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Abstract

:

Simple Summary


Our study examined how muscle function is affected in cancer patients, particularly those at risk of developing muscle wasting (cachexia). We tested a combination of mild exercise and a protein-rich diet as a potential preventive measure. By analysing muscle fibres from patients undergoing different treatments, we found that cancer cachexia leads to muscle weakness and stiffness. However, our results show that the combined therapy helps maintain muscle flexibility and function. This suggests that such an intervention could improve the quality of life for cancer patients by preserving muscle health.




Abstract


Patients with aggressive cancer, e.g., gastrointestinal cancer, are prone (≥50% chance) to developing cancer cachexia (CC). Little is known about the effects of CC on the biomechanical function of muscle. A promising prevention strategy was found in the form of a multi-modal therapy combining mild resistance exercise (e.g., whole-body electro-myostimulation, WB-EMS) and a protein-rich diet. In a previous study of ours, this was effective in counteracting the loss of muscle mass, yet a systematic and comprehensive assessment of active and passive single muscle fibre functions was so far absent. This pilot study investigated the biomechanical function of single muscle fibres (rectus abdominis) from the biopsies of conventionally treated (pre-)cachectic cancer ((pre-)CC) patients (m = 9), those receiving the multi-modal therapy comprising WB-EMS training and protein-rich nutrition (m = 3), and a control group (m = 5). Our findings not only align with previous findings showing the absolute force loss in CC that is accelerated by atrophy but also speak in favour of a different, potentially energy- and Ca2+-homeostasis-related effect that compromises muscle contraction (F ~0.9 mN vs. F ~0.6 mN in control patients). However, myofibrillar Ca2+ sensitivity and the quality of contraction were unaltered (pCa50: 5.6–5.8). Single fibres from the (pre-)CC patients receiving WB-EMS training and protein supplementation were significantly more compliant (p < 0.001 at ≥130% of resting length L0). Those fibres displayed a similar softness to the ones from the control patients (axial compliance ~15 m/N at ≥130% L0), while single fibres from the patients with (developing) cachexia were significantly stiffer (axial compliance ~7 m/N, p < 0.001 at ≥130% L0). Adjuvant multi-modal therapy (WB-EMS training and nutritional support) contributes to maintaining the axial compliance of single fibres and potentially improves the quality of life for patients at risk of developing CC.
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1. Introduction


Roughly 10–20% of patients affected by cancer cachexia (CC) die from it [1]. Patients with gastrointestinal cancers are at high risk of developing CC [2] (≥50% of patients with pancreatic cancer, gastric cancer, or colorectal cancer [2]). CC is characterised by a progressive loss of muscle mass [3]. The severity of CC is reflected by increased mortality, higher surgical risk, and a diminished response to conventional cancer treatment, e.g., chemotherapy [4,5,6]. A person’s current muscle mass is the result of a balance between protein synthesis and breakdown [3]. In CC, this equilibrium is shifted towards increased muscle breakdown, dysfunction, and impaired muscle repair [7], which are caused by multi-organ energy imbalance due to insufficient nutrient supply and chronic inflammation [8]. This under-/malnourished state is a combination of reduced food intake and tumour-induced altered metabolism and is characterised by the constant release of pro-inflammatory cytokines [9]. Conventional treatment strategies (radio-/chemotherapy) further accelerate the progression of CC by impeding physical activity and nutrient absorption [10]. Counteracting these degenerative processes and contractile dysfunctions to enhance anabolic processes and maintain skeletal muscle mass and function in cancer patients is crucial [11]. The catabolic burden of the disease impairs protein requirements; thus, a high daily protein intake of 1.0–2.0 g/kg body weight is recommended [12]. The benefits of physical exercise on skeletal muscle are well known, and patients with cancer are motivated to exercise. Clinical studies with cancer patients suggest that exercise improves body composition, physical function, and inflammation [13]. Unfortunately, whole-body physical activity often proves difficult for advanced-stage cancer patients, which is the major reason for the scarcity of comprehensive studies [9]. Whole-body electro-myostimulation (WB-EMS) is an innovative, efficient, and less strenuous form of resistance exercise. If employed prior to engaging in physical activity, it helps patients with limited mobility to maintain or increase skeletal muscle mass and promote anti-inflammatory pathways and has been confirmed as a resourceful adjuvant therapy in, e.g., osteopenia and sarcopenia [14].



Recently, we demonstrated the positive effects of such a multi-modal treatment on increasing muscle mass in advanced-stage cancer patients [13]. We showed that a 12-week therapy with WB-EMS and high-protein nutrition stabilises or enhances the participants’ skeletal muscle mass and physical functioning [13]. However, deciphering the CC-induced alterations in skeletal muscle cytoarchitecture and systematic effects on single fibre biomechanics represents a missing piece in understanding the whole impact of CC on muscle dysfunction, atrophy, and weakness. For the first time, we present a pilot study conducted with non-tumour control patients vs. patients with gastrointestinal tumours who either received or not received WB-EMS and nutritional intervention. Single muscle fibres from biopsies were subjected to biomechanical measurements (sarcoplasmic reticulum (SR) Ca2+ release activation, myofibrillar Ca2+ sensitivity, contractility, and (visco-)elasticity) using our MyoRobot (Figure 1) [15]. The few available studies suggest aggravated force production [16] and impaired Ca2+ sensitivity of the contractile apparatus [17]. However, systematic effects are so far elusive since no single study has ever assessed both active and passive contractile properties from the same single-fibre preparation from (pre-)cachectic patients. Our MyoRobot technology is well equipped to close this gap [18] and, in this study, it was applied to investigate the systematic effects of (developing) CC and a multi-modal exercise and nutrition therapy approach on active and passive muscle biomechanics at the single-cell level.




2. Materials and Methods


2.1. Patients


This study included patients (≥18 years) with solid pancreatic, colorectal, oesophageal, or gastric tumours (UICC stage I–IV) under oncological treatment and tumour-free patients (Figure 2). Written consent was obtained. Recruitment occurred between June 2017 and November 2021. All included patients required an indicated surgery proximal to the M. rectus abdominis. The following patients were excluded:




	
Being in other nutrition or exercise intervention studies;



	
Study-independent exercise ≥ once a week;



	
Ingestion of anabolic or dietary supplements;



	
Occurrence of heavy cardiovascular events;



	
Epilepsy;



	
Severe neurological disorders;



	
Skin lesions around the electrodes;



	
Conductive materials or electronical implants in the body;



	
Pregnancy;



	
Chronic diseases (e.g., HIV or Hepatitis C/D/E).









