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Sarcopenic obesity (SO), characterized by the coexistence of progressive skeletal muscle wasting and 

excessive adipose tissue accumulation, represents an increasingly prevalent condition in aging 

populations and is associated with impaired metabolic homeostasis and reduced functional capacity.. 

Among the dietary factors contributing to its pathophysiology, Western dietary patterns are of 

particular relevance, as they promote chronic exposure to saturated fatty acids, particularly palmitic 

acid (PA), together with the production and accumulation of advanced glycation end products 

(AGEs). Although lipotoxic and glycative stress coexist in SO, their combined effects on skeletal 

muscle and adipose tissue remain poorly characterized. 

Building on previous findings from Prof. Riuzzi's laboratory (University of Perugia), showing that 

dietary AGEs induce myotube atrophy through distinct mechanisms, this thesis investigated firstly 

whether PA could amplify AGE-induced muscle wasting. Differentiated C2C12 myotubes, a well-

established in vitro model for skeletal muscle studies, were exposed to PA, selected dietary AGEs, 

including methylglyoxal (MGO), carboxymethyl-lysine (CML), and pentosidine (PT), or their 

combination. Myotube diameter, expression of atrophy- and mitophagy-related genes, mitochondrial 

content, inflammatory signalling, and oxidative stress were evaluated. In parallel, differentiated 3T3-

L1 adipocytes were used as a secondary preliminary model to assess whether AGEs could influence 

intracellular lipid accumulation. 

Preliminary findings indicate that combined exposure to PA and dietary AGEs tends to induce greater 

myotube atrophy than either stimulus alone, accompanied by lower mitochondrial content and an 

increased accumulation of reactive oxygen species (ROS). In parallel, AGE treatments appeared to 

influence intracellular lipid accumulation in adipocytes in a time-dependent manner. Given the 

exploratory nature of these experiments, the findings require further validation. 

Overall, these results support the hypothesis that Western diet-derived lipotoxic and glycative stress 

may contribute to the disruption of skeletal muscle and adipose tissue homeostasis in SO, providing 

a basis for future studies aimed at elucidating the molecular mechanisms underlying their interaction. 
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Sarcopenic Obesity 

The term “sarcopenic obesity” (SO) was first introduced by Baumgartner to describe the coexistence 

of sarcopenia and obesity. 1 More specifically, this condition is characterized by a progressive loss of 

skeletal muscle mass occurring together with excessive ectopic fat deposition, particularly visceral 

fat, and with the accumulation of adipose tissue within muscles and organs such as the liver, heart, 

and pancreas.  2,3 

Although sarcopenia and obesity are considered distinct clinical conditions, they share several 

pathophysiological mechanisms and risk factors, including aging, sedentary lifestyle, endocrine 

alterations, increased production of inflammatory cytokines and reactive oxygen species. Rather than 

simply coexisting, these two conditions interact in a synergistic way, reinforcing one another and 

generating a detrimental vicious cycle. This process accelerates muscle wasting, chronic low-grade 

inflammation, oxidative stress, mitochondrial dysfunction and insulin resistance, ultimately leading 

to health complications that are more severe than those associated with either condition alone.  1,2,4 

Given the complexity of this condition, the development of standardized diagnostic criteria has 

become essential. For this reason, European Society for Clinical Nutrition and Metabolism (ESPEN) 

and the European Association for the Study of Obesity (EASO) proposed a standardized diagnostic 

consensus in 2022, introducing for the identification of SO a sequential three-step process, screening, 

diagnosis, and staging.  

As reported in Donini et al, the first phase requires the simultaneous presence of a high BMI or 

increased waist circumference, both evaluated according to ethnicity-specific cut-off values, and the 

presence of surrogate indicators of sarcopenia, including clinical suspicion, symptoms or validated 

questionnaires. Only with a positive screening result, the diagnostic phase is then carried out. Once 

the diagnosis has been established, the final step is staging which is focused on the severity and 

progression of the disease. Two stages are recognized: stage I, characterized by the absence of 

complications, and stage II, defined by the presence of at least one complication related to SO, 

including metabolic diseases, functional disabilities or cardiovascular and respiratory disorders. 5  

Despite available evidence suggests that SO is relatively common among older adults, with 

prevalence estimates generally ranging between 9% and 14%, estimating the true prevalence of SO 

remains challenging, because studies still rely on heterogeneous diagnostic criteria and definitions. 4 

A landmark meta-analysis including 50 studies and 86,285 individuals estimated a global prevalence 

of 11% among adults aged 60 years and older. Higher prevalence rates were observed in individuals 

aged over 75 years, hospitalized patients and South American and North American populations. No 



substantial sex-related differences were identified, with prevalence estimates of 14% in women and 

10% in men.  6 

Similar findings were reported by more recent systematic reviews and meta-analyses. One analysis 

including 71,757 non-hospitalized older adults reported a pooled prevalence of 14% (95% CI: 11–

17%), while another broader review estimated an overall prevalence of approximately 9% in elderly 

populations. 7,8 Furthermore, population-based studies highlight that SO is strongly aged-related, with 

prevalence progressively increasing after 50 years and reaching 16.7% in individuals aged 80–89 

years.  4 

Beyond its epidemiological burden, this condition underscores the key role of skeletal muscle in 

determining aging outcomes and survival, since impaired muscle function, particularly reduced 

strength and mass, has consistently emerged as an independent predictor of mortality, as recent meta-

analysis confirmed that mortality risk is highest in patients with SO (HR 1.24, 95% CI 1.12–1.37) 

compared to healthy individuals, although the heterogeneity of diagnostic criteria was acknowledged 

as an important limitation.  9 

 

                                          

Figure 1: Pathophysiology and risk factors for sarcopenic obesity development. 4 

 

The detrimental vicious cycle that characterizes SO is sustained by specific molecular mechanisms, 

among which skeletal muscle atrophy and adipocyte hypertrophy play a central role.  



