group were patients who were 60 years old and above without sarcopenia or frailty syndrome. The functional mobility of the patients was described using the timed up and go scale (TUG). This test evaluates the ability to rise up from the chair, walk, return to the chair, and sit down again. Additionally, the task checks the walking speed, strength, balance, and substantial cognitive involvement. All patients were also screened for osteoporosis, osteopenia, and degenerative disc disease. Additionally, the New York Heart Association (NYHA) functional classification system was used to assess evidence of cardiovascular disease (class I—no objective evidence of cardiovascular disease; class II—objective evidence of minimal cardiovascular disease; class III—objective evidence of moderately severe cardiovascular disease; class IV—objective evidence of severe cardiovascular disease).



People with exacerbations of inflammatory diseases, active infections, diarrhea, and thrombotic diseases and those treated with prostaglandin analogues or systemically administered anti-inflammatory drugs were excluded from the study.



All participants provided their written informed consent before enrollment. This study was performed in accordance with the Declaration of Helsinki and was approved by the Research Ethics Committee of the National Institute of Geriatrics, Rheumatology, and Rehabilitation (approval number KBT-4/2/2018).




4.2. RNA Extraction


Total RNA was extracted from 500 uL of whole blood using a Micro RNA Concentrator (A&A Biotechnology, Gdańsk, Poland) with TRIzol Reagent (Invitrogen, Foster City, CA, USA). The quantity and quality of isolated RNA was evaluated by a Quawell Q5000 spectrophotometer. cDNA was prepared using High Capacity cDNA Reverse Transcription with an RNase Inhibitor Kit (Life Technologies, Foster City, CA, USA), according to the manufacturer’s instruction.




4.3. Gene Expression


Gene expression analysis was conducted using TaqMan Gene Expression Assays designed by the manufacturer (Thermo Fisher, Foster City, CA, USA): PTGES2 (Hs00228159_m1; prostaglandin E synthase 2), PTGER4 (Hs00168761_m1; prostaglandin E receptor 4), PTGS2 (COX2) (Hs00153133_m1; prostaglandin-endoperoxide synthase 2), CTNNB1 (Hs00355045_m1; β-catenin), and TaqMan Gene Expression Master Mix (Thermo Fisher, Foster City, USA). The manufacturer guaranteed the PCR efficiency of all assays at 100 ± 2%. Each sample was analyzed in two technical replications, and the mean Ct value was taken for further analysis. A Ct value higher than 35 was taken as below quantification. The most relevant housekeeping gene was selected, and the relative expression was calculated by the ΔCt method (normalized to GAPDH (Hs02786624_g1) as a reference gene using QuantStudio 5 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).




4.4. Serum Cytokine Level


TNF-α, IFN-γ, IL-1a, IL-1b, IL-6, and IL-10 concentrations in the serum of patients with frailty syndrome, sarcopenia, and geriatric control and healthy subjects at age 25–30 (first healthy control) and above 50 years old (second healthy control) were measured by multiplex enzyme-linked immunosorbent assay (ELISA), Q-Plex Human Cytokine Panel 1 (6-Plex), according to the manufacturer’s instructions (Quansys Biosciences, Logan, UT, USA). For analysis, we used 25 uL of serum diluted 1:2 with a sample diluent. The ELISA standard level of detection was 10.42 pg/mL for IL-1b, 35.12 pg/mL for IL-6, 20.86 pg/mL for IFN-γ, 21.68 pg/mL for IL-1a, 17.28 pg/mL for IL-10 (pg/mL), and 3.98 pg/mL for TNF-α. For analysis, patients with values below the level of detection were analyzed in two variants: having a cytokine level equal to 0 or equal to the detection threshold. Only consistent results from the two analyses were reported.



The Q-Plex Human Cytokine Panel 1 (6-Plex) assay is an ELISA-based test premised on nano spot technology. In each well of a microtiter plate, immobilized capture antibodies are attached to the surface of several nano spots. Capture antibodies sealing each nano spot are specific for only one analyte. This technology enables the measurement of multiple analytes in one well of a 96-well plate, provides high sensitivity of the assay, and requires a minimal sample volume.