2.2. Study Design and Multi-Modal Therapy


At study entry, blood samples were collected. Blood analysis included markers for the following:




	
Inflammation (C-reactive protein, CRP, normal value < 5 mg/L);



	
Nutrition (albumin, 35–55 g/L);



	
Renal function (creatinine, 0.51–1.17 mg/dL);



	
Haematological parameters (leucocytes, 4.4–11.3 × 103/μL; thrombocytes, 150–300 × 103/μL; erythrocytes, 4.1–6.0 × 106/μL; haematocrit, 35–48%; and haemoglobin, 11.5–18.0 g/dL).








Unintentional weight loss within the last six months was recorded as evidence of (pre-)CC (>2% and ≤5%) and CC (>5% weight loss) [19]. After the baseline assessment, non-tumour patients were allocated to study group 1 (G1). Tumour patients with imminent surgery were assigned to study group 2 (G2), and tumour patients with an indication for surgery within +8 weeks were allocated to study group 3 (G3), allowing some time to deploy WB-EMS training and a high-protein diet. Within this period, the patients underwent resistance exercise training in the form of WB-EMS with high-protein dietary support (>1.0 g/kg body weight) [13]. WB-EMS training was performed under professional supervision twice a week for 20 min. The electrodes of the WB-EMS equipment (vest, upper arm cuffs, upper thigh cuffs, and hip belt (miha bodytec GmbH, Gersthofen, Germany)) administered bipolar impulses (85 Hz, pulse width of 350 μs, with 6 s impulse phase followed by 4 s rest) with a low current intensity to stimulate the muscles of the upper arms, upper back, latissimus dorsi, chest, abdomen, lower back, buttocks, and thighs [9,13]. The current intensity was individually adapted to each muscle region and was set to trigger an apparent muscle contraction.




2.3. Biopsy and Sample Processing


A 1 × 1 × 1 cm sample of the rectus abdominis muscle was dissected at the beginning of the surgery. The specimen was transferred to the biomechanics laboratory in cold (8 °C) Ringer’s solution. The sample was pinned onto a PDMS-coated Petri dish (SYLGARD 184® Silicone Elastomer Kit, Dow, Texas City, TX, USA). Ringer’s solution was exchanged for a calcium-free, high-potassium solution (HKS) to permanently depolarise the cell membrane and render the specimen inexcitable and relaxed. The sample was allowed to rest at 8 °C for 30 min, bubbled with air, before single muscle fibre segments were dissected. Both ends of a fibre segment (~2 mm) were tied to a silk micro-knot and mounted between the force transducer and voice coil actuator on the MyoRobot. The sample was lowered into a relaxing ‘idle’ solution (1% w/v high-relaxing solution in a low-relaxing solution, see ‘Chemical Solutions’) [18].




2.4. Physiological Solutions


The specific composition of the physiological solutions is given in the supplementary information in Haug et al. [20]. The solutions were thawed from stocks on the day of the experiments. These solutions were freshly supplemented with creatine kinase (CK, Sigma-Aldrich/Merck KGaA, Darmstadt, Germany) to ~300 U/mL or ~3 U/well for ATP re-synthesis and 0.1 M sodium azide to prevent mitochondrial Ca2+ uptake. Each single muscle fibre was exposed to a saponin solution (0.1% (w/v) saponin in HR solution) for 20 s to permeabilize the sarcolemma. The solutions used were as follows:




	
High-activating solution (HA): Ca2+-saturated environment to chemically induce maximum force generation ([Ca2+]free~12 μM).



	
High-relaxing solution (HR): strong Ca2+-chelating (EGTA) environment to buffer excess Ca2+.



	
Low-relaxing solution (LR): the high Ca2+-chelating EGTA was exchanged for the low-affinity HDTA prior to any subsequent solution exposure.



	
Loading solution (LS): the previously emptied SR was re-loaded for a defined time (consisting of HA and HR titrated to [Ca2+]free~300 nM).



	
Release solution (RS): a total of 30 mM caffeine was added to LR, which triggered SR Ca2+ release. The force transient was proportional to the releasable SR Ca2+ content.



	
pCa solutions: the Ca2+ sensitivity of the contractile apparatus was assessed for defined pCa values (mixture of HA and HR; calculated using React (Geoffrey Lee, University of Glasgow).









2.5. Active and Passive Biomechanics Recordings with the MyoRobot


The MyoRobot is a robotised system that specialises in muscle performance diagnostics [18]. Its 34-well rack allows the mounted specimen to be exposed to bioactive solutions after membrane permeabilization. By combining the force transducer (TR-5S, Myotronic, Heidelberg, Germany) and voice coil actuator (CAL 12, SMAC Inc., Munich, Germany, Figure 1) technology, the MyoRobot can assess most active and passive biomechanical properties of muscle (from the whole organ to the single cell) at room temperature. The sequential experiments were carried out as follows:




	
Caffeine-induced, Ca2+-mediated force transients: The fibre was exposed to HR to wash off saponin and excess Ca2+ buffer before exposure to LR. It was then submerged in LS for 90 s to load the SR. The caffeine-induced force transient was triggered in caffeine-rich RS for 60 s. Eventually, the maximum force was triggered in Ca2+-saturated HA solution for 10 s (see Figure 3A,B).



	
Ca2+ sensitivity of the contractile apparatus: the specimen was consecutively exposed to solutions of increasing Ca2+ concentrations (decreasing pCa (−log10[Ca2+])) for a duration of 10 s each (see Figure 4A).



	
Passive axial stiffness/compliance: the muscle fibre was stretched at 0.44 μm/s in the LR solution to 140% L0 (see Figure 5A).









2.6. Data Analysis and Statistics


The patients’ characteristics were analysed using GraphPad Prism 9.5.1 (GraphPad Software, San Diego, CA, USA; RRID: SCR_002798). For statistical analysis of normally distributed data, one-way ANOVA with Tukey’s multiple comparison test was used. For non-parametric analysis, the Kruskal–Wallis test with Dunn’s multiple comparison test was applied. All MyoRobot data were analysed in RStudio (RStudio Inc., rstudio.com, Boston, Massachusetts, USA [21], RRID:SCR_000432). Data presentation and follow-up statistical analyses were performed with SigmaPlot version 14 (Systat Software Inc., sigmaplot.co.uk, San Jose, CA, USA, RRID:SCR_003210), abiding by the same distinctions made with Prism. Level of significance was indicated as follows: *: p < 0.05; **: p < 0.01; and ***: p < 0.001, while n = ‘number of recorded single fibres’ and m = ‘number of individual biopsies’. Detailed data analysis for each biomechanics recording was as follows, while a moving average smoothing was applied to any force trace:




	
Caffeine-induced, SR Ca2+-release force transients: Force data were read-in and corrected for their baseline (force in HR solution). The plateau force was determined by the 99% quantile. The force ratio of the Ca2+-release peak force to maximum Ca2+-saturated force was calculated (see Figure 3A).