Skeletal muscle accounts for approximately 40% of total body weight and represents a highly 

dynamic, heterogeneous and plastic tissue, whose primary roles are movement and support 10. It is 

organized into fascicles containing multinucleated muscle fibers. These myofibers are composed of 

myofibrils arranged around the sarcomere, the fundamental contractile unit in which the interaction 

between actin and myosin enables muscle contraction and gives skeletal muscle its characteristic 

striated appearance.  11 

The entire muscle structure is supported by three connective tissue layers, epimysium, perimysium 

and endomysium, which surround respectively the whole muscle, individual fascicles and single 

myofibers. These structures ensure mechanical support, proper muscle function and provide pathways 

for blood vessels and nerves throughout the tissue.  12 

As previously mentioned, skeletal muscle is highly dynamic and its mass depends on the balance 

between protein synthesis and protein degradation, respectively anabolism and catabolism. Under 

physiological conditions, muscle homeostasis is maintained through a tightly regulated equilibrium 

between them. 2,13 However, this balance may be disrupted by several factors, including diet, 

hormones, physical activity, diseases and environmental or genetic factors 11. In this condition, 

catabolic pathways overcome anabolic ones, leading to impaired protein synthesis, muscle loss and 

ultimately muscle atrophy. 14  

Atrophy is defined as a substantial reduction in skeletal muscle mass resulting from physiological 

conditions or systemic diseases. 15 This process progressively impairs muscle function and contributes 

to falls, debilitation, loss of independence and a reduced quality of life. 16,17 Muscle wasting results 

from an imbalance between protein synthesis and protein degradation. The regulation of protein 

synthesis is controlled by several anabolic pathways, among which the Akt/mammalian target of 

rapamycin (mTOR) axis is one of the most extensively studied. In this pathway, activation of the 

serine/threonine kinase Akt promotes mTOR signaling, thereby supporting protein synthesis and 

muscle maintenance. 18–20 Conversely, under catabolic conditions, proteolytic pathways become 

predominant, leading to enhanced protein degradation mainly through two major systems: the 

ubiquitin-proteasome system (UPS) and the autophagy-lysosome system. 15,21 The UPS becomes 

activated when muscle-specific E3 ubiquitin ligases, particularly atrogin-1/MAFbx and MuRF1, are 

overexpressed. Several studies conducted in both rodent models and cancer patients have shown that 

activation of the ubiquitin-proteasome system significantly contributes to muscle wasting, supporting 

its role as one of the main regulators of muscle atrophy. Together with the autophagy-lysosome 

pathway and mitophagy, which are essential for protein turnover, autophagosome formation, and the 

selective clearance of damaged organelles and dysfunctional mitochondria, this proteolytic system 



plays a central role in the catabolic remodelling of skeletal muscle.  Moreover, mitochondrial 

dysfunction itself represents an additional driver of muscle atrophy, as impaired mitochondrial quality 

control, reduced oxidative capacity, and altered energy homeostasis can further contribute to skeletal 

muscle degeneration.   21,22  

When skeletal muscle atrophy persists over time, it progressively impairs muscle performance and 

may ultimately contribute to the development of sarcopenia; in the context of SO, muscle wasting 

occurs alongside adipose tissue dysfunction, highlighting the central role of both skeletal muscle, as 

an endocrine organ involved in metabolic homeostasis, and adipose tissue in shaping its 

pathophysiology. 23Adipose tissue is a metabolically active organ, classified into white adipose tissue 

(WAT), which stores energy, brown adipose tissue (BAT), which dissipates energy as heat, and beige 

adipose tissue, which can develop within WAT in response to stimuli such as exercise or cold exposure 

24,25 In SO, adipocyte hypertrophy reduced the production of anti-inflammatory and insulin-

sensitizing adipokines, especially adiponectin at the expense of pro-inflammatory cytokines such as 

leptin, TNF-α, IL-6, and IL-1β increases substantially. 26 Thus, exacerbation of myokine/adipokine 

profile contributes to muscle decline, adipose tissue dysfunction, and the synergic effect of sarcopenia 

and obesity 27  28 

Although aging is a major driver of sarcopenia, its progression can be further exacerbated by physical 

inactivity, inadequate nutrition, neurodegenerative disorders, and chronic inflammation. 29Among 

these modifiable determinants, diet plays a particularly relevant role in the onset, development, and 

progression of SO, providing a rationale to investigate how specific dietary patterns, especially 

Western diets, may contribute to the combined deterioration of skeletal muscle and adipose tissue 

metabolism  30 

 

Western Diet 

The Western diet (WD) is a modern dietary pattern very common in highly industrialized nations, 

where economic development, mass food production and urban lifestyles created the conditions for 

this dietary pattern to emerge and consolidate. 31  The countries in which this dietary pattern is most 

prevalent are, for example, Iceland, Switzerland, the United States, Australia, Sweden, Germany and 

Denmark.  32 

It is characterized by high consumption of processed and refined foods, red and processed meats, 

added sugars and saturated and trans fats, with a low intake of fruits, vegetables, whole grains and 

nuts 32  These are products that have undergone significant industrial transformation from their natural 

state, with the intention to extend their shelf life or to enhance their flavour profile. As a result, this 



unbalanced diet contains high-energy intake, with an overabundance of simple sugars and sodium, 

lacking supply of fibers, vitamins, and minerals, whose levels consumed are below recommendation. 

