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Abstract

:

Sarcopenia, an age-related decline in muscle mass and strength, is associated with metabolic disease and increased risk of cardiovascular morbidity and mortality. It is associated with decreased tissue vascularization and muscle atrophy. In this work, we investigated the role of the hypoxia inducible factor HIF-1α in sarcopenia. To this end, we obtained skeletal muscle biopsies from elderly sarcopenic patients and compared them with those from young individuals. We found a decrease in the expression of HIF-1α and its target genes in sarcopenia, as well as of PAX7, the major stem cell marker of satellite cells, whereas the atrophy marker MURF1 was increased. We also isolated satellite cells from muscle biopsies and cultured them in vitro. We found that a pharmacological activation of HIF-1α and its target genes caused a reduction in skeletal muscle atrophy and activation of PAX7 gene expression. In conclusion, in this work we found that HIF-1α plays a role in sarcopenia and is involved in satellite cell homeostasis. These results support further studies to test whether pharmacological reactivation of HIF-1α could prevent and counteract sarcopenia.
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1. Introduction


The global increase in life expectancy is leading to a lasting change in the age structure of the population. The proportion of the world’s population that is 65 years or older is projected to increase from 9.3 percent in 2020 to 16.0 percent in 2050 [1]. The immediate consequence of this change is an increase in all age-related diseases, leading to an increase in the overall cost to public health systems. To reduce the impact on the public health system, many studies in the last decade have attempted to develop new approaches aimed at both preventing the occurrence of sarcopenia and finding new therapeutic interventions to reduce disability in the elderly [2,3].



Sarcopenia is the age-related loss of skeletal muscle mass associated with decreased muscle strength or physical function that negatively affects health [4]. It leads to impaired physical performance in the elderly, which is strongly associated with cardiovascular diseases (CVDs) [5]. Aging and skeletal muscle dysfunction limit physical performance in the elderly and increase the risk of CVDs [5]. CVDs and sarcopenia may occur simultaneously, further limiting physical performance, quality of life and increasing mortality [5]. They interact to accelerate the disease process [6,7]. As the world population ages, the prevalence of sarcopenia and CVDs is gradually increasing, which has significant implications for the health care system [4].



Sarcopenia has been shown to be characterized by a reduction in muscle fiber size, which is also fiber type specific, with a 10–40% reduction in the size of II type muscle fibers observed in muscle tissue of older individuals, compared to young controls [8]. Reduction of muscle fibers has been shown to be accompanied by an increase in interstitial non-contractile structures, such as fat and connective tissue [9]. Moreover, a reduction in mitochondrial density has been shown in sarcopenic muscle [10]. Tissue-level oxygen availability has been shown to change during aging, which is associated with alterations in hypoxia-inducible factor subunit alpha (HIF-1α) [11]. HIF-1α is the master regulator of oxygen-dependent expression of several target genes involved in oxygen transport, metabolic adaptation, new blood vessel formation, and various cellular functions, such as cell cycle regulation and apoptosis [12,13]. In aged mice, a decrease in binding to HIF-DNA was found to correlate with decreased expression of HIF-1α [14]. HIF-1α protein expression also decreases in smooth muscle cells isolated from rabbit aorta, rat cerebral cortex, carotid artery and mouse heart [14,15,16,17]. With respect to muscle mass, it was found that a decrease in HIF-1α expression in satellite cells of skeletal muscle from aged rats was directly associated with a decrease in angiogenesis and a loss of regenerative capacity [15].



Based on these premises, in this work, we further investigated the role of HIF-1α in sarcopenia by studying human skeletal muscle biopsies from elderly patients affected by sarcopenia and comparing them with those from healthy individuals. In addition, HIF-1α was pharmacologically reactivated in primary cultures of human satellite cells from sarcopenic patients to evaluate its effects on counteracting muscle wasting.




2. Results


2.1. Study Population and Clinical Characterization of the Human Sarcopenic Phenotype


A total of 26 patients (15 males, 57%) were enrolled in this study. The sarcopenic group included 15 patients (mean age 82.9 ± 5.1 years), whereas 11 non-sarcopenic patients (mean age 30.8 ± 4.2 years) served as the control group (CTRL). Among the enrolled patients, the CTRL group was programmed for anterior cruciate ligament reconstruction, whereas the sarcopenic group was scheduled for hip replacement, due to primary or secondary osteoarthritis (Figure 1).