The basic steps of Q-Plex are similar to the traditional ELISA test. It involves samples or calibrator incubation, washing, incubation with biotinylated antibodies, washing, incubation with an enzyme (streptavidin–horseradish peroxidase (SHRP)), washing, and incubation with a substrate. The detection of the chemiluminescence signal of the product was performed using Q-View Imager LS and Q-View Software (Quansys Biosciences, Logan, UT, USA). Analysis of cytokine levels between groups assumed that patients with levels below the detection level had a level equal to the minimum threshold value.




4.5. Statistical Analysis


Missing data are summarized in a table in the Supplementary Material (Table S1). Data were imputed assuming data missing at random MAR. Missing data were imputed using random forest.



The normality of the distribution of the analyzed parameters was checked by the Shapiro–Wilk test. Demographic and clinical parameters between analyzed groups were compared using ANOVA, Welch’s ANOVA, and the Kruskal–Wallis rank sum test for continuous variables. Discrete variables were analyzed using Pearson’s chi-squared test or Fisher’s exact test for count data. A significant post hoc analysis was performed to identify pairwise differences. The p-value for multiple comparisons was corrected using the Bonferroni–Holm method. The statistical significance of differences in gene expressions and serum cytokine levels between groups was analyzed using the Kruskal–Wallis test and Dunn’s multiple comparison test. The correlation between variables was evaluated using the Spearman test. RStudio Version 1.4.1717 © 2009–2021 RStudio, PBC, was used to conduct analysis and present graphs. The R packages used for data analysis are listed in the References section [54,55,56,57,58,59,60].





5. Conclusions


The level of the studied genes revealed an association trend with the clinical picture of muscular dystrophy, weakening patients. Further studies would have to test whether PTGS2 and PTGES2 in muscle physiology are in opposition to the PTGER4 receptor.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms241612885/s1.





Author Contributions


Conceptualization, A.P.-G. and T.T.; methodology, A.W.; formal analysis, B.S., A.W. and D.B.; investigation, D.B., E.D., E.M. and T.K.; data curation, M.J.R.; writing—original draft preparation, A.W.; writing—review and editing, A.P.-G. and T.T. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by grant S/2, National Institute of Geriatrics, Rheumatology, and Rehabilitation, Warsaw, Poland.




Institutional Review Board Statement


This study was performed in accordance with the Declaration of Helsinki and was approved by the Research Ethics Committee of the National Institute of Geriatrics, Rheumatology, and Rehabilitation (approval number KBT-4/2/2018).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data available on request.




Acknowledgments


We are grateful to all the patients from the Department of Geriatrics and healthy subjects, whose cooperation made this study possible.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Clegg, A.; Young, J.; Iliffe, S.; Rikkert, M.O.; Rockwood, K. Frailty in Elderly People. Lancet 2013, 381, 752–762. [Google Scholar] [CrossRef] [PubMed]

	



Fielding, R.A.; Vellas, B.; Evans, W.J.; Bhasin, S.; Morley, J.E.; Newman, A.B.; Abellan van Kan, G.; Andrieu, S.; Bauer, J.; Breuille, D.; et al. Sarcopenia: An Undiagnosed Condition in Older Adults. Current Consensus Definition: Prevalence, Etiology, and Consequences. International Working Group on Sarcopenia. J. Am. Med. Dir. Assoc. 2011, 12, 249–256. [Google Scholar] [CrossRef] [PubMed]

	



Kojima, G.; Liljas, A.E.M.; Iliffe, S. Frailty Syndrome: Implications and Challenges for Health Care Policy. Risk Manag. Healthcare Policy 2019, 12, 23–30. [Google Scholar] [CrossRef] [PubMed]

	



Ricciotti, E.; Fitzgerald, G.A. Prostaglandins and Inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986–1000. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, H.; Huang, H.; Guo, Z.; Chang, Y.; Li, Z. Role of Prostaglandin E2 in Tissue Repair and Regeneration. Theranostics 2021, 11, 8836–8854. [Google Scholar] [CrossRef] [PubMed]

	