33 Low intakes of these have been linked to an increased risk of chronic diseases such as obesity, type 

2 diabetes, cardiovascular disease and several cancers. 34 

Among the components of the WD, particular attention has been given to saturated fatty acids, 

especially palmitic acid (PA, C16:0), one of the most abundant saturated fatty acids in nature, present 

in both animal and plant food sources. 35,36 Upon WD consumption, PA represents the predominant 

saturated fatty acid, accounting for approximately 55% of total dietary saturated fatty acid intake and 

comprising about 20-30% of the ones in membrane phospholipids and triglycerides. 37 The average 

dietary intake of PA is estimated at around 20-30 g/day, representing approximately 8-10% of total 

energy intake, with levels of 20-30% in animal lipids and 10-45% in vegetable oils. 36 PA is derived 

both from dietary fat and through endogenous synthesis via de novo lipogenesis from excess 

carbohydrate and protein intake. 37Chronic exposure to elevated levels of PA has been associated with 

significant metabolic disturbances, including insulin resistance, dyslipidemia and increased ectopic 

fat accumulation, effects that are largely mediated through the activation of inflammatory pathways 

and endoplasmic reticulum stress. 38  

Moreover, WD is widely demonstrate to play a pivotal role in contributing to advanced glycation end-

product (AGE) accumulation, both through the direct consumption of AGE-rich processed foods and 

through the chronic metabolic imbalances, particularly hyperglycemia and oxidative stress, that this 

dietary pattern promotes endogenously.  39,40 AGEs are heterogeneous class of molecules arising from 

the non-enzymatic interaction of glucose or other sugars with proteins or lipids. 41 They are formed 

through a complex, multi-step process known as the Maillard reaction. This reaction occurs when the 

free amino groups of proteins react with the carbonyl groups of reducing sugars, such as glucose, 

without the involvement of enzymes. 42  

AGEs can be either exogenous or synthesized endogenously within the body. 43 As mentioned before, 

exogenous AGEs derived upon WD consumption. In addition, the preparation and processing 

methods commonly employed in this diet, such as grilling, frying, heating and dehydration, 

substantially increase the dietary AGE content (dAGE). 39 The rising consumption of processed foods 

in modern society is leading to a continuous increase in AGE production and accumulation, 

representing a potential risk to human health.44  After absorption by the gastrointestinal tract, these 

compounds are only partially eliminated through urinary excretion, resulting in their accumulation 

across multiple tissues. 39 To measure dAGE accumulation in the body, scientists typically track the 

levels of three key markers: MGO, CML and PENT. MGO is a highly reactive carbonyl compound 



that acts as a key precursor in the formation of AGEs. Among the AGEs it generates, MG-H1 and 

CML are fluorescent in nature, while pentosidine (PENT) is non-fluorescent. 44 

 

Figure 2: The dietary AGE content in food 44 

 

On the other hand, endogenous AGEs are typically formed in all tissues and body fluids under 

physiological conditions not only through the same non-enzymatic reactions involved in exogenous 

formation, but also through metabolic pathways such as glycolysis and the polyol pathway. During 

the breakdown of glucose or fructose, reactive molecules like glyceraldehyde and methylglyoxal are 

produced, which can then lead to AGE formation in hyperglycemia, oxidative stress and aging 

conditions. 42,43 

Both exogenous and endogenous AGEs can bind to their receptor, known as RAGE (Receptor for 

Advanced Glycation End-products), a multi-ligand trans-membrane protein belonging to the 

immunoglobulin superfamily. 45 This interaction plays a central role in the pathophysiology of several 

diseases and triggers the activation of multiple intracellular signalling pathways. As Muthyalaiah 

study demonstrated, AGE-RAGE axis drives NADPH oxidase activation, ROS accumulation and 

subsequent activation of NF-κB signalling, which upregulates RAGE expression, creating a positive 

feedback loop that sustains and amplifies cellular damage.46 The resulted inflammatory condition 

activates downstream signalling cascades, including MAPK and the JAK-STAT pathway. In 

particular, STAT3 activation cooperates with NF-κB in amplifying the pro-inflammatory response. 47 

In addition, AGEs sustain autophagy via RAGE-dependent signalling: on one hand, by reducing 



mTOR phosphorylation, they prevent its suppressive action on autophagy; on the other, by stabilizing 

the Beclin-1/VPS34 complex, they actively promote the formation of autophagosomes. 48 

The downstream effects of AGE-RAGE axis activation, including oxidative stress, chronic 

inflammation and autophagy dysregulation, converge on skeletal muscle tissue, making it vulnerable 

to AGE-induced damage.  Both endogenous and exogenous AGEs have been shown to induce skeletal 

muscle atrophy. In the context of endogenous AGEs, their accumulation activates RAGE leading to 

a downregulation of both AMPK and Akt, which has been implicated as a negative mediator of muscle 

mass by increasing protein degradation via the ubiquitin-proteasome system and a lower expression 

of myogenin and myosin-heavy chain (MHC), both essential for muscle maintenance and 

differentiation. 49 In vitro studies demonstrated that both common dAGEs and their precursor 

methylglyoxal (MGO) induce C2C12 myotube atrophy through ROS production, mitochondrial 

dysfunction, mitophagy, UPS activation and inhibition of myogenic potential, with ROS identified as 

the primary driver of atrophy regardless of AGE origin. 39 Notably, while AGE-BSA activates the 

RAGE-myogenin axis and reduces anabolic mTOR signaling, MGO induces glycolytic stress and 