Quantitative evaluation of fat and lean mass by Dual-energy X-ray absorptiometry (DXA) revealed appendicular skeletal muscle index (ASMI) and Fat Mass Index (FMI) values that indicated densitometrically reduced lean mass and confirmed the sarcopenic phenotype of the elderly patients (Figure 2A,B).



A muscle biopsy was harvested from these patients during hip replacement surgery and further analyzed (Figure 3). As controls, muscle fragments were collected from young patients undergoing anterior cruciate ligament (ACL) reconstruction surgery. All patients tested negative for HCV, HBV, HIV, TPHA, and had no blood test alteration that might have affected muscle metabolism (data not shown).




2.2. Sarcopenia Induces the Activation of MURF1 and Reduction of PAX7 in Human Biopsies


Skeletal muscle atrophy has also been characterized at the molecular level by examining the alteration of MURF1 expression to confirm the clinical evaluation of CTRL and sarcopenic patients [18]. Specifically, skeletal muscle biopsies were used for RNA and protein extraction. No significant changes in mRNA expression of MURF1 were detected, while protein levels were increased 4.3-fold in sarcopenic patients, compared with the CTRL group (Supplementary Figure S1; Figure 4A). In addition, the expression of MURF1 was also examined directly on human skeletal muscle biopsies (Figure 4B). Staining of MURF1 was performed on tissue sections, which showed a 1.7-fold increase confirming the atrophic phenotype of the sarcopenic patients compared with the CTRL group (Figure 4C). A positive significant correlation was found between MURF1 and the age of the patients (Figure 4D).



To further clarify the role of satellite cells (SCs) in sarcopenia, tissue sections were labeled with the marker for SCs, PAX7 to measure changes in patients as compared to controls (Figure 5A) [19]. Results showed that the number of SCs was reduced by 64% in skeletal muscle biopsies isolated from sarcopenic patients, as compared with controls (Figure 5B). Moreover, a negative correlation was found between the number of SCs and the age of the patients (Figure 5C). As muscle fiber capillarization is a marker of sarcopenia during aging [20], the number of capillaries in skeletal muscle biopsies from sarcopenic and CTRL patients was studied using CD31, the marker for endothelial cells [21]. Results showed that capillaries decreased by 25% compared to CTRL (Figure 5D,E). Moreover, the percentage of CD31 in the skeletal muscle tissue of the patients correlated negatively with age (Figure 5F).




2.3. The Hypoxic Signaling Pathway Is Strongly Impaired in Human Sarcopenic Patients


As hypoxia is known to trigger neo-angiogenesis [22], changes in the hypoxic signaling pathway were investigated. The main focus was on HIF-1α, the master regulator of cell response to changes in oxygen tension. Total proteins were extracted from skeletal muscle biopsies from CTRL and sarcopenic patients and the activation of the HIF-1α signaling pathway was investigated (Figure 6A). Results showed that HIF-1α protein level decreased by 64% in sarcopenic patients compared with CTRL (Figure 6B,C). In addition, some of its target genes were examined to demonstrate the inactivation of the HIF-1α pathway. First, protein levels of prolyl hydroxylases 2 (PHD2), the enzymes responsible for HIF-1α hydroxylation and subsequent degradation, were analyzed [23]. The data showed a 2-fold increase in the amount of PHD2 in sarcopenic patients, which correlated with a reduction in HIF-1α (Figure 6B,D). WNT7a, a glycoprotein associated with skeletal muscle hypertrophy, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), an enzyme of the glycolytic pathway, showed a 73 and 57% reduction, respectively, in sarcopenic patients, as compared with CTRL (Figure 6B,E,F) [24,25,26,27]. In addition, a 62% decrease in VEGF content was observed, confirming the impairment of the vascular endothelial system (Figure 6B,G) [28].



To assess whether the impairment of HIF-1α signaling was associated with sarcopenia, the correlation between its expression (and that of its target genes) with the onset of the atrophic phenotype was examined. The results revealed a statistically negative correlation between HIF-1α and all its target genes (WNT7a, GADPH, and VEGF), with the exception of its inhibitor PHD2 (Figure 7A–E).