Pellegrini, J.M.; Martin, C.; Morelli, M.P.; Schander, J.A.; Tateosian, N.L.; Amiano, N.O.; Rollandelli, A.; Palmero, D.J.; Levi, A.; Ciallella, L.; et al. PGE2 Displays Immunosuppressive Effects during Human Active Tuberculosis. Sci. Rep. 2021, 11, 13559. [Google Scholar] [CrossRef]

	



Mo, C.; Zhao, R.; Vallejo, J.; Igwe, O.; Bonewald, L.; Wetmore, L.; Brotto, M. Prostaglandin E2 Promotes Proliferation of Skeletal Muscle Myoblasts via EP4 Receptor Activation. Cell Cycle 2015, 14, 1507–1516. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.Z.; Jemiolo, B.; Lavin, K.M.; Lester, B.E.; Trappe, S.W.; Trappe, T.A. Prostaglandin E2/Cyclooxygenase Pathway in Human Skeletal Muscle: Influence of Muscle Fiber Type and Age. J. Appl. Physiol. 2016, 120, 546–551. [Google Scholar] [CrossRef]

	



Cilli, F.; Khan, M.; Fu, F.; Wang, J.H.C. Prostaglandin E2 Affects Proliferation and Collagen Synthesis by Human Patellar Tendon Fibroblasts. Clin. J. Sport Med. 2004, 14, 232–236. [Google Scholar] [CrossRef]

	



Shim, J.H. Prostaglandin E2 Induces Skin Aging via E-Prostanoid 1 in Normal Human Dermal Fibroblasts. Int. J. Mol. Sci. 2019, 20, 5555. [Google Scholar] [CrossRef]

	



Minhas, P.S.; Latif-Hernandez, A.; McReynolds, M.R.; Durairaj, A.S.; Wang, Q.; Rubin, A.; Joshi, A.U.; He, J.Q.; Gauba, E.; Liu, L.; et al. Restoring Metabolism of Myeloid Cells Reverses Cognitive Decline in Ageing. Nature 2021, 590, 122–128. [Google Scholar] [CrossRef] [PubMed]

	



Palla, A.R.; Ravichandran, M.; Wang, Y.X.; Alexandrova, L.; Yang, A.V.; Kraft, P.; Holbrook, C.A.; Schürch, C.M.; Ho, A.T.V.; Blau, H.M. Inhibition of Prostaglandin-Degrading Enzyme 15-PGDH Rejuvenates Aged Muscle Mass and Strength. Science 2021, 371, eabc8059. [Google Scholar] [CrossRef] [PubMed]

	



Faverio, P.; Fumagalli, A.; Conti, S.; Madotto, F.; Bini, F.; Harari, S.; Mondoni, M.; Oggionni, T.; Barisione, E.; Ceruti, P.; et al. Sarcopenia in Idiopathic Pulmonary Fibrosis: A Prospective Study Exploring Prevalence, Associated Factors and Diagnostic Approach. Respir. Res. 2022, 23, 228. [Google Scholar] [CrossRef] [PubMed]

	



Petta, S.; Ciminnisi, S.; Di Marco, V.; Cabibi, D.; Cammà, C.; Licata, A.; Marchesini, G.; Craxì, A. Sarcopenia Is Associated with Severe Liver Fibrosis in Patients with Non-Alcoholic Fatty Liver Disease. Aliment. Pharmacol. Ther. 2017, 45, 510–518. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Yao, Y.; Chen, Y.; Yue, C.; Chen, J.; Tong, J.; Jiang, Y.; Chen, T. Crosstalk between AhR and Wnt/β-Catenin Signal Pathways in the Cardiac Developmental Toxicity of PM2.5 in Zebrafish Embryos. Toxicology 2016, 355–356, 31–38. [Google Scholar] [CrossRef] [PubMed]

	



Valenta, T.; Hausmann, G.; Basler, K. The Many Faces and Functions of β-Catenin. EMBO J. 2012, 31, 2714–2736. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Saenz, A.; Atreya, C.E.; Wang, C.; Pan, B.; Dreyer, C.A.; Brunen, D.; Prahallad, A.; Muñoz, D.P.; Ramms, D.J.; Burghi, V.; et al. A Reversible SRC-Relayed COX2 Inflammatory Program Drives Resistance to BRAF and EGFR Inhibition in BRAF(V600E) Colorectal Tumors. Nat. Cancer 2023, 4, 240–256. [Google Scholar] [CrossRef]