STAT3 activation through a RAGE-independent mechanism, suggesting that dAGEs promote muscle 

wasting through multiple and partially distinct molecular pathways. 39 

Although the effects of AGEs on skeletal muscle have been relatively well characterized, their impact 

on adipose tissue remains less thoroughly investigated, and the underlying mechanisms are not yet 

fully elucidated. 50 Nevertheless, available evidence suggests that the AGE-RAGE axis plays a role 

in adipose tissue dysfunction, particularly in the context of obesity. The accumulation of AGEs in the 

extracellular matrix of adipose tissue has been shown to impair adipocyte differentiation, metabolism, 

and secretory activity through RAGE-dependent signalling pathways, leading to alterations in 

adipokine secretion that may predispose to insulin resistance.51  At the cellular level, AGE-modified 

extracellular matrix has been shown to inhibit insulin-stimulated glucose uptake in adipocytes, an 

effect largely mediated by an increase in intracellular ROS generation. 50,52  In vivo studies further 

support the involvement of the AGE-RAGE axis in adipose tissue dysfunction, as RAGE-deficient 

mice fed a high-fat diet displayed improved insulin sensitivity, reduced adipose tissue mass, and an 

improved inflammatory profile compared to wild-type controls. 53 However, further research is 

needed to fully clarify the role of AGEs in adipose tissue biology and to determine the extent to which 

these mechanisms operate in humans under physiological and pathological conditions. 

 



Aims of the project 

Building on these evidences, preliminary findings from the laboratory of Professor Francesca Riuzzi 

(University of Perugia) demonstrated that both endogenous AGE-BSA and the dietary AGE precursor 

methylglyoxal (MGO) induce a dose-dependent reduction in myotube area and MyHC-II expression 

in C2C12 cells, accompanied by increased expression of the atrogenes Fbxo32 and Trim63. 39 

Primarily, AGE-BSA and MGO appeared to act through distinct molecular mechanisms, involving 

the RAGE–myogenin axis and glycative stress with STAT3 activation. Then, the dietary AGEs 

carboxymethyl-lysine (CML) and pentosidine (PT) similarly reduced myotube area, although their 

mechanisms were not further investigated. 39 

         

                          

Figure 3: Endogenous and exogenous AGEs reduced myotube area and MyHC-II expression via partially distinct 

mechanisms (A, C). Myosin heavy chain (MyHC)-II expression was evaluated by Western blotting (WB) analysis, and 

the relative densities with respect to tubulin were determined (B, D). The expression of the atrogenes Fbxo32 and 

Trim63 (E) were assessed by real-time PCR, using Gapdh or Gusb as housekeeping genes (Paiella) 

 

Given that sarcopenic obesity is associated with increased circulating palmitate (PA) levels and the 

accumulation of advanced glycation end-products (AGEs), the combined impact of these factors on 



skeletal muscle remains poorly characterized. Therefore, this thesis project primarily aimed to 

investigate the effects of AGEs and PA, either alone or in combination, on skeletal muscle cells, with 

particular attention to whether the presence of PA was necessary and sufficient to exacerbate the 

atrophic effects induced by AGEs alone. 

As a first experimental task, immortalized murine C2C12 myoblasts were differentiated into 

myotubes, one the most widely established and commonly used in vitro model to mimic skeletal 

muscle tissue54. In this system, the effects of PA were evaluated both individually and in combination 

with selected dietary AGEs, including carboxymethyl-lysine (CML), pentosidine (PT), and 

methylglyoxal (MGO), in order to assess their contribution to muscle wasting and the underling 

mechanisms. 

As a secondary and preliminary objective, the same treatment conditions were also tested in 

differentiated 3T3-L1 adipocytes. Although this part of the project is still at an early stage and only 

preliminary data are available, this approach was designed to explore whether AGEs promote lipid 

accumulation in adipocytes and whether this effect is further enhanced by the concomitant presence 

of PA. 

 

 

 

 

 

 

 

 

 
 

  



Materials and methods 
 

         

 

                

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Cell cultures and treatments 

 

C2C12 myoblasts (ECACC) were grown at low density in Dulbecco’s Modified Eagle Medium 

(DMEM, Gibco, Thermo-Fisher Scientific) supplemented with 10% fetal bovine serum (FBS, Gibco, 

Thermo Fisher Scientific), 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL 

antimycotic in a humidified 5% CO2 incubator at 37°C.  

To induce differentiation, cells were allowed to become confluent, and the medium was switched to 

differentiation medium (DM), consisting of DMEM supplemented with 2% horse serum (2%HS, GE 

Healthcare BioSciences), penicillin, streptomycin, and antimycotic as described above.  

To obtain serum-free medium containing 2% fatty acid-free BSA, 0.5 g of BSA (Sigma A8806-5G) 

and 500 µL of horse serum were dissolved in 25 mL of 0% DMEM. Palmitate, from a 100 mM stock 

solution, was conjugated with the medium to reach a final working concentration of 200 µM or 500 

µM, and incubated for 1 hour at 37°C. After conjugation, AGEs were added to the medium: MGO at 

a working concentration of 500 µM, CML at 400 µM and PT at 2 µM. Myotubes, after at least 5 days 

of differentiation, were then treated with this medium containing AGEs, palmitate, or the combination 

of both for 24 or 48 hours. 

For every experiment were measured at least 10 myotubes diameter for each field, five different fields 

for each replicate, and three technical replicates for each used treatment. Myotubes diameters were 

measured with JMicroVision software.  