2.4. The Pharmacological Activation of HIF-1α Counteracts the Sarcopenic Phenotype


To test whether HIF-1α activation would affect sarcopenia by preventing the onset of symptoms, human skeletal muscle cells from sarcopenic patients were isolated and treated with 50 μM FG-4592, a PHDs inhibitor, for 24 h [29]. To quantify the reactivation of the HIF-1α pathway, quantitative real-time PCR was performed on human skeletal muscle cells treated with vehicle (DMSO) or FG-4592. The results showed that treatment with FG-4592 triggers a 1.64-, 1.35-, and 1.55-fold increase in gene expression of VEGF, PHD2, and GAPDH, respectively, confirming the activation of the HIF-1α pathway (Figure 8A–C). Next, the effects of treatment with FG-4592 on the progression of skeletal muscle atrophy and on the impairment of the regeneration process were examined by analyzing MURF1 and PAX7, respectively. Data showed that the reactivation of the HIF-1α pathway in human skeletal muscle cells isolated from sarcopenic patients resulted in a 50% decrease in atrophy marker MURF1 gene expression (Figure 8D). Along this line, the improvement in muscle well-being was also reflected in a 1.25-fold increase in PAX7 gene expression, supporting the restoration of the regenerative machinery (Figure 8E).





3. Discussion


To investigate the role of HIF-1α in sarcopenia, we first determined the atrophic phenotype of skeletal muscle biopsies from our sarcopenic patient cohort compared with biopsies from young individuals who served as controls. Results showed ASMI and FMI values indicative of densitometrically decreased lean mass, as well as a dramatic increase in MURF1, the major marker of skeletal muscle atrophy [18]. We also confirmed an age-dependent decrease in HIF-1α expression and its major target genes, VEGF and GADPH, whereas an upregulation of its inhibitor PHD2 was observed [23,25,28]. It has been reported that activation of HIF-1α promotes neo-angiogenesis and cell survival in various pathologies [30]. Furthermore, we recently discovered that HIF-1α also plays an important role in myogenesis [31]. Namely, we found that its action is due to direct binding to the promoter region of WNT7a, activating MYOD, the master regulator of skeletal muscle differentiation [24]. Moreover, pharmacological activation of HIF-1α induced the formation of hypertrophic myofibers in vitro and in vivo, whereas inhibition of the pathway impaired this process [24]. In this context, the atrophic phenotype observed in sarcopenia might be related to an impairment of the regenerative system. The loss of muscle mass seems to be associated with a reduced number of satellite cells (SCs), especially in fibers expressing myosin heavy chain type II (fast), or with an increased number of senescent SCs [32,33,34]. However, some studies have found no loss of SCs during aging in mouse and rat models [35,36]. Although the involvement of SCs has not been fully elucidated, the regeneration process during aging is severely impaired. In addition, recent studies have shown that a decrease in capillary function reduces the supply of nutrients to muscle tissue, contributing to the decline in muscle mass and functionality during aging [37,38]. In this work, we stained muscle biopsies with anti-PAX7 antibodies and found that sarcopenic patients had a significantly lower number of satellite cells compared with the control group. A reduction in SCs has been associated with defects in the circulatory system [37,38]. Indeed, we detected a decrease in CD31 in skeletal muscle tissue of sarcopenic patients, suggesting a decrease in overall nutrient delivery, including oxygen. However, in contrast to the physiological cellular response to decreased oxygen tension expected in healthy individuals, we found a dramatic reduction in HIF-1α protein levels in sarcopenic patients [39,40]. These results suggest an impairment of the machinery responsible for the cellular response to hypoxic stress, which is crucial for the activation of the muscle regeneration process. [41]. Specifically, the results showed a significant decrease in: (i) VEGF, the main regulator of angiogenesis, which explains the impairment of the circulatory system associated with sarcopenia [37], (ii) GAPDH, the main enzyme involved in the glycolytic pathway and negatively correlated with aging [27], and (iii) WNT7a, a central marker of skeletal muscle hypertrophy [26]. Based on these findings, we envisioned the possibility of developing a novel pharmacological approach to sarcopenia that would counteract the decline of HIF-1α and its target genes. To this end, we isolated primary cultures of human satellite cells from skeletal muscle biopsies of sarcopenic patients and cultured them in the presence of an HIF-1α activator, FG-4592, a drug used in the clinic to treat renal anemia [29]. The results showed that treatment with FG-4592 led to an increase in the expression of HIF-1α target genes, demonstrating reactivation of the hypoxic pathway. Of note, this also led to a decrease in the atrophy marker MURF1 and promoted upregulation of the stem cell marker PAX7. Although these results are still preliminary, they seem to support the notion that pharmacological activation of HIF-1α could counteract the development of sarcopenia by activating muscle regeneration. Clearly, further experiments are needed to understand whether this approach can be further translated to the clinic and further experiments are currently being conducted in our laboratories.