	



Sha, Y.; Hong, H.; Cai, W.; Sun, T. Single-Cell Transcriptomics of Endothelial Cells in Upper and Lower Human Esophageal Squamous Cell Carcinoma. Curr. Oncol. 2022, 29, 7680–7694. [Google Scholar] [CrossRef]

	



Cai, S.; Gao, Z. Atorvastatin Inhibits Proliferation and Promotes Apoptosis of Colon Cancer Cells via COX-2/PGE2/β-Catenin Pathway. J. BUON 2021, 26, 1219–1225. [Google Scholar]

	



Wu, L.; Amarachintha, S.; Xu, J.; Oley, F.J.; Du, W. Mesenchymal COX2-PG Secretome Engages NR4A-WNT Signalling Axis in Haematopoietic Progenitors to Suppress Anti-Leukaemia Immunity. Br. J. Haematol. 2018, 183, 445–456. [Google Scholar] [CrossRef]

	



Ding, H.; Chen, S.; Pan, X.; Dai, X.; Pan, G.; Li, Z.; Mai, X.; Tian, Y.; Zhang, S.; Liu, B.; et al. Transferrin Receptor 1 Ablation in Satellite Cells Impedes Skeletal Muscle Regeneration through Activation of Ferroptosis. J. Cachexia Sarcopenia Muscle 2021, 12, 746–768. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhang, Z.; Jiao, W.; Wang, Y.; Wang, X.; Zhao, Y.; Fan, X.; Tian, L.; Li, X.; Mi, J. Ferroptosis and Its Role in Skeletal Muscle Diseases. Front. Mol. Biosci. 2022, 9, 1051866. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Vaish, V.; Feng, M.; Field, K.; Chatzistamou, I.; Shim, M. Transgenic Expression of Cyclooxygenase-2 (COX2) Causes Premature Aging Phenotypes in Mice. Aging 2016, 8, 2392–2406. [Google Scholar] [CrossRef] [PubMed]

	



Kinitz, R.; Heyne, E.; Koch, L.G.; Britton, S.L.; Thierbach, M.; Wildemann, B. The Effect of Age and Intrinsic Aerobic Exercise Capacity on the Expression of Inflammation and Remodeling Markers in Rat Achilles Tendons. Int. J. Mol. Sci. 2022, 23, 79. [Google Scholar] [CrossRef]

	



Yamamoto, R.; Chung, R.; Vazquez, J.M.; Sheng, H.; Steinberg, P.L.; Ioannidis, N.M.; Sudmant, P.H. Tissue-Specific Impacts of Aging and Genetics on Gene Expression Patterns in Humans. Nat. Commun. 2022, 13, 5803. [Google Scholar] [CrossRef] [PubMed]

	



Cederholm, T. Overlaps between Frailty and Sarcopenia Definitions. Nestle Nutr. Inst. Workshop Ser. 2015, 83, 65–69. [Google Scholar] [CrossRef]

	



Trappe, T.A.; Ratchford, S.M.; Brower, B.E.; Liu, S.Z.; Lavin, K.M.; Carroll, C.C.; Jemiolo, B.; Trappe, S.W. COX Inhibitor Influence on Skeletal Muscle Fiber Size and Metabolic Adaptations to Resistance Exercise in Older Adults. J. Gerontol. A Biol. Sci. Med. Sci. 2016, 71, 1289–1294. [Google Scholar] [CrossRef]

	



Lan, T.; Wei, X. Inhibition of 15-PDGH: A Strategy to Rejuvenate Aged Muscles? Mol. Biomed. 2021, 2, 14. [Google Scholar] [CrossRef]

	



Trappe, T.A.; Liu, S.Z. Effects of Prostaglandins and COX-Inhibiting Drugs on Skeletal Muscle Adaptations to Exercise. J. Appl. Physiol. 2013, 115, 909–919. [Google Scholar] [CrossRef]