	
Ca2+ sensitivity of the contractile apparatus: The 99% quantile was used to determine the plateau forces at each pCa step (Figure 4B). The forces were normalised to the maximum force and plotted against the pCa values. A four-parameter Hill equation (  y =  y 0  +   a ∗   10   − b x      c b  +   10   − b x      ) was fitted to the data, where a = 1 and y0 = 0. The Hill coefficient (b) and the pCa50 value (−log10([c]) were utilised to reconstruct a mean fit to the average data points (Figure 4B).



	
Passive axial stiffness/compliance: At 140% L0, the maximum passive restoration force was determined. Linear fits were applied to every section of 10% stretch. The slope represents the passive axial stiffness. Its inverse is the fibre’s axial compliance (see Figure 5A).










3. Results


3.1. Study Design and Patient Data


Due to surgical reasons, one participant (G1 with six participants) could not donate a muscle biopsy (Figure 2). G1 patients underwent surgeries for peptic stenosis (1), hernia (1), pancreatitis (1), or diverticulitis (2). G2 comprised twelve tumour patients with imminent cancer-related surgery; muscle biopsies were obtained from nine of these patients (gastric/oesophageal (6), pancreatic (1), and rectal carcinoma (2)). Half of these patients might have suffered from CC (unintentional weight loss confirmed). Muscle biopsies from three participants in G2 could not be analysed. From G3 (six participants), two participants dropped out (lack of interest), and one patient prematurely left the study (deteriorating physical condition). The remaining patients (gastric/oesophageal (2) and rectal carcinoma (1)) received WB-EMS training twice a week and a high-protein diet (>1 g protein/kg body weight) daily. A third of these patients seemed to suffer from CC (unintentional weight loss prior to the study). The pre-surgical intervention period was ≥8 weeks; the mean intervention time was 9.0 ± 4.0 weeks, with 14.3 ± 8.8 WB-EMS sessions. The patients’ characteristics are presented in Table 1.




3.2. Maximum Ca2+-Saturated Force and Caffeine-induced, SR Ca2+-Release Force Are Compromised in (Pre-)CC Patients but Ameliorated by Adjuvant Multi-Modal Therapy


Exposure to Ca2+-rich solution revealed a significantly compromised force in (pre-)CC patients not receiving the adjuvant exercise and nutrition therapy (G2, Figure 3A) in comparison to the single fibres of tumour-free patients (G1) and those receiving the adjuvant exercise and nutrition therapy (G3). In G3, the adjuvant treatment recovered the otherwise notable force loss and restored the maximum force generation to levels comparable to those of non-tumour control patients (G1). Yet, due to the comparatively small sample size of individuals in G3 (n = 12 fibres; m = 3 patients), this trend could not be substantiated by the statistical analysis. The observed trend of reduced force in G2 vs. G3 was more pronounced when investigating SR functionality in terms of SR Ca2+ release (immersion in 30 mM caffeine solution). The mechanism of chemico-mechanical coupling appeared to be significantly compromised in the single fibres from (pre-)CC patients (Figure 3B). The single fibres from G1 and G3 patients still produced a caffeine-induced, Ca2+-mediated force transient of 20% of their maximum myofibrillar force. This force transient was almost absent in the single fibres from the conventionally treated (pre-)CC patients (G2).




3.3. Ca2+ Sensitivity of Rectus Abdominis Single Fibres Seems Unaffected in Patients with or without Adjuvant Multi-Modal Therapy


To investigate whether the diminished force in (pre-)CC patients originated from altered myofibrillar Ca2+ sensitivity, the pCa–force relationship was investigated. Much like the closely matched average data points for each distinct pCa step, the mean reconstructed fit curves are also similar (Figure 4B). The pCa50 values of all treatment groups were centred between 5.6 and 5.8, revealing no significant alteration in the contractile apparatus’ graded response to different Ca2+ levels (Figure 4C). This robustness of myofibrillar Ca2+ sensitivity is also reflected by the dynamic range of the graded force response (Hill parameter). The median Hill parameters of all treatment groups ranged from 2.5 to 3.0 without a significant difference (Figure 4D). It seems that a (pre-)cachectic condition neither impacts on the Ca2+ sensitivity nor the dynamic response range to Ca2+ of single muscle fibres from the human rectus abdominis muscle.




3.4. Passive Axial Single Muscle Fibre Stiffness Is Increased in (Pre-)CC Patients without Multi-Modal Adjuvant Treatment


In addition to the diminished active force generation, we observed a marked fibre stiffening in the single fibres from (pre-)CC patients not receiving the adjuvant exercise and nutrition therapy (G2). This increased stiffening and larger resistance towards stretch impacted the overall survival of single fibres in this protocol (Figure 5B). (Pre-)cachectic single fibres (G2) were the least robust (75% survival) and were outperformed by G1 control fibres (83%) and G3 single fibres (90%). The maximum passive restoration force of fibres at 140% resting length (L0, Figure 5C) was similarly low for G1 and G3 (~0.1–0.2 mN). The fibres from (pre-)CC patients (G2) displayed a four-times, and therefore, significantly increased restoration forces. Similar results were found for the fibres’ axial compliance/flexibility (Figure 5D): G1 and G3 fibres displayed values within the same range and compliance declined with stretch, while in the fibres from G2, compliance values decreased and did not decrease notably with stretch.





4. Discussion


Defining the onset of CC is a vivid debate. Some definitions were postulated by Bozetti [22] (habitual weight loss of ≥10%), Schwarz [23] (lower endurance capacity), Illman [24] (elevated levels of inflammatory cytokines), and Fearon [19] (weight loss ≥ 5%, or ≥2% if BMI < 20 kg/m2). Yet, the development and the condition of CC often precede diagnosis. Therefore, we favour an inclusive terminology for (pre-)cachexia ((pre-)CC). Understanding skeletal muscle catabolism and anabolism is key in treating (pre-)CC [25] since prolonged inflammatory processes upregulate genes that promote apoptosis and protein degradation [25]. To account for this, the ESPEN guidelines on nutrition in cancer patients suggest a high protein intake of 1–1.5 g/kg BW daily [26]. Yet, the ideal quantity and optimal amino acid composition remains to be determined. Likewise, physical activity provides some protection against cancer, e.g., via myokines with anti-tumour activity [9]. Therefore, it is likely that the inflammatory profile preceding CC impacts on skeletal muscle cytoarchitecture and biomechanical function. This was systematically assessed in the present study in human rectus abdominis single muscle fibres using biomechanics recordings with the MyoRobot.