4. Materials and Methods


4.1. Study Population


From January 2018 to October 2020, a total of 11 non-sarcopenic (aged 25–38 years) and 15 sarcopenic (aged 74–90 years) patients were enrolled from IRCCS Orthopaedic Galeazzi Hospital from those who were scheduled for orthopaedic surgery (hip replacement due to osteoarthritis, proximal femur fractures, and anterior cruciate ligament reconstruction). Written informed consent was obtained from all participants for participation in this study (protocol “Role of the Hypoxia Inducible Factor 1α (HIF-1α) in muscle aging”; Ethics Approval N°: 94/INT/2017 13/07/2017; Clinicaltrial.gov N°: NCT03371134). The study protocol was approved by the San Raffaele Hospital Ethical Review Board. Before surgery, anthropometric examinations, and serological and metabolic analyses were performed in all patients. In addition, the skeletal muscle mass of all sarcopenic patients was quantified by dual-energy X-ray absorptiometry (DXA).




4.2. Anthropometric Examination


Standing height and weight were measured to the nearest 0.1 cm and 0.5 kg using a wall-mounted stadiometer and an automated balance. The body mass index (BMI) was calculated using the formula weight (kg)/height2 (m2).




4.3. Blood Sample Analyses


Venous blood was drawn from all patients before surgery and analyzed by the central laboratory of IRCCS Orthopaedic Galeazzi Hospital, which performed preoperative routine blood tests, such as glucose test, total cholesterol, calcium, phosphorus, creatinine. Moreover, HCV, HIV, HBV, and TPHA serological tests were also tested. In case of serological positivity, samples were automatically excluded from the study and discarded.




4.4. Whole-Body DXA


The quantitative assessments of regional lean mass, fat mass and bone mass were conducted using dual energy X-ray absorptiometry (DXA) with an Hologic QDR-Discovery W densitometer (Hologic Inc., Bedford, MA, USA) at the IRCCS Istituto Ortopedico Galeazzi in Milano, Italy. Skeletal muscle mass was reported by using the appendicular skeletal muscle index (ASMI) according to the revised European consensus on definition and diagnosis of sarcopenia from the European Working Group on Sarcopenia in Older People (EWGSOP2) [4]. ASMI was used as an index to quantify muscle mass and was obtained by adjusting the overall lean mass of the upper and lower limbs (appendicular skeletal muscle, ASM) for body size (ASM/height2). According to EWGSOP2 sarcopenia cut-off points, reduced muscle mass was defined when ASMI was <7.0 kg/m2 for men and <5.5 kg/m2 for women [4]. Additionally, the whole-body percentage of fat mass was evaluated; similar to ASMI, the overall fat mass was adjusted for body size (fat mass/height2) in order to obtain the Fat Mass Index (FMI), which was expressed as kg/m2. According to Kelly et al., normal values for FMI were considered in the range between 3 and 6 for men, and between 5 and 9 for women [42].




4.5. Skeletal Muscle Tissue Collection


Fragments of tensor fascia latae were harvested from elderly patients during hip arthroplasty, whereas fragments of gracilis muscle and/or semitendinosus muscle were collected from young patients during the tendon harvesting and neoligament preparation phase (standard procedure in anterior cruciate ligament reconstruction surgeries). Tissue samples from young patients were used as a control group. From each patient, 3 sections of skeletal muscle biopsies were taken: one for muscle cell isolation, one for RNA/proteins extraction, and one for immunohistochemistry.