	



Acevedo, N.; Reinius, L.E.; Vitezic, M.; Fortino, V.; Söderhäll, C.; Honkanen, H.; Veijola, R.; Simell, O.; Toppari, J.; Ilonen, J.; et al. Age-Associated DNA Methylation Changes in Immune Genes, Histone Modifiers and Chromatin Remodeling Factors within 5 Years after Birth in Human Blood Leukocytes. Clin. Epigenet. 2015, 7, 34. [Google Scholar] [CrossRef]

	



Ho, A.T.V.; Palla, A.R.; Blake, M.R.; Yucel, N.D.; Wang, Y.X.; Magnusson, K.E.G.; Holbrook, C.A.; Kraft, P.E.; Delp, S.L.; Blau, H.M. Prostaglandin E2 Is Essential for Efficacious Skeletal Muscle Stem-Cell Function, Augmenting Regeneration & Strength. Proc. Natl. Acad. Sci. USA 2017, 114, 6675. [Google Scholar] [CrossRef] [PubMed]

	



Carlson, B.M.; Dedkov, E.I.; Borisov, A.B.; Faulkner, J.A. Skeletal Muscle Regeneration in Very Old Rats. J. Gerontol. A Biol. Sci. Med. Sci. 2001, 56, B224–B233. [Google Scholar] [CrossRef] [PubMed]

	



Shefer, G.; Van de Mark, D.P.; Richardson, J.B.; Yablonka-Reuveni, Z. Satellite-Cell Pool Size Does Matter: Defining the Myogenic Potency of Aging Skeletal Muscle. Dev. Biol. 2006, 294, 50–66. [Google Scholar] [CrossRef]

	



Brack, A.S.; Conboy, M.J.; Roy, S.; Lee, M.; Kuo, C.J.; Keller, C.; Rando, T.A. Increased Wnt Signaling during Aging Alters Muscle Stem Cell Fate and Increases Fibrosis. Science 2007, 317, 807–810. [Google Scholar] [CrossRef]

	



Florian, M.C.; Nattamai, K.J.; Dörr, K.; Marka, G.; Uberle, B.; Vas, V.; Eckl, C.; Andrä, I.; Schiemann, M.; Oostendorp, R.A.J.; et al. A Canonical to Non-Canonical Wnt Signalling Switch in Haematopoietic Stem-Cell Ageing. Nature 2013, 503, 392–396. [Google Scholar] [CrossRef]

	



Panteghini, M. Serum Isoforms of Creatine Kinase Isoenzymes. Clin. Biochem. 1988, 21, 211–218. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Huang, Y. Ferroptosis: An Iron-Dependent Cell Death Form Linking Metabolism, Diseases, Immune Cell and Targeted Therapy. Clin. Transl. Oncol. 2022, 24, 1–12. [Google Scholar] [CrossRef]

	



Chen, X.; Yu, C.; Kang, R.; Tang, D. Iron Metabolism in Ferroptosis. Front. Cell Dev. Biol. 2020, 8, 590226. [Google Scholar] [CrossRef]

	



Sun, X.; Ou, Z.; Xie, M.; Kang, R.; Fan, Y.; Niu, X.; Wang, H.; Cao, L.; Tang, D. HSPB1 as a Novel Regulator of Ferroptotic Cancer Cell Death. Oncogene 2015, 34, 5617–5625. [Google Scholar] [CrossRef]

	



Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, J.H.; Clemons, P.A.; Shamji, A.F.; Clish, C.B.; et al. Regulation of Ferroptotic Cancer Cell Death by GPX4. Cell 2014, 156, 317–331. [Google Scholar] [CrossRef]

	



Chen, X.; Comish, P.B.; Tang, D.; Kang, R. Characteristics and Biomarkers of Ferroptosis. Front. Cell Dev. Biol. 2021, 9, 637162. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Liu, Y.; Li, K.; Yuan, D.; Yang, S.; Zhou, L.; Zhao, Y.; Miao, S.; Lv, C.; Zhao, J. COX-2/PGE2 Pathway Inhibits the Ferroptosis Induced by Cerebral Ischemia Reperfusion. Mol. Neurobiol. 2022, 59, 1619–1631. [Google Scholar] [CrossRef]