4.1. Compromised SR Ca2+-Release-Induced Force and Maximum Force Are Ameliorated in (Pre-)CC Patients Receiving Adjuvant Multi-Modal Therapy


In CC, the literature reports a force decline between 30 and 50% that varies amongst different muscles [17]. The observed significantly reduced (~40%) maximum force in (pre-)cachectic patients matches the findings of comparable studies. Although the WB-EMS training and nutritional support seemed to decelerate or prevent the progressive force loss in (pre-)CC patients, this trend could not yet be substantiated by the statistical analysis. Nevertheless, single fibres from patients receiving the combined exercise and nutrition therapy produced active forces like those of tumour-free control patients (~1 mN, Taskin et al. (2014) [27]; ~4 mN in control rectus abdominis fibre bundles of 2–3 single fibres). Several studies have attributed a loss of skeletal muscle myosin to this force loss [16,17,27], which seems to be a major catalyst for myofibrillar degradation and atrophy in critically ill and CC patients. Thus, a diminished myosin-to-actin ratio would result in fewer cross-bridges and a compromised force [17], as observed in our experiments. A reduced actin–myosin content would also imply a thinner fibre diameter (atrophy) and, therefore, absolute force loss. Unfortunately, the current study did not include optical assessment of single fibre atrophy, and we cannot attribute the absolute force loss in G2 to atrophy alone. Other mechanisms might be related to the chemico-mechanical coupling (from SR Ca2+ release to motor protein activation). Here, altered Ca2+ homeostasis within the SR or changes in myofibrillar Ca2+ sensitivity might influence force in the cachectic and pre-cachectic states [7,27]. Therefore, we investigated SR Ca2+-release-induced force in caffeine-induced force transients. We observed a significant difference between fibres from (pre-)CC (G2) patients and control (G1) or WB-EMS/nutrition-supplemented (pre-)CC patients (G3). These findings suggest impairments either in the SR’s Ca2+ storing or release functionality, a loss of the myofibrils’ Ca2+ sensitivity, or both. Intriguingly, endoplasmic or SR stress-related malfunctions, like disturbed Ca2+ homeostasis or altered muscle protein translation in patients with cancer or myositis, have been described in the literature [7,28,29]. Here, altered gene and protein expressions of, e.g., calsequestrin 1 and an overexpression of SR Ca2+-ATPase (SERCA1) have been associated with muscle weakness and dysfunction. Since calsequestrin 1 is the most abundant Ca2+ buffer within the SR, and SERCA1 pumps are not only responsible for Ca2+ re-uptake [28], but also a major source of leakage [30], a potentially altered gene expression might contribute to the observed reduction in Ca2+-release-mediated force by compromising the intra-luminal Ca2+ concentration and homeostasis [7,28]. Such a myoplasmic Ca2+ overload within myofibres was recently detected and proposed as a driving force for muscle damage [28], which may represent an indicator for an altered Ca2+-storing or Ca2+-release capability. An impaired SR Ca2+-release capability may contribute to the far-reaching effects seen in CC, such as decreased mitochondrial efficiency, which normally provides a control mechanism for undesired local SR Ca2+ release [29]. The observed significantly reduced SR Ca2+-release force in (pre-)CC patients (G2), which was ameliorated through the WB-EMS training and nutritional support (G3), speaks in favour of such a theory and supports the idea of an increased myoplasmic Ca2+ deposition in (pre-)cachectic muscle tissue. Likewise, it is known that crosstalk between SR and mitochondria impacts on SR Ca2+ release/reuptake and ATP utilisation during muscle contraction [29,31]. In that regard, impaired SR Ca2+ release would compromise mitochondrial ATP production, leading to energy deficiency during excitation–contraction coupling [31] and reduced active force generation. Nevertheless, this explanation remains inconclusive so far and requires further experiments for verification.




4.2. Unaltered Ca2+ Sensitivity in (Pre-)CC Patients Suggests Unaltered Quality of Contractility


To exclude the possibility that the loss in Ca2+-release-induced force was not the result of altered myofibrillar Ca2+ sensitivity, we examined the pCa–force relationship. In contrast to previous studies reporting either Ca2+ desensitisation [17] or Ca2+ sensitisation [27], our findings suggest an unaltered pCa50 and, thus, sensitivity. This suggests that an altered Ca2+ homeostasis of the SR [7,28] rather than a shift of myofibrillar Ca2+ sensitivity contributes to a diminished active force in (pre-)CC. This is controversially discussed in the literature, particularly regarding the potential contribution of in-/decreased Ca2+ sensitivity to active force generation. Myosin isoform shifting seems to present a reasonable explanation for potentially altered Ca2+ sensitivity. Less oxidative type II fibres could positively influence Ca2+ sensitivity [16,17] and induce a stronger and faster force production [32]. Such a shift would align with the idea of compensating for atrophy-induced force loss [32], yet most studies on CC patients reported unaltered type 1 or type 2 fibre distributions compared to non-cachectic cancer/control patients [33,34]. Although we did not perform single muscle fibre type assessment, our data favour the hypothesis of an unaltered myosin isoform distribution and no major compensation of force through increased Ca2+ sensitivity.




4.3. Increased Passive Stiffness in Single Muscle Fibres from (Pre-)CC Patients Receiving No Multi-Modal Adjuvant Intervention


Since protein degradation and prolonged inflammation are associated with fibrosis in CC, a change in resistance towards passive axial stretch was expected in the study cohort G2. Increased fibrosis and elevated collagen levels in the skeletal muscle of pancreatic CC patients are a major driving force for structural remodelling [28]. Remodelling is expressed by, e.g., a dilated SR or disintegrated Z-disc and M-line proteins [25]. By investigating these effects on passive axial compliance, we found a significantly increased restoration force and reduced axial compliance in (pre-)cachectic patients (G2) vs. those receiving the adjuvant WB-EMS/nutrition treatment (G3). Restoration force was also notably increased in G2 compared to G1, but this remains to be confirmed as being significant. Intriguingly, single fibres from patients receiving the WB-EMS and high-protein supplementation displayed an even further reduced passive restoration force and higher compliance in comparison to tumour-free control patients. This indicates that WB-EMS training plus high-protein supplementation ameliorates tumour- and inflammation-induced tissue stiffening and exerts a positive effect on the axial compliance of muscle and single muscle fibres, as proposed in sports science [35]. Thus, a major finding of our study is that multi-modal adjuvant WB-EMS/nutrition therapy softens single fibres in (pre-)cachectic patients.