3T3-L1 pre-adipocytes were grown at low density in Dulbecco's Modified Eagle Medium (DMEM, 

Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS, Gibco, Thermo 

Fisher Scientific), 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL antimycotic in a 

humidified 5% CO₂ incubator at 37°C. To induce differentiation, cells were seeded and maintained 

in the same growth medium, which was replaced every 3 days until full differentiation was achieved 

at day 7.  Medium for treatment was prepared as described above and fully differentiated 3T3-L1 

adipocytes (day 7) were treated with the indicated AGEs at the same concentration for 24 or 48 h. 

 

Reactive Oxygen Species (ROS) production 

 

To measure cellular ROS production, C2C12 myotubes were stained with CellROX R Deep Red 

Reagent (Thermo Fisher Scientific; C10491) for 30 min at 37°C and washed with PBS. Fluorescent 

images were taken using the fluorescence microscope EVOS™ XL Core Imaging System, and the 



mean fluorescence signal intensity was measured using ImageJ. For every experiment assessing 

cellular oxidative stress, at least three myotubes in each field, five different fields for each replicate, 

three technical replicates for each treatment were measured. The final data are the average of three 

independent experiments. 

 

RNA extraction and quantification of gene expression  

 

C2C12 myotubes were lysed using Nucleozol (Macherey Nagel) and after RNA extraction, the 

obtained RNA was retrotranscribed with high-capacity cDNA reverse transcription kit (Applied 

Biosystems, Thermo Fisher Scientific) and quantitative PCR (qPCR) was performed with 

StepOnePlus Real-time PCR System (Applied Biosystems, Thermo Fisher Scientific) using the 

following TaqMan probes (Thermo Fisher Scientific, Waltham, MA, USA): Fbxo32 

(Mm00499523_m1), Trim63 (Mm01185221_m1), Gusb (Mm01197698_m1), Bnip3 

(Mm01275600_g1), IL6 (Mm00446190_m1).  

 

Western blotting  

 

At the end of the treatments, cells were washed in ice-cold phosphate-buffer saline (PBS) and 

solubilized with a lysis buffer containing 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% sodium 

dodecyl sulfate (SDS), 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 160 mM NaCl, 20 mM Tris-HCl, 

pH 7.4, and supplemented with protease inhibitor cocktail.  

Lysates were stirred for 1 minutes at 4°C and centrifuged at 15,000 × g for 15 min at 4° C. The 

concentration of proteins was determined by BCA protein assay kit. Proteins were resuspended in 

sample buffer containing 2% SDS, 150 mM dithiothreitol (DTT), and 0.01% bromophenol blue, and 

40 μg protein/lane were separated by 6% SDS-PAGE and transferred to PVDF.  

Membranes were saturated with 4% BSA, probed with the primary antibodies overnight at 4 °C, 

washed with tris-buffered saline (TBS) 0.1% Tween, incubated with the appropriate secondary 

antibody for 1 hour at room temperature, visualized with Western Lightning Chemiluminescence 

Reagent Plus (Perkin Elmer Life and Analytical Sciences), acquired with ChemiDoc Touch (Bio-Rad) 

and analysed with ImageLab (Bio-Rad). 



 

TOM20 Immunofluorescence 

 

Cells were seeded on sterile glass coverslips and washed with 1X PBS. Samples were fixed with 4% 

PFA in 1X PBS for 10 minutes at room temperature, then rinsed three times with 1X PBS, 5 minutes 

each. Permeabilization was carried out by incubating with 0.2% Triton X-100 in 1X PBS for 5 

minutes at room temperature, followed by three additional 1X PBS washes of 3 minutes each. Non-

specific binding was blocked by incubating with blocking buffer for 1 hour at room temperature. 

After aspirating the blocking buffer, samples were incubated with TOM20 (Proteintech 11802-1-AP) 

for 2 hours at room temperature or overnight at 4°C. Following three washes with 1X PBS for 5 

minutes each, samples were incubated with the fluorochrome-labeled secondary antibody diluted in 

antibody dilution buffer. A final series of three washes with 1X PBS for 3 minutes each was 

performed. Coverslips were then mounted and sealed, and the target antigen was visualized using a 

fluorescent microscope. 

 

Bodipy 

 

To measure the production of lipid droplets, adipocytes were fixed in 4% PFA for 10 minutes, washed 

with ice-cold phosphate-buffer saline (PBS), incubated for 30 minutes with Bodi-PY at RT and 

washed again with PBS. Images were taken using EVOS™ XL Core Imaging System, and the mean 

fluorescence signal intensity was measured using ImageJ.  

 

Statistical Analysis 

 

Data were first analyzed with Microsoft Excel to calculate mean and outliers. Outliers in the 

measurement were identified by mean of the interquartile range (IQR), as either below Q1−1.5 IQR 

or above Q3+1.5 IQR and excluded from the analysis. Statistical analysis and graphs were created 

using GraphPad Prism 8 program and groups variation was determined through student’s t-test or 

ANOVA test. Data are presented as mean ± standard error of the mean (S.E.M.), with significance set 

as * p < 0.05, ** p < 0.01; ***p<0.001; ****p<0.0001. 

 

 



Results 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Palmitate increased AGEs-induce C2C12 myotube atrophy  

 

The first step in investigating the atrophic effect of palmitate (PA) was to evaluate the compound at 

different concentrations in order to identify a dose capable of inducing atrophy in C2C12 myotubes. 

Although in the published article treatments were performed in differentiation medium, in our study 

treatments were carried out in serum-free medium containing 2% fatty acid-free BSA, to better mimic 

physiologic conditions and to avoid crystals formation. To this purpose, myotubes were treated with 

increasing concentrations of palmitate (PA: PA100 μM, PA200 μM, PA500 μM and PA750 μM) for 

24 and 48 hours, using the widely demonstrated dexamethasone (DEXA) as a positive control of 

atrophy. 55 The effect of PA treatment on myotube diameter, a widely accepted morphological 

indicator of muscle atrophy, was then assessed. 