	



Pasricha, S.R.S.; Flecknoe-Brown, S.C.; Allen, K.J.; Gibson, P.R.; McMahon, L.P.; Olynyk, J.K.; Roger, S.D.; Savoia, H.F.; Tampi, R.; Thomson, A.R.; et al. Diagnosis and Management of Iron Deficiency Anaemia: A Clinical Update. Med. J. Aust. 2010, 193, 525–532. [Google Scholar] [CrossRef] [PubMed]

	



Ganz, T. Hepcidin--a Regulator of Intestinal Iron Absorption and Iron Recycling by Macrophages. Best Pract. Res. Clin. Haematol. 2005, 18, 171–182. [Google Scholar] [CrossRef] [PubMed]

	



Beard, J.L. Iron Biology in Immune Function, Muscle Metabolism and Neuronal Functioning. J. Nutr. 2001, 131, 568S–580S. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Yin, W.; Zhu, L.; Li, J.; Yao, Y.; Chen, F.; Sun, M.; Zhang, J.; Shen, N.; Song, Y.; et al. Iron Drives T Helper Cell Pathogenicity by Promoting RNA-Binding Protein PCBP1-Mediated Proinflammatory Cytokine Production. Immunity 2018, 49, 80–92.e7. [Google Scholar] [CrossRef] [PubMed]

	



Nakao, S.; Ogtata, Y.; Shimizu, E.; Yamazaki, M.; Furuyama, S.; Sugiya, H. Tumor Necrosis Factor Alpha (TNF-Alpha)-Induced Prostaglandin E2 Release Is Mediated by the Activation of Cyclooxygenase-2 (COX-2) Transcription via NFkappaB in Human Gingival Fibroblasts. Mol. Cell Biochem. 2002, 238, 11–18. [Google Scholar] [CrossRef]

	



Fournier, T.; Fadok, V.; Henson, P.M. Tumor Necrosis Factor-Alpha Inversely Regulates Prostaglandin D2 and Prostaglandin E2 Production in Murine Macrophages. Synergistic Action of Cyclic AMP on Cyclooxygenase-2 Expression and Prostaglandin E2 Synthesis. J. Biol. Chem. 1997, 272, 31065–31072. [Google Scholar] [CrossRef]

	



Xing, Y.; Wang, R.; Chen, D.; Mao, J.; Shi, R.; Wu, Z.; Kang, J.; Tian, W.; Zhang, C. COX2 Is Involved in Hypoxia-Induced TNF-α Expression in Osteoblast. Sci. Rep. 2015, 5, 10020. [Google Scholar] [CrossRef]

	



Ackerman, W.E., 4th; Summerfield, T.L.S.; Vandre, D.D.; Robinson, J.M.; Kniss, D.A. Nuclear Factor-Kappa B Regulates Inducible Prostaglandin E Synthase Expression in Human Amnion Mesenchymal Cells. Biol. Reprod. 2008, 78, 68–76. [Google Scholar] [CrossRef]

	



Almughlliq, F.B.; Koh, Y.Q.; Peiris, H.N.; Vaswani, K.; Arachchige, B.J.; Reed, S.; Mitchell, M.D. Eicosanoid Pathway Expression in Bovine Endometrial Epithelial and Stromal Cells in Response to Lipopolysaccharide, Interleukin 1 Beta, and Tumor Necrosis Factor Alpha. Reprod. Biol. 2018, 18, 390–396. [Google Scholar] [CrossRef]

	



Cruz-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]

	



Song, X.; Mitnitski, A.; Rockwood, K. Prevalence and 10-Year Outcomes of Frailty in Older Adults in Relation to Deficit Accumulation. J. Am. Geriatr Soc. 2010, 58, 681–687. [Google Scholar] [CrossRef]

	



Wilke, C.O. Cowplot: Streamlined Plot Theme and Plot Annotations for “Ggplot2”. R Package 2020. Available online: https://wilkelab.org/cowplot/index.html (accessed on 16 August 2023).