Although fibrosis is a consequence of impaired muscle regeneration, it seems unlikely to be the sole cause for single fibre stiffening because the recordings here were conducted at the single-fibre level, which was free from extracellular matrix-connected neighbouring fibres. Yet, structural remodelling due to muscle damage is evident in CC [28,36]. A loss or a disruption of sarcomeres and their passive elastic proteins, such as titin, α-actinin, and nebulin [25], or myofibrillar remodelling in hampered regeneration cycles as in muscular dystrophy [21], could provide an explanation. Such disrupted force transmission might also contribute to compromised active force generation. Nevertheless, real-time assessment of SL during functional recordings was not yet possible with the MyoRobot, at the time of this study, as opposed to more recent studies using an improved MyoRobot 2.0 [37]. A follow-up study addressing this will be conducted in due course. In general, our findings align well with those of Judge et al. in 2018 [28] by complementing their findings from the functional side. In that setting, our observed (pre-)cachectic muscle stiffness could potentially arise from a (pre-)cachectic impaired muscle repair mechanism that would, in the long term and on the whole-organ level, act as a mediator for fibrosis and increase stretch resistance.



There are limitations to this study, with the first and foremost limitation being the small sample size. Biopsies from patients are scarce, especially in connection with ex vivo single muscle cell assessment. Few studies have investigated muscle performance at this level and have mostly centred on obtaining proof of feasibility for a method that is limited to 4–5 individuals [7]. As such, a translation of their results requires more extensive investigations, while also considering the analysis separately, e.g., based on gender. Further, due to inclusive design and recruitment of patients at risk of developing CC and those already diagnosed with CC, a precise conclusion for each respective sub-group cannot yet be made. As a consequence of the sample size, our study does not allow us to draw a distinction between patients receiving neo/adjuvant chemo/radiotherapy, which may influence the outcomes of WB-EMS and nutritional support. In addition, a large-scale study would require a quality-of-life assessment via questionnaires to connect the data to the subjective physical well-being of each individual. Lastly, quantifying how atrophy influences the diminished force observed in this study remains to be conducted, which is a feature we can now employ with our new MyoRobot 2.0.





5. Conclusions


Decomposing the interwoven role of skeletal muscle in CC presents a current challenge towards a comprehensive understanding and development of potential treatment and prevention strategies. We provide functional insights into the effects of a multi-modal therapy approach combining exercise and dietary supplementation through biomechanics recordings. The most striking effect was the substantial increase in axial stiffness in single fibres from (pre-)CC patients, while there was preserved axial compliance in single fibres from non-tumour control patients and (pre-)CC patients receiving WB-EMS and a high-protein diet. Myofibrillar degradation and structural remodelling, as seen in CC patient [25,28], is likely a key determinant of the increased single fibre axial stiffness seen in (pre-)cachectic patients and potentially accelerates disease progression. By showing that exercise and nutrition therapy can ameliorate some crucial expressions of (pre-)cachexia on the biomechanics of single muscle fibres, we could verify the importance of this adjuvant therapy and provide support to institutionalise such pro-active measures for patients at risk of developing CC.







Author Contributions


Conceptualisation, M.H., R.S., Y.Z. and O.F.; methodology, M.H., R.S., C.P., P.R., M.M., R.G. and A.M.; software, M.H. and P.R.; validation, M.H., R.S. and C.P.; formal analysis, M.H., R.S., C.P., M.M. and P.R.; investigation, M.H., R.S., C.P. and M.M.; resources, R.G., A.M., Y.Z. and O.F.; data curation, M.H., R.S., C.P. and M.M.; writing—original draft preparation, M.H., R.S. and C.P.; writing—review and editing, H.J.H., Y.Z. and O.F.; visualisation, M.H. and C.P.; supervision, M.F.N., Y.Z. and O.F.; project administration, H.J.H., M.F.N., Y.Z. and O.F.; funding acquisition, R.S., C.P., P.R., Y.Z. and O.F. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Emerging Talents Initiative (ETI 2021-1-Tech-05-Haug); the Erlangen Graduate School in Advanced Optical Technologies (SAOT, graduate school GSC 80, Deutsche Forschungsgemeinschaft); the Staedtler-Stiftung (DS/eh 11/14); the Marohn-Stiftung (Myo-Des); the Hector Foundation II (Weinheim, Germany); and the ELAN programme (Interdisziplinäres Zentrum für klinische Forschung, IZKF, University Clinic Erlangen, Germany). We acknowledge financial support from the Deutsche Forschungsgemeinschaft and Friedrich-Alexander-Universität Erlangen-Nürnberg within the funding programme ‘Open Access Publication Funding’.




Institutional Review Board Statement


This study was conducted according to the guidelines of the Declaration of Helsinki. The protocol of the study was approved by the Ethics Committee of the Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU) (Registration No. 370-16B) and registered at clinicaltrials.gov (NCT03551990; 31 May 2017). Written consent was obtained from all patients.




Informed Consent Statement


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




Data Availability Statement


The data that support the findings of this study are available from the corresponding author, M.H.




Acknowledgments


This paper is dedicated to the memory of Raphaela Schwappacher who tragically passed away in early 2024 during the final stages of this manuscript. We thank Svetlana Sologub and Larisa Kovbasyuk for their technical support.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analysis, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Argilés, J.M.; Busquets, S.; Stemmler, B.; López-Soriano, F.J. Cancer cachexia: Understanding the molecular basis. Nat. Rev. Cancer 2014, 14, 754–762. [Google Scholar] [CrossRef] [PubMed]

	



Anker, M.S.; Anker, S.D.; Coats, A.J.S.; von Haehling, S. The Journal of Cachexia, Sarcopenia and Muscle stays the front-runner in geriatrics and gerontology. J. Cachexia Sarcopenia Muscle 2019, 10, 1151–1164. [Google Scholar] [CrossRef] [PubMed]

	



Muscaritoli, M.; Bossola, M.; Aversa, Z.; Bellantone, R.; Rossi Fanelli, F. Prevention and treatment of cancer cachexia: New insights into an old problem. Eur. J. Cancer 2006, 42, 31–41. [Google Scholar] [CrossRef]

	



von Haehling, S.; Anker, S.D. Cachexia as a major underestimated and unmet medical need: Facts and numbers. J. Cachexia Sarcopenia Muscle 2010, 1, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



van Doren, B.A.; Odum, S.M.; Mason, J.B.; Arthur, S. Cachexia Signficantly Increases the Risk of Major Peri-Operative Complications and In-Hospital Mortality in Total Joint Replacement Patients: Results of a Matched Cohort Study. Value Health 2016, 19, A224. [Google Scholar] [CrossRef]

	