4.6. Skeletal Muscle Cells Isolation


Skeletal muscle biopsies for isolation muscle cells were collected in sterile phosphate-buffered saline (PBS, Euroclone) and then dissected in a new Petri dish containing PBS. All subsequent manipulations were performed in a culture hood. Briefly, all visible fat and nerve deposits were removed with forceps. The muscle was placed on a plastic plate and the tissue was minced into a paste with small surgical scissors until no visible muscle deposits remained. The paste was transferred to a tube containing 2% type II collagenase (Thermo Fisher Scientific, Waltham, MA, USA) dissolved in DMEM High Glucose (Dulbecco’s modified Eagle’s medium, Merck) with 1% penicillin-streptomycin (P/S, Euroclone). Approximately 3 mL of collagenase solution was prepared for 1 g of muscle tissue. The mixture was incubated at 37 °C for 60 min on a shaker. After incubation, the homogenate was centrifuged at 300× g for 5 min and the supernatant discarded. The pellet was resuspended in 2 mL of 0.5% trypsin (Thermo Fisher Scientific) and mechanically dissociated using a 5 mL serological pipette. After dissociation, the pellet was allowed to settle by gravity for 5 min, while the supernatant was collected in another tube containing DMEM High Glucose + 10% Horse Serum (HS, Merck). Trypsin dissociation was repeated twice and finally the collected supernatant was filtered in a cell strainer to obtain single cells. A pre-plating phase was then performed to reduce cellular contamination. Specifically, cells were seeded in DMED containing high glucose + 10% horse serum for 2 h. After pre-plating, cells were harvested, centrifuged at 500× g for 10 min, resuspended in growth medium (GM) containing Nutrient Mixture F-10 Ham (Merck), 0.5 mg/mL Bovine Serum Albumin (BSA, Merck), 0.5 mg/mL Fetuin (Merck), 0.39 μg/mL Dexamethasone (Merck), 10 ng/mL Epidermal Growth Factor (EGF, Merck), 0.05 mg/mL Insulin (Merck), 3 mg/mL Glucose (Merck), 15% siero Fetal Bovine Serum (FBS, Merck), 1% Penicillin/Streptomycin (P/S, Merck), and incubated for the following 2 days without changing the medium [43].




4.7. TRIzol RNA and Protein Extraction


Skeletal muscle biopsies for RNA/Protein extraction were collected in RNA Later (Thermo Fisher Scientific). TRIzol reagent (Thermo Fisher Scientific) was added to 50 mg of skeletal muscle tissue, which was minced and homogenized using a tissue lyser (Thermo Fisher Scientific). The samples were shaken with tungsten carbide beads (3 mm diameter, Thermo Fisher Scientific) at 900 rpm for 2 min. Then the samples were centrifuged at 12,000× g for 5 min at 4 °C, and the clear supernatant was transferred to a new tube. Next, 0.2 mL of chloroform (Merck) was added to the suspension, which was then shaken for 15 s. The mixture was centrifuged at 14,000× g for 15 min at 4 °C after incubation at room temperature for 5 min to allow phase separation. The top layer was transferred to a new 2 mL tube and used for RNA extraction, while the bottom layer of phenol was used for protein precipitation. Briefly, RNA was isolated by adding 0.5 mL isopropanol (Merck) to the aqueous phase, incubating at 4 °C, and centrifuging at 12,000× g for 10 min at 4 °C. Then, the RNA was washed in 1 mL of 75% ethanol and centrifuged at 7500× g for 5 min at 4 °C. Finally, the supernatant was discarded and the RNA pellet was air dried for 15 min, and then resuspended in 50 µL RNase-free water (Thermo Fisher Scientific) containing 0.1 mM EDTA (Merck), and stored at −80 °C. Prior to use, RNA was purified using the ReliaPrepTM RNA Miniprep System (Promega) and transcribed into cDNA using the iScript cDNA Synthesis Kit (BioRad) according to the manufacturer’s instructions.



To extract the proteins, 0.3 mL of 100% ethanol was added to the interphase/phenol phase, mixed by inverting the tube several times, and incubated for 3 min. After centrifugation, the pellet containing DNA was discarded, while the phenol-ethanol supernatant was transferred to a new tube. To pellet the proteins, 1.5 mL of isopropanol was added to the phenol-ethanol supernatant, incubated for 10 min, and centrifuged for 10 min at 12,000× g at 4 °C. The protein pellet was then washed with f 0.3 M guanidine hydrochloride (Merck) in 95% ethanol and air dried. Finally, 1% sodium dodecyl sulfate (SDS, Merck) was added to dissolve the protein pellet, and the solution was stored at −20 °C. Total protein content was determined using the BCA Protein Assay Kit (Pierce) according to the manufacturer’s instructions.