	



Wickham, H. Bryan Jennifer Readxl: Read Excel Files. R Package 2019. Available online: https://readxl.tidyverse.org/ (accessed on 16 August 2023).

	



Wickham, H.; François, R.; Henry, L.; Müller, K. Dplyr: A Grammar of Data Manipulation. R Package 2021. Available online: https://dplyr.tidyverse.org/ (accessed on 16 August 2023).

	



DeWitt, P. Qwraps2: Quick Wraps 2. R Package 2021. Available online: https://cran.r-project.org/web/packages/qwraps2/qwraps2.pdf (accessed on 16 August 2023).

	



Wickham, H. Ggplot2: Elegant Graphics for Data Analysis. Springer Nature: New York, NY, USA, 2016; ISBN 978-0-387-98140-6. [Google Scholar]

	



Fox, J.; Weisberg, S. An R Companion to Applied Regression; Sage Publications: New York, NY, USA, 2019. [Google Scholar]

	



Patil, I. Visualizations with Statistical Details: The “ggstatsplot” Approach. J. Open Source Softw. 2021, 6, 3167. [Google Scholar] [CrossRef]








[image: Ijms 24 12885 g001] 





Figure 1. (A) Appendicular skeletal muscle mass (ASMM), (B) frailty index based on a comprehensive geriatric assessment (FI-CGA), and (C) timed up and go scale (TUG) parameters—functional mobility test—in patients with frailty syndrome, sarcopenia, and geriatric patients without frailty and sarcopenia as a control. Significance at p-value < 0.05. 
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Figure 2. Percentage of osteopenia (A), osteoporosis (B), and multijoint degeneration (C) in patients with sarcopenia (n = 12), frailty syndrome (n = 36), and geriatric control group (n = 25). Legend: beige—present; blue—not present. 
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Figure 3. Expression of (A) PTGS2, (B) PTGES2, (C) PTGER4, and (D) CTNNB1 normalized to reference gene in healthy subjects at age above 50 (>50), 25 –30 years old, and patients with frailty syndrome, sarcopenia, and geriatric control. 
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Figure 4. Distribution of IL–1 β (A), IL–10 (B), and TNF–α (C) level between treatment groups. In the case of patients with a cytokine concentration below the limit of detection, the detection threshold value was imputed. 
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Figure 5. Correlation between serum creatinine kinase (CK, U/L) concentration and expression of PTGES2 (A) and PTGS2 (B) in patients with sarcopenia. Correlation between functional mobility test TUG parameter (timed up and go scale) and expression of PTGES2 (C) and PTGS2 (D) in patients with sarcopenia. Gene expression was normalized to reference gene. 
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Table 1. Demographic and clinical characteristics of geriatric control and patients with frailty syndrome and sarcopenia.
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	Frailty Syndrome (N = 36)
	Geriatric Control (N = 25)
	Sarcopenia

(N = 12)
	p-Value





	Age (years, mean ± SD)
	80.50 ± 8.72
	72.56 ± 7.86
	77.33 ± 13.75
	0.004 a



	Gender:

Women n (%)

Men n (%)
	

25 (69.44%)

11 (30.56%)
	

17 (68.00%)

8 (32.00%)
	

6 (50.00%)