Liu, X.Y.; Zhang, X.; Ruan, G.T.; Zhang, K.P.; Tang, M.; Zhang, Q.; Song, M.M.; Zhang, X.W.; Ge, Y.Z.; Yang, M.; et al. One-Year Mortality in Patients with Cancer Cachexia: Association with Albumin and Total Protein. Cancer Manag. Res. 2021, 13, 6775–6783. [Google Scholar] [CrossRef]

	



Isaac, S.T.; Tan, T.C.; Polly, P. Endoplasmic Reticulum Stress, Calcium Dysregulation and Altered Protein Translation: Intersection of Processes That Contribute to Cancer Cachexia Induced Skeletal Muscle Wasting. Curr. Drug Targets 2016, 17, 1140–1146. [Google Scholar] [CrossRef] [PubMed]

	



Petruzzelli, M.; Wagner, E.F. Mechanisms of metabolic dysfunction in cancer-associated cachexia. Genes Dev. 2016, 30, 489–501. [Google Scholar] [CrossRef] [PubMed]

	



Schwappacher, R.; Schink, K.; Sologub, S.; Dieterich, W.; Reljic, D.; Friedrich, O.; Herrmann, H.J.; Neurath, M.F.; Zopf, Y. Physical activity and advanced cancer: Evidence of exercise-sensitive genes regulating prostate cancer cell proliferation and apoptosis. J. Physiol. 2020, 598, 3871–3889. [Google Scholar] [CrossRef]

	



Dhanapal, R.; Saraswathi, T.; Govind, R.N. Cancer cachexia. J. Oral Maxillofac. Pathol. 2011, 15, 257–260. [Google Scholar] [CrossRef]

	



Argilés, J.M.; Busquets, S.; Stemmler, B.; López-Soriano, F.J. Cachexia and sarcopenia: Mechanisms and potential targets for intervention. Curr. Opin. Pharmacol. 2015, 22, 100–106. [Google Scholar] [CrossRef] [PubMed]

	



Arends, J.; Bertz, H.; Bischoff, S.C.; Fietkau, R.; Herrmann, H.J.; Holm, E.; Horneber, M.; Hütterer, E.; Körber, J.; Schmid, I.; et al. S3-Leitline der Deutschen Gesellschaft für Ernährungsmedizin e. V. (DGEM) in Kooperation mit der Deutschen Gesellschaft für Hämatologie und Onkologie e. V. (DGHO), der Arbeitsgemeinschaft “Supportive Maßnahmen in der Onkologie, Rehabilitation und Sozialmedizin“ der Deutschen Krebsgesellschaft (ASORS) und der Österreichischen Arbeitsgemeinschaft für klinische Ernährung (AKE). Aktuel. Ernahrungsmed. 2015, 40, e1–e74. [Google Scholar] [CrossRef]

	



Schink, K.; Herrmann, H.J.; Schwappacher, R.; Meyer, J.; Orlemann, T.; Waldmann, E.; Wullich, B.; Kahlmeyer, A.; Fietkau, R.; Lubgan, D.; et al. Effects of whole-body electromyostimulation combined with individualized nutritional support on body composition in patients with advanced cancer: A controlled pilot trial. BMC Cancer 2018, 18, 886. [Google Scholar] [CrossRef] [PubMed]

	



Gleeson, M.; Bishop, N.C.; Stensel, D.J.; Lindley, M.R.; Mastana, S.S.; Nimmo, M.A. The anti-inflammatory effects of exercise: Mechanisms and implications for the prevention and treatment of disease. Nat. Rev. Immunol. 2011, 11, 607–615. [Google Scholar] [CrossRef]

	



Friedrich, O.; Haug, M.; Reischl, B.; Prölß, G.; Kiriaev, L.; Head, S.I.; Reid, M.B. Single muscle fibre biomechanics and biomechatronics—The challenges, the pitfalls and the future. Int. J. Biochem. Cell Biol. 2019, 114, 105563. [Google Scholar] [CrossRef]

	



Banduseela, V.; Ochala, J.; Lamberg, K.; Kalimo, H.; Larsson, L. Muscle paralysis and myosin loss in a patient with cancer cachexia. Acta Myol. 2007, 26, 136–144. [Google Scholar] [PubMed]

	



Ochala, J.; Larsson, L. Effects of a preferential myosin loss on Ca2+ activation of force generation in single human skeletal muscle fibres. Exp. Physiol. 2008, 93, 486–495. [Google Scholar] [CrossRef] [PubMed]

	



Haug, M.; Meyer, C.; Reischl, B.; Prölß, G.; Nübler, S.; Schürmann, S.; Schneidereit, D.; Heckel, M.; Pöschel, T.; Rupitsch, S.J.; et al. MyoRobot 2.0: An advanced biomechatronics platform for automated, environmentally controlled skeletal muscle single fiber biomechanics assessment employing inbuilt real-time optical imaging. Biosens. Bioelectron. 2019, 138, 111284. [Google Scholar] [CrossRef] [PubMed]

	



Fearon, K.; Strasser, F.; Anker, S.D.; Bosaeus, I.; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.; MacDonald, N.; Mantovani, G.; et al. Definition and classification of cancer cachexia: An international consensus. Lancet Oncol. 2011, 12, 489–495. [Google Scholar] [CrossRef]

	



Haug, M.; Reischl, B.; Prölß, G.; Pollmann, C.; Buckert, T.; Keidel, C.; Schürmann, S.; Hock, M.; Rupitsch, S.; Heckel, M.; et al. The MyoRobot: A novel automated biomechatronics system to assess voltage/Ca2+ biosensors and active/passive biomechanics in muscle and biomaterials. Biosens. Bioelectron. 2018, 102, 589–599. [Google Scholar] [CrossRef]

	



Head, S.I. Branched fibres in old dystrophic mdx muscle are associated with mechanical weakening of the sarcolemma, abnormal Ca2+ transients and a breakdown of Ca2+ homeostasis during fatigue. Exp. Physiol. 2010, 95, 641–656. [Google Scholar] [CrossRef] [PubMed]

	



Bozzetti, F.; Mariani, L. Defining and classifying cancer cachexia: A proposal by the SCRINIO Working Group. JPEN J. Parenter. Enteral Nutr. 2009, 33, 361–367. [Google Scholar] [CrossRef] [PubMed]

	



Schwarz, S.; Prokopchuk, O.; Esefeld, K.; Gröschel, S.; Bachmann, J.; Lorenzen, S.; Friess, H.; Halle, M.; Martignoni, M.E. The clinical picture of cachexia: A mosaic of different parameters (experience of 503 patients). BMC Cancer 2017, 17, 130. [Google Scholar] [CrossRef] [PubMed]

	