4.8. Gene Expression by Real-Time Quantitative PCR (qPCR)


Quantitative PCR was performed on 10 ng of cDNA template, 0.2 μM primers, and GoTaq® qPCR Master Mix (Promega) in 20 μL final volume using a StepOnePlus® Real-Time PCR System (Applied Biosystem, Waltham, MA, USA). The following primers were used: MURF1 forward 5′-CATCAAAAGCATTGTGGAAGC-3′ and reverse 5′-ATGTTCTCAAAGCCCTGC-3′; VEGF forward 5′-TGCCCGCTGCTGTCTAAT-3′ and reverse 5′-CCTCGGTCACTCATCTTCAC-3′; PHD2 forward 5′-TGGGAGTTGCTGTTGAAGTCG-3′ and reverse 5′-CGTGCCGCCTGGAGAAAC-3′; GAPDH forward 5′-GAGTCCACTGGCGTCTTCAC-3′ and reverse 5′-GTTCACACCCATGACGAACA-3′; PAX7 forward 5′-GAAAACCCAGGCATGTTCAG-3′ and reverse 5′-GCGGCTAATCGAACTCACTAA-3′; S14 forward 5′-GTGTGACTGGTGGGATGAAGG-3′ and reverse 5′-TTGATGTGTAGGGCGGTGATAC-3′. The amplification program consisted of an initial denaturation at 95 °C for three minutes, followed by 40 cycles of 5 s each at 95 °C and 30 s at 57 °C. Relative quantification of target genes was performed in triplicate and calculated using Equation 2−ΔΔCt.




4.9. Western Blot


Proteins were boiled for 10 min in sample buffer (0.6 g/100 mL Tris, 2 g/100 mL SDS, 10% glycerol, 1% 2-mercaptoethanol, pH 6.8) and loaded into a 10% SDS-PAGE gel, then transferred to a nitrocellulose membrane (Trans-blot, Bio-Rad Laboratories, Hercules, CA, USA) by electroblotting. The nitrocellulose membranes were incubated with a blocking solution containing 5% (w/v) nonfat dry milk or 5% (w/v) BSA (Merck) in Tris buffer saline with 0.1% Tween 20 (TBS-T) for 1 h. Blots were incubated for 2 h at room temperature with the following primary antibodies: mouse monoclonal anti-MURF1, 1:11,000 (Santa Cruz Biotechnology, Dallas, TX, USA), rabbit monoclonal anti-HIF-1α, 1:1000 dilution (clone D2U3T, Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonal anti-WNT7a, 1:1000 dilution (abcam), anti-PHD2, 1:1000 dilution (Cell Signaling Technology), anti-GAPDH, 1:11,000 (Cell Signaling Technology), mouse monoclonal anti-VEGF, 1;1000 (Santa Cruz Biotechnology). Total transferred proteins were used to normalize human proteins using the REVERT Total Protein Stain Kit (LI-COR Biotechnology, Lincoln, NE, USA) according to the manufacturer’s instructions. Membranes were washed three times for 10 min with TBS-T and then incubated with the appropriate anti-mouse, anti-rabbit, or anti-goat HRP-conjugated secondary antibodies (Dako, Agilent Technologies, Santa Clara, CA, USA) at a dilution of 1:2000 for 1 h at room temperature. After washing three times for 10 min with TBS-T, immunoreactive bands were visualized with Enhanced Chemiluminescence Detection Kit reagents (ECL Advance, GeHealthcare, Chicago, IL, USA) according to the manufacturer’s instructions. Optical density was measured with Image Studio TM Lite software (LI-COR Biotechnology).