6 (50.00%)
	0.45 c



	
	mean ± sd
	mean ± sd
	mean ± sd
	p-value a



	ASMM (kg)
	7.19 ± 0.74
	7.47 ± 0.80
	5.95 ± 0.90
	<0.0001



	FI-CGA
	0.36 ± 0.09
	0.14 ± 0.06
	0.21 ± 0.11
	0.004



	BMI (kg/m2)
	27.61 ± 6.37
	29.86 ± 5.28
	23.18 ± 2.97
	0.005



	Cholesterol (mg/dL)
	173.85 ± 41.31
	204.24 ± 42.99
	194.50 ± 42.75
	0.022



	Triglycerides (mmol/L)
	138.74 ± 66.59
	147.04 ± 60.18
	105.58 ± 42.91
	0.154



	LDL (mg/dL)
	91.06 ± 30.08
	120.50 ± 37.65
	100.65 ± 37.64
	0.006



	Albumin (g/dL)
	3.98 ± 0.49
	4.10 ± 0.32
	4.17 ± 0.38
	0.289



	Hemoglobin (g/dL)
	12.11 ± 1.73
	13.29 ± 1.43
	12.50 ± 1.60
	0.023



	LDH (U/L)
	252.89 ± 103.51
	229.81 ± 41.67
	260.52 ± 61.35
	0.443



	Creatinine (µmol/L)
	0.88 ± 0.24
	0.89 ± 0.27
	0.97 ± 0.29
	0.605



	Vit. B12 (pg/mL)
	397.72 ± 187.11
	426.20 ± 243.40
	455.65 ± 245.43
	0.704



	Serum Fe level (mcg/dL)
	61.16 ± 22.84
	84.11 ± 22.97
	79.96 ± 10.50
	<0.0001



	
	median (IQR)
	median (IQR)
	median (IQR)
	p-value b



	TUG (s)
	20.00 (14.75, 26.50)
	14.00 (13.00, 15.00)
	14.50 (11.70, 21.97)
	<0.0001



	ESR (mm/h)
	22.00 (12.50, 35.25)
	10.00 (8.00, 22.00)
	11.00 (8.00, 15.50)
	0.048



	CRP (mg/dL)
	7.00 (5.00, 25.50)
	5.00 (5.00, 12.00)
	5.00 (5.00, 6.00)
	0.062



	NT-proBNP (pg/mL)
	264.30 (163.67, 510.20)
	258.60 (164.60, 559.60)
	354.80 (277.88, 666.57)
	0.308



	CK (U/L)
	71.00 (45.25, 86.50)
	72.00 (56.00, 106.00)
	67.00 (55.00, 70.79)
	0.382



	
	n (%)
	n (%)
	n (%)
	p-value c



	Osteopenia
	
	
	
	0.009



	Present
	4 (11.11%)
	2 (8.00%)
	6 (50.00%)
	



	Not present
	32 (88.89%)
	23 (92.00%)
	6 (50.00%)
	



	NYHA class
	
	
	
	0.153



	0
	27 (75.00%)
	23 (92.00%)
	7 (58.33%)
	



	I
	1 (2.78%)
	0 (0.00%)
	0 (0.00%)
	



	II
	6 (16.67%)
	1 (4.00%)
	3 (25.00%)
	



	II-III
	1 (2.78%)
	1 (4.00%)
	2 (16.67%)
	



	III
	1 (2.78%)
	0 (0.00%)
	0 (0.00%)
	



	Decrease
	
	
	
	0.213



	Yes
	7 (19.44%)
	2 (8.00%)
	0 (0.00%)
	



	No
	29 (80.56%)
	23 (92.00%)
	12 (100.00%)
	



	Polyarthritis
	
	
	
	0.574



	Present
	18 (50.00%)
	13 (52.00%)
	4 (33.33%)
	



	Not present
	18 (50.00%)
	12 (48.00%)
	8 (66.67%)
	



	Osteoporosis
	
	
	
	0.691



	Present
	9 (25.00%)
	4 (16.00%)
	3 (25.00%)
	



	Not present
	27 (75.00%)
	21 (84.00%)
	9 (75.00%)
	



	Degenerative disc disease
	
	
	
	0.945



	Present
	13 (36.11%)
	8 (32.00%)
	4 (33.33%)
	



	Not present
	23 (63.89%)
	17 (68.00%)
	8 (66.67%)
	







ASMM—appendicular skeletal muscle mass; FI-CGA—frailty index based on a comprehensive geriatric assessment; BMI—body mass index; LDL—low-density lipoprotein; LDH—lactate dehydrogenase; Fe—iron; TUG—timed up and go scale (mobility scale); ESR—erythrocyte sedimentation rate; CRP—C-reactive protein; NT-proBNP—N-terminal (NT)-pro hormone BNP; CK—creatinine phosphokinase; NYHA class—New York Heart Association class; a one-way analysis of means (not assuming equal variances) or analysis of variance; b Kruskal–Wallis rank sum test; c Pearson’s chi-squared test or Fisher’s exact test for count data.
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