Strikingly, despite low doses of PA did not reduce myotube diameter at the first timepoint, additional 

24h were sufficient to reduce significantly myotube width.  Meanwhile, as expected, higher doses of 

PA resulted in a greater reduction in myotube diameter at both 24 and 48 hours, confirming a dose-

dependent relationship in the induction of muscle atrophy. The effect at 48h appears to be slightly 

more pronounced, with lower PA concentrations already inducing significant atrophy, and with PA500 

and PA750 producing comparable reductions in myotube diameter.  

 

Figure 4: A reduction in myotube diameter was observed following PA treatment in a dose-dependent manner at both 

24h and 48h time points. (A, B). Data are presented as mean ± standard error of the mean (S.E.M.) of at least three 

independent experiments. Data were analyzed using one-way ANOVA test ****P<0.0001 ***P<0.001 **P<0.01 

*P<0.05 compared with NT 2% BSA of the relative timepoint. 



 Given these results, we selected for successive experiments at 24 and 48h PA500μM and PA 200μM 

respectively, since were observed to be the lowest dose sufficient in inducing a significant reduction 

of myotube diameter.  

Based on Paiella results, to test whether PA could worsen AGEs-dependent atrophic effect in C2C12 

myotubes, MGO (500 μM), CML (400 μM) and Pt (2 μM) were administered both alone and in 

combination with PA.  

As is shown in the graph MGO, CML, and Pt alone significantly reduced myotube diameter in both 

the endpoints. Notably, the co-treatment of MGO or CML with PA generally exerted a greater 

reduction in diameter than either treatment alone particularly after 48h, supporting that the synergic 

effect on muscle atrophy could be time-dependent. 

Nevertheless, Pt elicited a different pattern over time. Despite at 48 hours the trend is similar with 

MGO and CML, at 24 hours, myotube diameter in the PA+Pt group was not significantly different 

from non-treated myotubes (NT) and was higher than in the PA- or Pt-treated groups. Thus, unlike 

the other AGEs, Pt did not enhance the atrophic effect of PA at the earlier timepoint.  

 

 

Figure 5: Myotube diameter reduction following treatment with AGEs (MGO 500 μM, CML 400 μM, Pt 2 μM), 

palmitate, and their combination, after 24h with PA500 μM (A) and 48h with PA200 μM (B). Data are presented as mean 

± standard error of the mean (S.E.M.) of at least three independent experiments. Data were analysed using one-way 

ANOVA ****P<0.0001 **P<0.01 *P<0.05 compared with NT of the relative treatment. 

 

Co-treatment of Palmitate and AGEs did not influence significantly catabolic systems  

Since AGE-BSA and MGO have previously been shown to induce myotube atrophy through 

activation of the ubiquitin-proteasome system (UPS)39, we next investigated whether this proteolytic 



pathway was also involved in the response to PA, either alone or in combination with AGEs. To this 

end, we assessed the expression of the two main muscle-specific E3 ubiquitin ligases, Fbxo32 and 

Trim63. Fbxo32 mRNA expression was modestly increased by MGO, CML and Pt treatment alone, 

without further augmentation upon the treatment with PA200, despite the greater reduction in 

myotube diameter observed under the same combined conditions (Figure 5). PA200 alone did not 

increase Fbxo32 neither Trim63 expression, which remained substantially unchanged across all 

treatments, suggesting that the observed atrophy may not be induced by activation of atrogenes. 

 

 

Figure 6: C2C12 myotubes were treated with PA 200 and MG 500 μM, CML 400 μM and Pt 2 μM for 24 h in 2% BSA 

FFA. (A, B) Real-time PCR analysis was performed to evaluate Trim63, Fbxo32 levels. Gene expression was 

normalized to Gusb. Data are presented as means ± standard error of the mean (S.E.M.) of two independent 

experiments. 

 

Given the limited induction of them, we then investigated the putative autophagic/mitophagic 

mechanism. Differences among the conditions were not well appreciated in Bnip3 expression, with 

only minor variations across treatments, with PA200 displaying the highest mean value among all 

conditions tested. Combination treatments (PA+MGO, PA+CML, PA+Pt) did not show a consistent 

pattern relative to the corresponding AGE alone. None of these differences reached statistical 

significance. Notably, the different results obtained compared with the study by Paiella et al. pave the 

way to consider that the medium in which the treatments were performed may play a pivotal role in 

mitigating, modulating, or even reverting the observed outcomes.  



 

Figure 7: C2C12 myotubes were treated with PA 200 and MG 500, CML 400 and Pt 2 for 24 h in 2% BSA FFA. Real-

time PCR analysis was performed to evaluate Bnip3 levels. Gene expression was normalized to Gusb. Data are 

presented as means ± standard error of the mean (S.E.M.) of two independent experiments. 

 

PA and AGEs reduce mitochondrial content and promote oxidative stress in C2C12 myotubes 

Considering the lack of changes in atrogenes and Bnip3 expression, we directly assessed 

mitochondrial content rather than relying on transcriptional markers of mitophagy, by performing 

TOM20 immunofluorescence. TOM20 mean fluorescence was reduced by all treatments compared 

to NT. Strikingly, PA, MGO, CML, and Pt alone induced a significant reduction in TOM20 signal, 

whose fluorescence was further decrease in the co-treatment PA-AGE, mirroring the trend observed 

for myotube diameter reduction.  