4.10. Immunohistochemistry and Quantification


Human muscle tissue was harvested in formalin, fixed, paraffin embedded and sections were prepared as previously described [44]. Formalin-fixed paraffin-embedded consecutive sections (3 µm thickness) were dewaxed, hydrated by graded decrease alcohol series and stained for histological analysis. The following antibodies were used for immunohistochemical staining (IHC): mouse anti-MURF1, dilution 1:100 (C11, Santa Cruz Biotechnology), mouse anti-PAX7, dilution 1:100 (Developmental Studies Hybridoma Bank, Iowa, IA, USA), rabbit anti-CD31, dilution 1:20 (LSBio, Seattle, Washington, USA). Nuclei were counterstained by hematoxyling according to standard protocol (Mayer’s Hematoxylin, #05-06002/L, Bio Optica, Milano, Italy). Representative images were acquired using a THINDER Imager 3D Tissue microscope (Leica, Wetzlar, Germany) with LAS X Navigator software. The entire slide was scanned at 20× magnification to select CD31 and MurF1 hotspots within five random circular grids of 100 μm diameter. Each CD31-and MurF1-positive signal was manually counted. To quantify PAX7 positive cells, 15 random fields were evaluated at 40× magnification.




4.11. Statistical Analysis


Data were described as means ± SD. The nonparametric Mann-Whitney test was used to determine statistical significance using GraphPad Prism 9 software. p values of less than 0.05 were considered to be significant. All error bars represent the standard deviation of the mean. Pearson’s correlation was used to evaluate significant associations between MurF1, PAX7 and CD31 expression with sarcopenic condition.
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Figure 1. Flow chart of the study. Schematic representation of patient enrollment following the inclusion and exclusion criteria. 






Figure 1. Flow chart of the study. Schematic representation of patient enrollment following the inclusion and exclusion criteria.



[image: Ijms 23 07114 g001]







[image: Ijms 23 07114 g002 550] 





Figure 2. Dual-energy X-ray absorptiometry (DXA) imaging. (A) Representative whole-body image of sarcopenic female patients. The table on the right shows the percentage of total body fat (blue circle), visceral adipose tissue parameters (green circle), and parameters useful for assessing loss of muscle mass (purple circle); (B) results of body composition assessment of all sarcopenic patients who participated in the study: ASMI (appendicular skeletal muscle index for body size), FMI (fat mass index), BMI (body mass index). 
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Figure 3. Schematic representation of the sampling collection and processing steps. Skeletal muscle biopsies of gracilis and semitendineus muscles were obtained during orthopedic surgery and characterized by histologic examination, gene expression, and protein analyzes. 
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Figure 4. Modulation of MURF1 during sarcopenia. (A) Western blot analysis and relative quantification of MURF1 in CTRL and sarcopenic patients; (B,C) Immunohistochemical detection and relative quantification of MURF1 in CTRL and sarcopenic patients; (D) Correlation between MURF1 and patients’ age. Scale bar: 100 μm. Statistical significance was determined by the nonparametric Mann-Whitney test and by Pearson correlation coefficients. * p < 0.05. 
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Figure 5. Impairment of skeletal muscle regeneration process in sarcopenia. (A,B) Immunohistochemical detection and relative quantification of PAX7-positive cells, indicated by black arrows, in CTRL and sarcopenic patients; (C) Correlation between PAX7 and patients’ age; (D,E) Immunohistochemical detection and relative quantification of CD31 in CTRL and sarcopenic patients; (F) Correlation between CD31 and patients’ age. Scale bar: PAX7 = 50 μm, CD31 = 100 μm. Statistical significance was determined by the nonparametric Mann-Whitney test and by Pearson correlation coefficients. * p < 0.05. 
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Figure 6. Impairment of HIF-1α in sarcopenic patients. (A) Total proteins of CTRL and sarcopenic patients were stained with Total Revert Protein Solution; (B) Western Blot of HIF-1α and its target genes: PHD2, WNT7a, GAPDH, and VEGF; (C–G) Relative quantification of HIF-1α activation pathway. Statistical significance was determined by the nonparametric Mann-Whitney test. * p < 0.05, ** p < 0.01. 
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Figure 7. Correlation of HIF-1α signaling pathway and patients’ age. Correlation of (A) HIF-1α, (B) PHD2, (C) WNT7a, (D) GAPDH, (E) VEGF during aging. Statistical significance was determined by Pearson correlation coefficients. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 8. Effects of a pharmacological activation of HIF-1α on skeletal muscle atrophy. Gene expression of HIF-1α target genes in skeletal muscle cells treated with 50 μM FG-4592 for 24 h: (A) VEFG, (B) PHD2, (C) GAPDH. Modulation of (D) MURF1, and (E) PAX7 upon FG-4592 treatment. Statistical significance was determined by t-test. * p < 0.05. 
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