Illman, J.; Corringham, R.; Robinson, D., Jr.; Davis, H.M.; Rossi, J.F.; Cella, D.; Trikha, M. Are inflammatory cytokines the common link between cancer-associated cachexia and depression? J. Support. Oncol. 2005, 3, 37–50. [Google Scholar] [PubMed]

	



Shum, A.M.Y.; Poljak, A.; Bentley, N.L.; Turner, N.; Tan, T.C.; Polly, P. Proteomic profiling of skeletal and cardiac muscle in cancer cachexia: Alterations in sarcomeric and mitochondrial protein expression. Oncotarget 2018, 9, 22001–22022. [Google Scholar] [CrossRef] [PubMed]

	



van de Worp, W.R.P.H.; Schools, A.M.W.J.; Theys, J.; Van Helvoort, A.; Langen, R.C. Nutritional Interventions in Cancer Cachexia: Evidence and Perspectives from Experimental Models. Front. Nutr. 2020, 7, 601329. [Google Scholar] [CrossRef] [PubMed]

	



Taskin, S.; Stumpf, V.I.; Bachmann, J.; Weber, C.; Martignoni, M.R.; Friedrich, O. Motor protein function in skeletal abdominal muscle of cachectic cancer patients. J. Cell. Mol. Med. 2014, 18, 69–79. [Google Scholar] [CrossRef] [PubMed]

	



Judge, S.M.; Nosacka, R.L.; Delitto, D.; Gerber, M.H.; Cameron, M.E.; Trevino, J.G.; Judge, A.R. Skeletal Muscle Fibrosis in Pancreatic Cancer Patients with Respect to Survival. JNCI Cancer Spectr. 2018, 2, pky043. [Google Scholar] [CrossRef] [PubMed]

	



Fontes-Oliveira, C.C.; Busquets, S.; Toledo, M.; Penna, F.; Aylwin, M.P.; Sirisi, S.; Silva, A.P.; Orpí, M.; García, A.; Sette, A.; et al. Mitochondrial and sarcoplasmic reticulum abnormalities in cancer cachexia: Altered energetic efficiency? Biochim. Biophys. Acta 2013, 1830, 2770–2778. [Google Scholar] [CrossRef]

	



Murphy, R.M.; Larkins, N.T.; Mollica, J.P.; Beard, N.A.; Lamb, G.D. Calsequestrin content and SERCA determine normal and maximal Ca2+ storage levels in sarcoplasmic reticulum of fast- and slow-twitch fibres of rat. J. Physiol. 2009, 587, 443–460. [Google Scholar] [CrossRef]

	



Rossi, A.E.; Boncompagni, S.; Dirksen, R.T. Sarcoplasmic reticulum-mitochondrial symbiosis: Bidirectional signaling in skeletal muscle. Exerc. Sport Sci. Rev. 2009, 37, 29–35. [Google Scholar] [CrossRef]

	



Martin, L.; Muscaritoli, M.; Bourdel-Marchasson, I.; Kubrak, C.; Laird, B.; Gagnon, B.; Chasen, M.; Gioulbasanis, I.; Wallengren, O.; Voss, A.C.; et al. Diagnostic criteria for cancer cachexia: Reduced food intake and inflammation predict weight loss and survival in an international, multi-cohort analysis. J. Cachexia Sarcopenia Muscle 2021, 12, 1189–1202. [Google Scholar] [CrossRef]

	



Schmitt, T.L.; Martignoni, M.E.; Bachmann, J.; Fechtner, K.; Friess, H.; Kinscherf, R.; Hildebrandt, W. Activity of the Akt-dependent anabolic and catabolic pathways in muscle and liver samples in cancer-related cachexia. J. Mol. Med. 2007, 85, 647–654. [Google Scholar] [CrossRef]

	



Puig-Vilanova, E.; Rodriguez, D.A.; Lloreta, J.; Ausin, P.; Pascual-Guardia, S.; Broquetas, J.; Roca, J.; Gea, J.; Barreiro, E. Oxidative stress, redox signaling pathways, and autophagy in cachectic muscles of male patients with advanced COPD and lung cancer. Free Radic. Biol. Med. 2015, 79, 91–108. [Google Scholar] [CrossRef]

	



Micheo, W.; Baerga, L.; Miranda, G. Basic principles regarding strength, flexibility, and stability exercises. PM&R 2012, 4, 805–811. [Google Scholar] [CrossRef]

	



Zopf, Y.; Herrmann, H.J. Grundlagen der Kachexie bei Tumorpatienten. Onkologe 2016, 22, 233–240. [Google Scholar] [CrossRef]

	



Michael, M.; Kovbasyuk, L.; Ritter, P.; Reid, M.B.; Friedrich, O.; Haug, M. Redox Balance Differentially Affects Biomechanics in Permeabilized Single Muscle Fibres-Active and Passive Force Assessments with the Myorobot. Cells 2022, 11, 3715. [Google Scholar] [CrossRef]








[image: Cancers 16 01608 g001] 





Figure 1. Muscle performance assessment at the single-cell level is carried out with the MyoRobot biomechatronics assessment platform by analysing human rectus abdominis single muscle fibres. The MyoRobot consists of a force transducer and a voice coil actuator (highlighted in a dashed rectangle) between which a single fibre is mounted (silk-threaded micro-knots tied to the fibre and around each pin). The pictograph to the right displays how the fibre is immersed in bioactive solutions, for which the rack consists of 34 individual wells. Motorised control allows the device to automatically assess the sample’s active and passive biomechanical properties. In this study, we controlled the assessment of excitation–contraction coupling functionality, myofibrillar contractility, and passive elastic properties in an automated fashion to elucidate the biomechanical performance and kinetics at the single-cell level. 
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Figure 2. Study design and decision tree. The flowchart outlines the allocation of patients into study groups. G1 comprises non-tumour patients; G2 comprises tumour patients receiving conventional treatment; and G3 comprises tumour patients receiving additional WB-EMS training and a high-protein diet. During an indicated surgery, a biopsy was taken for biomechanical assessment. Patient numbers and, therefore, biopsy numbers, are given as ‘m=’. 
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Figure 3. SR Ca2+-release-induced force is significantly diminished in (pre-)CC patients, while single fibres from WB-EMS-treated patients with protein-rich nutrition perform similarly to fibres from non-tumour patients. (A) Representative recording in a single fibre from a (pre-)CC patient with (G3) or without (G2) receiving the multi-modal treatment. The sequence of the recording protocol is shown below (see Methods for solution abbreviations). (B) The maximum Ca2+-activated force, the Ca2+-release force, and the ratio of both. Level of significance is indicated as follows: *: p < 0.05; †: p < 0.01; and ‡: p < 0.001, while n = ‘number of recorded single fibres’ and m = ‘number of individual patients/biopsies’. Error bars: SEM. 
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Figure 4. Unaltered sensitivity of the contractile apparatus to externally applied Ca2+ in (pre-)CC patients with (G3) or without (G2) adjuvant multi-modal treatment. (A) Representative recording of a single fibre from a (pre-)cachectic patient receiving adjuvant multi-modal treatment (G3). (B) The average peak forces for each executed pCa step of all study groups, along with their average reconstructed fit curve. (C,D) The pCa50 value and the Hill parameter, respectively. n = ‘number of recorded single fibres’ and m = ‘number of individual patients/biopsies’. Error bars: SEM. 
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Figure 5. Significantly increased single muscle fibre axial stiffness and passive restoration force in (pre-)cachectic patients not receiving multi-modal treatment. (A) Passive axial elasticity was investigated by stretching a single fibre under relaxing conditions to 140% of its resting length within 30 min. (B) The Kaplan–Meier survival plot of the procedure. (C) The maximum passive restoration forces at 140% L0 (so-called ‘resting length–tension curve’). (D) The passive axial compliance. Level of significance is indicated as follows: *: p < 0.05; †: p < 0.01; and ‡: p < 0.001, while n = ‘number of recorded single fibres’ and m = ‘number of individual patients/biopsies’. Error bars: SEM. 
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Table 1. Patients’ characteristics. Values are presented as mean (SD). Where appropriate, statistical analysis between the three study groups was performed using one-way ANOVA with Tukey’s multiple comparison test (a) or Kruskal–Wallis test with Dunn’s multiple comparison test (b). For pre- and post-intervention comparison within the exercise group G3, paired t-test (c) or Wilcoxon signed-rank test (d) was applied. The superscript e depicts that the neoadjuvant chemo- and/or radiotherapy had just begun at the time of recruitment into the study. p-values in bold mark statistically significant differences.
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Study Groups