 

Figure 8: (A) Representative immunofluorescence images of TOM20 staining in C2C12 myotubes treated with PA200 

and/or AGEs (MGO, CML, Pt) for 48h. Scale bar, 20 µm. (B) TOM20 mean fluorescence intensity was quantified and 

normalized to untreated control. Data are presented as mean ± S.E.M. of individual myotubes from a single experiment. 

Data were analysed using one-way ANOVA ****P<0.0001. 
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Following the more pronounced reduction in TOM20 fluorescence observed under combined 

treatment conditions and considering the central role of mitochondria as regulators of inflammatory 

processes 56, we delve into the investigation firstly of the activation of inflammation through qPCR 

analysis of IL-6 gene expression and then through reactive oxygen species (ROS) quantification and 

Western blot analysis of p-p38 to assess oxidative stress. PA alone, coherently to what observed in 

literature 57 induced a huge and statistically significant increase in IL-6 expression compared to 

untreated control, whereas AGEs alone did not affect its levels. Notably, combination treatments 

resulted in IL-6 levels markedly lower than those induced by PA alone, although still higher than 

those induced by the corresponding AGE alone.  

 

 

Figure 9: C2C12 myotubes were treated with PA 200 and MG 500, CML 400 and Pt 2 for 24 h in 2% BSA FFA. Real-

time PCR analysis was performed to evaluate IL6 levels. Gene expression was normalized to Gusb. Data are presented 

as means ± standard error of the mean (S.E.M.) of three independent experiments. Data were analyzed using one-way 

ANOVA. ****P<0.0001. 

 

In line with the previous finding, IL-6 high levels resulted in an elevation of ROS accumulation upon 

PA treatment, in presence or absence of AGEs. To gain this results ROS were evaluated through 

CellROX staining, with a significant increase among all the conditions suggesting an increased 

accumulation within C2C12 myotubes. Interestingly, although the data need to be validated with other 

experiments, we observed also an increase of p38 phosphorylation, as a confirmation of a putative 

oxidative stress condition.  



 

Figure 11: (A) Representative CellROX fluorescence images of C2C12 myotubes treated with PA200 and/or AGEs 

(MGO, CML, Pt) for 48h. CellROX mean fluorescence intensity was quantified and normalized to untreated control. 

H2O2 was used as a positive control (C+). Data are presented as means ± S.E.M. of two independent experiments. Data 

were analysed using one-way ANOVA ****P<0.0001 **P<0.01 *P<0.05 (B) p-p38 levels were evaluated through 

Westerb Blot analysis. P-p38 intensity was normalized on p-38 total. Data are presented as mean ± standard error of the 

mean (S.E.M.)  of one indipendent experiment 

 

To preliminarily assess whether AGEs affect not only skeletal muscle trophism and homeostasis, but 

also lipid metabolism in adipocytes, differentiated 3T3-L1 cells were exposed to the same treatment 

conditions with MGO (500 μM), CML (400 μM), and Pt (2 μM) for 24 and 48 hours. Neutral lipid 

accumulation was evaluated by BODIPY 493/503 staining.  

Interestingly, AGEs increased lipid droplet accumulation already at the earliest time point analysed, 

with a further increase observed after 48 hours of treatment. These preliminary findings suggest that 

AGEs may directly influence lipid storage in adipocytes and provide the basis for further investigating 

if the concomitant addition of PA, which is already known to promote itself lipid droplet accumulation 

58, may further exacerbate this effect. 



Overall, these findings need to be fully validated to gain insights on the mechanisms that could play 

pivotal roles at the basis of SO.  

 

Figure 12: (A) Representative BODIPY fluorescence images of 3T3-L1 adipocytes treated with MGO, CML, and 

pentosidine (Pt) for 24h or 48h. (B) BODIPY mean fluorescence area was quantified and normalized to untreated 

control (NT). Data are presented as means ± S.E.M. of one independent experiments. 
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SO arises from a self-reinforcing interaction between skeletal muscle wasting and adipose tissue 

dysfunction, in which WD-derived factors, particularly PA and dietary AGEs (dAGEs), are 

increasingly recognized as contributing drivers. While dAGEs have previously been shown to induce 

myotube atrophy through RAGE-dependent and RAGE-independent mechanisms (Paiella), and 

elevated circulating PA is a hallmark of SO, had not been investigated until now whether these two 

factors interact in worsening muscle wasting. Therefore, this thesis aimed to determine the role of PA 

in modulating AGE-induced myotube atrophy, thereby extending the findings of Paiella et al. (2025). 

Thus, a combined dietary exposure model, representative of key components of the WD, was adopted. 

Differentiated C2C12 myotubes were used as the primary experimental model to assess skeletal 

muscle alterations, while differentiated 3T3-L1 adipocytes were included as a secondary and 

preliminary model to explore potential effects on adipocyte lipid metabolism. 

Combined treatment of C2C12 myotubes with PA and dAGEs produced a greater reduction in 

myotube diameter than either stimulus alone, indicating that co-exposure to saturated fatty acids and 

exogenous AGEs exerts an additive atrophying effect. This observation supports the hypothesis that 

lipotoxic stress may potentiate AGE-induced skeletal muscle wasting, suggesting that the coexistence 

of glycative and lipid-related stressors, as occurs in WD-associated metabolic dysfunction, may exert 

a greater detrimental effect on muscle trophism than either stimulus alone. 