	
p-Value




	
Characteristics

	
G1

Non-Tumour (n = 5)

	
G2

Tumour (n = 9)

	
G3

Tumour with WB-EMS/Nutrition (n = 3)

	




	

	

	

	
Pre

	
Post

	
G1 vs. G2

	
G1 vs. G3

	
G2 vs. G3

	
G3 Pre vs. Post






	
Sex

	

	

	

	

	
-

	
-

	
-

	
-




	
Male, n (%)

	
3 (60%)

	
7 (77.8%)

	
1 (33.3%)

	
-

	

	

	

	




	
Female, n (%)

	
2 (40%)

	
2 (22.2%)

	
2 (66.6%)

	
-

	

	

	

	




	
Age (y)

	
61.2 ± 10.0

	
62.3 ± 8.0

	
62.7 ± 14.1

	
-

	
0.976 a

	
0.976 a

	
0.999 a

	
-




	
Tumour, stage (UICC)

	

	

	

	

	
-

	
-

	
-

	
-




	
I, n (%)

	
-

	
2 (22.2%)

	
1 (33.3%)

	
-

	

	

	

	




	
II, n (%)

	
-

	
1 (11.1%)

	
1 (33.3%)

	
-

	

	

	

	




	
III, n (%)

	
-

	
4 (44.4%)

	
1 (33.3%)

	
-

	

	

	

	




	
IV, n (%)

	
-

	
2 (22.2%)

	
0 (0%)

	
-

	

	

	

	




	
Oncological therapy

	

	

	

	
-

	
-

	
-

	
-

	




	
Chemotherapy, n (%)

	
-

	
2 (22.2%)

	
2 (66.7%) e

	
-

	

	

	

	




	
Chemo- and radiotherapy, n (%)

	
-

	
5 (55.6%)

	
1 (33.3%) e

	
-

	

	

	

	




	
No therapy, n (%)

	
-

	
2 (22.2%)

	
0 (0%) e

	
-

	

	

	

	




	
Body parameters

	

	

	

	

	

	

	

	




	
Body weight (kg)

	
75.5 ± 15.6

	
73.4 ± 7.7 (n = 8)

	
83.8 ± 17.1

	
85.8 ± 18.1

	
0.956 a

	
0.516 a

	
0.343 a

	
0.072 c




	
Weight loss in last 6 months (%)

	
0 ± 0

	
10.1 ± 9.1 (n = 7)

	
3.3 ± 5.7

	
-

	
0.049 b

	
>0.999 b

	
0.575 b

	
-




	
Body mass index (kg/m2)

	
26.0 ± 2.6

	
24.6 ± 1.9 (n = 8)

	
27.9 ± 4.4

	
28 ± 4.6

	
0.641 a

	
0.453 a

	
0.127 a

	
0.070 c




	
Blood parameters

	

	

	

	

	

	

	

	




	
Albumin (g/L)

	
42.2 ± 5.4

	
30.8 ± 6.0 (n = 7)

	
39.8 ± 2.7

	
30.4 ± 2.5

	
0.011 a

	
0.013 a

	
0.81 a

	
0.08 c




	
C-reactive protein (mg/L)

	
5.6 ± 7.1

	
42.4 ± 63.2 (n = 8)

	
4.8 ± 4.8

	
59.3 ± 92.5

	
0.534 a

	
0.448 a

	
0.907 a

	
0.421 c




	
Creatinine (mg/dL)

	
0.9 ± 0.2

	
0.8 ± 0.1

	
0.8 ± 0.2

	
0.74 ± 0.2

	
0.464 a

	
0.546 a

	
0.986 a

	
0.274 c




	
Haematocrit (%)

	
41.6 ± 3.5

	
35.4 ± 5.3

	
39.7 ± 1.9

	
35.3 ± 6.5

	
0.102 a

	
0.199 a

	
0.99 a

	
0.312 c




	
Haemoglobin (g/dL)

	
13.9 ± 1.3

	
11.8 ± 1.7

	
13.0 ± 0.6

	
11.6 ± 2.2

	
0.091 a

	
0.162 a

	
0.973 a

	
0.37 c




	
Leucocytes (×103/µL)

	
8.2 ± 2.0

	
6.8 ± 1.5

	
8.7 ± 4.2

	
8.9 ± 4.4

	
0.701 b

	
>0.999 b

	
>0.999 b

	
>0.999 d




	
Erythrocytes (×106/µL)

	
4.9 ± 0.4

	
4.0 ± 0.7

	
4.7 ± 0.2

	
3.9 ± 0.8

	
0.078 b

	
0.146 b

	
>0.999 b

	
0.25 d




	
Thrombocytes (×103/µL)

	
341.8 ± 88.0

	
288.8 ± 100.5

	
187.3 ± 54.0

	
183.3 ± 49.6

	
0.943 b

	
0.063 b

	
0.276 b

	
0.75 d
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