Notably, the enhanced morphological atrophy was not accompanied by a proportional activation of 

the canonical transcriptional pathways previously linked to AGE-induced muscle wasting. Despite it 

is demonstrated that AGE-BSA and MGO stimulate the UPS through upregulation of Trim63 and 

Fbxo32 39, in the present study the combined treatments failed to produce an additive increase in 

either atrogenes. Notably, PA did not affected their expression, coherently with de Hart study in which 

PA induced inflammation and myotube atrophy in C2C12 cells without interfering with atrogenes 

activation. 59 

Likewise, whereas MGO was previously shown to increase Bnip3 expression, neither MGO nor the 

other treatments significantly affected Bnip3 expression in our experimental conditions. Together, 

these findings indicate that the more pronounced atrophic phenotype cannot be readily explained by 

enhanced activation of the classical ubiquitin-proteasome or mitophagy-related transcriptional 

programs. However, these results should be interpreted in light of the different experimental 

conditions used compared with Paiella et al. In particular, while in the previous study the treatments 

were performed in differentiation medium, in the present work PA was conjugated and administered 

in a fatty acid-free BSA-containing medium, which more closely resembles the physiological 

transport of free fatty acids in biological fluids. This experimental condition may influence PA 



bioavailability, cellular uptake, and cytotoxicity, potentially attenuating the activation of classical 

catabolic transcriptional responses. Therefore, differences in treatment medium composition may 

partially explain the discrepancy between the present findings and those previously reported. 

Interestingly, although no differences were appreciated quantifying mitophagy activation, 

mitochondrial content emerged as the variable most closely associated with the morphological 

phenotype. Indeed, TOM20 fluorescence was reduced by both PA200 and each individual AGE, while 

combined treatments consistently produced a greater loss of signal, closely paralleling the reduction 

in myotube diameter. This association suggests that the reduction in TOM20 mean fluorescence, used 

as an indirect indicator of mitochondrial content, may contribute to the more pronounced atrophic 

phenotype observed under combined treatment conditions. Indeed, it is well established in the 

literature that mitochondrial dysfunction and inadequate mitochondrial turnover contribute to the 

development of skeletal muscle atrophy 60. For this reason, the absence of significant changes in 

Bnip3 expression may indicate that mitochondrial turnover is not adequately activated despite the 

loss of mitochondrial signal, suggesting a potential dysregulation of mitochondrial quality control. 

This imbalance could contribute to the development of inflammatory signalling and oxidative stress, 

thereby promoting myotube atrophy. 

Conversely, contrary to what was expected, AGEs, either alone or in combination with PA, induced 

only a modest and non-significant increase in IL-6 expression. Thus, although inflammatory 

signalling may contribute to the atrophic phenotype, these findings suggest that PA represents the 

main driver of Il-6 induction under the present experimental conditions. 

Parallelly, since both inflammation and mitochondrial dysfunction are strictly correlated and 

recognised as primary sources of reactive oxygen species (ROS) production and accumulation 61, 

oxidative stress was evaluated measuring CellROX fluorescence. We observed that not only PA, but 

also AGEs treatments, either alone and in combination with PA, triggered cellular damage, as 

highlighted by the high production of ROS and by the higher phosphorylation of p38 protein, 

characteristic of an augmented oxidative stress condition 62. Nevertheless, CellROX fluorescence 

provides a measure of total cellular ROS, without discrimination between mitochondrial and extra-

mitochondrial sources of oxidative stress. Indeed, we planned to assess mitochondria-targeted probes 

or antioxidants, such as MitoSOX or mitoTEMPO to clarify whether mitochondrial dysfunction 

directly contributes to ROS production in this model.  

In the present study dAGEs were administered individually or in combination with PA, whereas in a 

real dietary context multiple AGEs are typically present simultaneously; testing combinations of 

MGO, CML and Pt together, rather than separately, would provide an even more physiologically 



relevant representation of WD-derived AGE exposure. Given the relatively modest effects observed 

at the doses tested, increasing AGE concentrations or the combination of them may also help to 

determine whether more pronounced or more consistent additive effects with PA can be achieved, 

particularly at the molecular level. In addition, the limited number of biological replicates currently 

available precludes firm conclusions, and these findings should therefore be considered preliminary 

until confirmed by additional experiments. More broadly, the present data suggest that the additive 

atrophic effect of PA and AGEs does not appear to be primarily mediated by the canonical catabolic 

and inflammatory pathways examined here, indicating that alternative or complementary mechanisms 

remain to be identified. Future work should aim to further dissect how PA modifies the cellular 

response to AGEs, for instance by exploring lipid-related stress pathways not addressed in the present 

study.  

Finally, since Vaccinium macrocarpon (VM) was previously shown to counteract AGE-induced 

myotube atrophy (Paiella), it would be of particular interest to determine, at least morphologically, 

whether VM is also able to avoid or counteract atrophic phenotype induced by the combination of PA 

and AGEs, which may involve mechanisms distinct from those targeted by VM in the AGE-only 

model. 

As a secondary and preliminary objective, the effect of AGEs on lipid accumulation was assessed in 

differentiated 3T3-L1 adipocytes using BODIPY staining suggesting a time-dependent accumulation 

of neutral lipids in response to AGE treatment, with effects becoming more consistent and pronounced 

at 48 hours. Collectively, these preliminary findings suggest that dAGEs promote intracellular neutral 

lipid accumulation in adipocytes in a time-dependent manner, pointing to a potential role of glycative 

stress in lipid metabolic dysregulation. However, given that PA was not included in this experimental 

set and that only a limited number of replicates are currently available, these data should be regarded 

as exploratory. Future investigations should incorporate PA co-treatment to determine whether 

lipotoxic and glycative stimuli act synergistically to dysregulate lipid metabolism in adipocytes, as 

would be expected in the metabolic context of SO. In addition, testing the simultaneous 

administration of multiple AGEs, rather than individual compounds, would provide a more 

physiologically relevant representation of WD-derived glycative exposure, mirroring the approach 

proposed for the C2C12 model. 
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